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A b stract

The aim of this thesis, which is based on the coordinate data from known 

X-ray crystal and nuclear magnetic resonance (n m r) structures, is to further our 

understanding of the ways in which enzymes catalyse their reactions.

Many enzyme structures are solved with inhibitors or substrate analogs bound 

to their active sites. To enable evaluation of the protein-ligand interactions tha t 

occur in these complexes, a computational tool called LIGPLOT has been devel­

oped which allows swift pictorial evaluation of the ligand and its interactions with 

the enzyme. These LIGPLOT diagrams, along with other relevent information has 

been compiled into an enzyme database tha t is available over the World Wide 

Web.

The rest of the thesis is devoted to studying structural organisation of the 

amino acid residues that are directly involved in chemical catalysis. A detailed 

analysis of the geometry of the Ser-His-Asp catalytic triad found in the serine 

proteinases and lipase X-ray and NMR structures showed tha t it is possible to 

define a 3D consensus tem plate tha t identifies all catalytic Ser-His-Asp triads 

with the exclusion of all other interactions. To create 3D consensus templates 

describing other enzyme active sites we needed a generalised search method. To 

do this, a computer program called ’t e s s ’ has been developed which is based on 

the geometric hashing paradigm. Using this program, a database of enzyme active 

site tem plates has been created which enables swift evaluation of the function of 

a new protein structure as it is solved and aid protein design and engineering 

experiments.
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Chapter 1

Introduction

Proteins have an integral role in all living organisms; they have diverse structure 

and function such as division, motility, immune response and enzymatic activ­

ity. Fibrous proteins generally have a structural role, for example hair, bones 

and nails. Globular proteins have a compact folded structure and perform all 

other roles and, with the exception of membrane proteins, tend to be soluble in 

water and are therefore easiest to isolate and study. By far the most structural 

information is on globular proteins. Proteins are large molecules; advances in 

X-ray and nuclear magnetic resonance techniques (NMR) has enabled the high 

resolution structures of around 400 unique protein folds to be identified. These 

structures are deposited in the Brookhaven Protein Databank (PDB, Bernstein et 

aA, 1977).

In this thesis we will concentrate on the role proteins have as enzymes; these 

are biological catalysts that determine the rate and type of chemical reactions 

tha t occur in every living cell. Specifically, computational techniques have been 

developed th a t enable us to analyse enzyme active sites from a structural per­

spective.

22
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1.1 A brief h istory o f enzym e research

In the late 19̂ ^̂  century Emil Fischer used maltase and emulsin to establish the 

stereochemistry of anomeric derivatives of sugars; this work enabled him to sug­

gest the lock and key hypothesis to described the enzym e-substrate complex. In 

1913 Leonor Michaelis and Maud Menton proposed tha t an enzyme and substrate 

first combine to form an enzym e-substrate complex which then breaks down to 

form product and free enzyme. These investigators assumed that substrate and 

enzyme are in continuous equilibrium; Briggs and Haldane reformulated the re­

action process as steady state in 1925. In the same year Lowry suggested tha t 

acid/base catalysis could strongly accelerate the reaction by studying mutorota- 

tion of glucose (Lowry & Faulkner, 1925).

In the 1930’s J.H .Northrop and M. Kunitz crystallised pepsin, trypsin and 

chymotrypsin. This provided the m aterial to finally prove tha t enzymes were 

proteins and allowed the development of the techniques of modern protein chem­

istry: the sequencing of the protein insulin by Fred Sanger (Sanger & Tuppy, 

1951a,6); the determ ination of 3D structure of the protein hemoglobin and myo­

globin by John Ken drew and Max Perutz (Perutz et al., 1960 and Ken drew et 

ai,  1960 respectively); and the use of rapid-reaction kinetics, which had been 

initiated by F .J.W . Roughton in 1923.

Linus Pauling suggested in the late 1940’s that enzymes catalyse reactions by 

strongly binding the transition state of the substrate. Koshland’s work on hexok- 

inase led to the ’induced fit’ hypothesis to explain enzyme specificity (Koshland, 

1954). By this tim e the role of coenzymes was also understood, for example, pyri- 

doxal phosphate (Braunstein, 1960), nicotinamide-adenine dinucleotides (nad+ 

and NADP+, Westheimer et ai, 1951) and thiam in pyrophosphate (Breslow, 1958).

In the mid 1960’s the X-ray structure of the enzyme lysozyme from hen egg 

white was determined (Blake et al., 1965, 1967 a,b). The structure was refined
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over the following years {e.g Imoto et ai, 1972). The development of more pow­

erful computers and software has enabled protein structure determ ination and 

refinement to become both faster and easier.

Finally, the discovery tha t RNA molecules have catalytic power (Zaug & Cecil, 

1986) showed that proteins are not the only biological molecules with catalytic 

activity.

1.2 T he role o f structural b io logy in under­

standing enzym e action

Solving the X-ray or NMR structure of enzymes has proved to be the single most 

im portant factor in our understanding of enzyme mechanism. Generally speaking, 

structural information is used in concert with kinetic data to hypothesise as to the 

enzyme’s mechanism and mode of action. If the residues involved in catalysis and 

ligand binding can be elucidated, it gives the protein engineer a good starting 

point for mutagenesis experiments and enables inhibitors to be designed that 

provide a starting point for structure-based rational drug design.

1.2.1 X—ray diffraction m ethods

Structure determination by X-ray diffraction {e.g. Blundell & Johnson, 1976) 

requires the protein to be purified in sufficient quantities so tha t it can be crys­

tallised. The process is far from straightforward; the main problems can be 

expressing and isolating enough quantity of protein to be crystallised. Crystallis­

ing the protein itself is not easy and it is not unusual for a protein’s structure 

determ ination to take several years.

However, if the target protein is sufficiently similar to the structure of a protein 

in the PDB, the technique of molecular replacement can be used to solve its
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structure in only a few days.

S tru cture d eterm in ation

W hen the beam of X-rays strikes the regular lattice of a protein crystal the 

structure may be calculated from the resultant diffraction pattern  by Fourier 

transformation. This requires knowledge of the intensity, direction and phases 

of the diffracted rays. Determination of the phases is the most difficult problem 

and this held up protein crystallography until, in 1954, Perutz and his coworkers 

applied the m ethod of multiple isomorphous replacement (MIR). Here, heavy 

metals are bound at specific sites in the protein without disturbing its structure. 

The m etal scatters X-rays more than the protein and information about phases 

can be deduced from changes in intensity of the diffraction map.

Once the phases and am plitude of every diffraction ray has been calculated, 

the electron density of the protein may be calculated. Nowadays computer graph­

ics and software have made this procedure much easier.

A ccuracy and resolu tion

The accuracy of the protein model depends on several factors {e.g. Bran den & 

Jones, 1990). Firstly, determ ination of the phases involves calculating small differ­

ences between large numbers and this depends on the accuracy of the diffraction 

measurements and usefulness of the heavy-atom  derivatives.

Resolution of the diffraction data depends on how well ordered the crystals 

are and this directly influences the image tha t can be produced. Native crystals 

are usually better quality than the derivatives. At 4-6À resolution, the electron 

density map shows little more than the overall topology of the molecule. At 3.5Â 

it is possible to follow the course of the polypeptide backbone and at 3.0Â the 

amino acid sidechains can be deciphered. At 2.5Â the atoms can be fitted with
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an accuracy of ±0.4Â. At 1.9Â resolution, the atoms can be located to ± 0 .2 Â 

resolution. In a typical MIR map the phases are determined to as low as 2Â 

resolution.

From the MIR electron density map, a model of the protein is built. The crys- 

tallographer has to decide how the polypeptide chain weaves its way through the 

map. This is yet to be autom ated but computer graphics facilitate this process; 

skeletonised representations of the protein and contour nets of the electron density 

are the most common. In addition, the crystallographer uses other information 

to fit the structure such as position of the heavy m etal, active site residues, and 

the distinct density formed by a-helices and /^-sheets.

The final model from the MIR will contain many errors which can usually be 

removed by the refinement process. The model is changed so tha t the structure 

amplitudes calculated from the model fit the observed amplitudes. The goodness 

of this fit is expressed in terms of the R-factor which is a measure of the difference 

between the observed and calculated data. Obviously, the better the MIR map, 

the better the initial model and the more reliable is the structure; unfortunately, 

not all crystals diffract well. There are various computer programs available for 

refinement such as XPLOR (Brunger et ai, 1987). XPLOR stands for exploration 

of conformational space of macromolecules confined to regions by experimental 

data and error estimates. The program is based on an energy function approach: 

arbitrary combinations of empirical and effective energy term s describing exper­

imental data may be used. The combined energy function can be minimized 

by a variety of gradient descent, simulated annealing, and conformational search 

procedures. XPLOR evolved from the CHARMM program (Brooks et a/., 1983) 

and was the first program to combine X-ray crystallographic diffraction data and 

molecular dynamics for refinement (Brunger et al, 1987).

When the structure is published, the quoted R-factor needs to be treated
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with caution for several reasons. Firstly, it is affected by the removal of weak 

reflections and is insensitive to errors in mainchain connectivity. The number of 

water molecules added during the refinement should also be realistic as this can 

artificially reduce the R-factor. Brunger (1992) advocated the use of the free R- 

factor which is an unbiased indicator of the accuracy of the protein models. This 

calculates the difference between the observed and computed diffraction data for 

a ’te s t’ set of data that is om itted from the modelling and refinement procedure.

1.2.2 Case study: the serine proteinases and acetyl­

cholinesterase

In this section the serine proteinases and acetylcholinesterase are used as examples 

to illustrate the relevance of structural biology to our understanding of enzymes.

Research into serine proteinases’ mechanism of action began over 60 years ago, 

when, in 1932 two German investigators, Lange & Krueger, synthesised diethyl 

fluorophosphate or nerve gas. During World War II, research on this compound 

was carrried out for military purposes and Adrian and his coworkers first noted 

the similarity between physiological action of the flourophosphonates and that 

of reversible inhibitors of acetylcholine esterases (Adrian et al.  ̂ 1947). This led 

to a number of investigations of the action of nerve gases on esterases. In 1946 

Mazur & Bodansky found tha t diisopropyl fluorophosphate (d fp ) irreversibly 

inhibits acetylcholinesterase and in 1949 Jansen and coworkers dem onstrated the 

1:1 stoichiometric reaction of DFP with chymotrypsin Ser 195. The reactivity of 

Ser 195 is highlighted by the fact tha t the other 27 Ser residues in chymotrypsin 

are untouched by DFP.

The significance of the catalytic serine in the serine esterases’ mechanism 

was identified when hydrolysis of the diisopropylphosphoryl derivative of acetyl­

cholinesterase yielded a serine-phosphate covalent bond (Schaffer et a i, 1953).
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In 1950, Wilson, Bergman & Nachmansohn published a two step mechanism 

for the action of acetylcholinesterase (Wilson et a/., 1950); stop-flow kinetics 

(Gutfreund & Sturtevant, 1956) supported the hypothesis. In Brian H artley’s 

laboratory (Hartley &: Kilby, 1954) it was found tha t chymotrypsin catalyses the 

hydrolysis of p -n it ropheny lacet at e ; during the reaction there was initially a rapid 

liberation of p-nitrophenol followed by a slow hydrolysis. This indicated that 

there were two phases to the catalytic reaction; the ’burst phase’ in which the 

p-nitrophenylacetate reacts to form p-nitrophenylate and a covalent acyl-enzyme 

interm ediate and, secondly, the ’steady sta te ’ phase wherby the interm ediate is 

slowly hydrolysed releasing acetate.

The identification of a His residue as an essential basic group was 

made by W hitaker & .Jandorf (1956); they treated chymotrypsin with 2,4- 

dinitrophenylbenzene and found tha t the enzyme was inactivated with destruc­

tion of the His residue. This was preceded by Schoellman & Shaw (1953) who 

demonstrated that N-tosylphenylalanyl chloromethyl ketone ( tp c k )  reacts irre­

versibly with the enzyme. The molecule is a strong electrophile and occupies 

the active site of the enzyme, ireversibly inhibiting it; this led to the concept of 

’affinity labelling’ (Schoellman & Shaw, 1963) and many other examples of such 

compounds have subsequently been identified.

David Blow solved the high resolution X-ray structure of chymotrypsin in 

the late 1960’s (Matthews et a/., 1967; Blow et a/., 1969; Blow, 1976). This work 

enabled, along with many spectroscopic and kinetic experiments, three structural 

features to be identified tha t facilitate the proteolysis by serine-proteinases; these 

are summarised in Figure 1.1.

Firstly, the enzyme has a catalytic triad consisting of Ser, His and Asp 

residues. The His and Asp act in concert to form an acid/base catalyst which 

accepts a proton from the nucleophilic Ser. The Ser attacks the carbonyl group
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Asp 102
S er195

oxyanion
hole

Asp 194

H s 57 Gly 226

Gly 216

nonspecific 
binding

Thr219

S er217

Specificity
pocket

Gly-Ala-Trp
inhibitor

Figure 1 .1 : A diagrammatic representation of the active site of the serine pro­
teinase chymotrypsin taken from the X-ray structure of chymotrypsin (Harel et 
rt/., 1991)
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of the peptide bond of the substrate forming a acyl-enzyme interm ediate which 

is subsequently hydrolysed by water to form product.

Secondly, there is tight binding by residues of the tetrahedral transition state 

interm ediate in the so called ’oxyanion hole’. The tetrahedral interm ediate is 

negatively charged and this is stabilised by hydrogen bonding from residues in 

the oxyanion hole. For example, Figure 1 .1  shows Gly 193 to be hydrogen bonded 

to the inhibitor in a similar manner to the transition state.

Thirdly, serine proteinases have a specificity pocket which binds the amino 

acid next to the scissile bond. In Figure 1.1 Gly 226 from the enzyme occupies 

this hole and so a large residue fits into the pocket; in this case it is a Trp from 

the inhibitor.

1.2.3 Classification of enzymes

The E.G. number (Bielka et a/., 1992) classifies enzymes according to their func­

tion - both in terms of the reaction they catalyse and the substrate on which they 

operate. The E.G. number consists of four component numbers. The first defines 

the six main classes of enzymes: the oxidoreductases, transferases, hydrolases, 

lyases, isomerases and ligases. The other three components vary among the six 

groups but in general describe the type of substrate and any cofactors or pros­

thetic groups that are involved in the enzyme reaction. Each unique enzyme has 

a unique E.G. number. For example, the serine proteinases are identified by E.G. 

numbers 3.4.21.n, where n in this case groups the enzymes according to specificity 

for substrate; for example, in chymotrypsin n = 1 and in throm bin n = 5.

1.2.4 Enzyme structures in the PDB

A recent paper by Hooft et al, 1996 estim ated tha t there are over a million er­

rors in the PDB. These are mainly typographical and format errors in the files
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deposited in the PDB, although inconsistences in bond lengths and angles were 

also identified. Due to these general errors in the PDB files, one cannot rely on a 

given enzyme structure in this database having its E.C. number quoted. There­

fore another system has been developed. This relies on aligning the amino acid 

sequence of each protein structure in the PDB with the SWISS-PROT (Bairoch A. 

& Boeckmann B., 1994; March 1995 release) sequence database using the auto­

matic sequence alignment program BLAST (Altschul et a/., 1990). This database 

has an accurate record of E.C. numbers so the enzymes structures in the PDB can 

be identified on this basis. In addition, as an extra checking system, the name of 

the enzyme can be located in the enzyme databank (Bairoch, 1996).

A summary of the enzyme structures in the January 1995 release of the PDB is 

listed in Table 1.1 There are 1581 enzyme structures, many of which are different 

complexes of the same proteins, giving us 214 unique enzymes by E.C. number. 

Figure 1.2 is a histogram of the number of structures against E.C. number for 

all the enzymes in our datasets and shows both the total and number of unique 

enzyme structures. The hydrolase (E.C.3) enzymes dominate this dataset with 

9 3 5  structures or 96 unique enzymes by E.C. number and this group is itself 

dominated by proteinase structures; these are one of the best understood group 

of enzymes. There are 24 unique serine proteinases (E .C .3.4.21.x), 9 unique 

aspartic proteinases (E.C.3.4.23.x), 3 unique cysteine proteinases (E .C .3.4.22.x) 

and 5 unique m etallo-proteinases (E.C.3.4.24.x).

Figure 1.3 shows the number of structures for each of the 214 unique enzymes 

in the PDB. Clearly, the m ajority of enzymes have between 1 and 25 representative 

structures in the PDB. The exception to this is lysozyme which has 248 structures; 

they can be divided into 2 groups, the mammalian e.g. Imoto et a/., 1972 and 

bacteriophage t 4  lysozymes e.g. Weaver & Matthews, 1987.
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O xidoreductases Total 226 Unique 47
E. C.  n u m b e r  N a m e  N u m b e r  of

s t r u c t u r e s  
in P D B

E . C . 1.1.1.1 A L C O H O L  D E H Y D R O G E N A S E  13
E . C . 1. 1 . 1 . 14  L - I D I T O L  2 - D E H Y D R O G E N A S E  1
E . C . 1 . 1 . 1.21 A L D E H Y D E  R E D U C T A S E  7
E . C . 1 . 1 . 1 . 27  L - L A C T A T E  D E H Y D R O G E N A S E  13
E . C . 1 . 1 . 1.29 GLY C E R A T E  D E H Y D R O G E N A S E  1
E . C . 1 . 1 . 1. 37 M A L A T E  D E H Y D R O G E N A S E  6
E . C . 1 . 1 . 1 . 42  I S O C I T R A T E  D E H Y D R O G E N A S E  ( NADP- I - )  9
E . C . 1. 1. 1. 44 P H O S P H O G L U C O N A T E  D E H Y D R O G E N A S E  ( D E C A R B O X Y L A T I N G )  1
B . C . 1. 1 . 1 . 50  3 - A L P H A - H Y D R O X Y S T E R O I D  D E H Y D R O G E N A S E  ( B - S P E C I F I C )  1
E . C . 1 . 1 . 1.53 3 - A L P H A ( O R  2 0 - B E T A ) - H Y D R O X Y S T E R O I D  D E H Y D R O G E N A S E  1
E . C . 1. 1 . 1 . 85  3 - I S O P R O P Y L M A L A T E  D E H Y D R O G E N A S E  2
E . C . 1. 1 . 1 . 86  K E T O L - A C I D  R E D U C T O I S O M E R A S E  4
E . C . 1 . 1 . 2 . 3 L - L A C T A T E  D E H Y D R O G E N A S E  ( C Y T O C H R O M E )  2
E . C . 1. 1.3. 4 G L U C O S E  O X I D A S E  1
E . C . 1 . 1 . 3.6 C H O L E S T E R O L  O X I D A S E  2
E . C . 1. 1.3. 9  G A L A C T O S E  O X I D A S E  3

E . C . 1 . 1. 3 . 15 ( S ) - 2 - H Y D R O X Y - A C I D  O X I D A S E  1
E . C . 1 . 2 . 1 . 12  G L Y C E R A L D E H Y D E  3 - P H O S P H A T E  D E H Y D R O G E N A S E  ( P H O S P H O R Y L A T I N G )  5
E . C . 1. 2.3. 3  P Y R U V A T E  O X I D A S E  2

E . C . 1 . 4 . 99 . 3  A M I N E  D E H Y D R O G E N A S E  6
E . C . 1. 5.1. 3  D I H Y D R O P O L A T E  R E D U C T A S E  22

E . C . 1 . 5 . 99 . 7  T R I M E T H Y L A M I N E  D E H Y D R O G E N A S E  1
E . C . 1. 6.4. 2  G L U T A T H I O N E  R E D U C T A S E  ( N A D P H )  12
E . C . 1. 6.4. 5 T H I O R E D O X I N  R E D U C T A S E  ( N A D P H )  3
E . C . 1 . 6. 4. 8  T R Y P A N O T H I O N E  R E D U C T A S E  4
E . C . 1.6.6.1 N I T R A T E  R E D U C T A S E  ( N A D H )  1

E . C . 1.6.99.1 N A D P H  D E H Y D R O G E N A S E  2
E . C . 1 . 6 . 99 . 7  D I H Y D R O P T E R I D I N E  R E D U C T A S E  3
E . C . 1 . 7 . 99 . 3  N I T R I T E  R E D U C T A S E  2
E . C . 1 . 8.1. 4  D I H Y D R O L I P O A M I D E  D E H Y D R O G E N A S E  3

E . C . 1 . 10 . 3 . 3  L - A S C O R B A T E  O X I D A S E  4
E . C . 1 . 11 . 1 . 0  L I G N I N  P E R O X I D A S E  1
E . C . 1. 11.1. 1 N A D H  P E R O X I D A S E  2
B . C . 1. 11 . 1 . 5  C Y T O C H R O M E - C  P E R O X I D A S E  23
E . C . 1. 11 . 1 . 6  C A T A L A S E  2
E . C . 1 . 11 . 1 . 7  P E R O X I D A S E  2
E . C . 1 . 11 . 1 . 8  I O D I D E  P E R O X I D A S E  3
E . C . 1 . 11 . 1 . 9  G L U T A T H I O N E  P E R O X I D A S E  1

E . C . 1 . 13 . 11 . 3  P R O T O C A T E C H U A T E  3 , 4 - D I O X Y G E N A S E  1
E . C . 1 . 14 . 13 . 2  4 - H Y D R O X Y  B E N Z O A T E  3 - M 0 N 0 Û X Y G E N A S E  11
E . C . 1 . 14.14. 1 U N S P E C I F I C  M O N O O X Y G E N A S E  2
E . C . 1.14.15. 1 C A M P H O R  5 - M O N O O X Y G E N A S E  18
B . C . 1 . 15.1. 1 S U P E R O X I D E  D I S M U T A S E  18
E . C . 1. 18 . 1 . 2  F E R R E D O X I N - N A D P ( 4 - )  R E D U C T A S E  2
E . C . 1.18.6. 1  N I T R O G E N A S E  1

Transferases Total 183 Unique 34
B . C . 2. 1 . 1 . 45  T H Y M I D Y L A T E  S Y N T H A S E
E . C . 2. 1 . 1 . 73  S I T E - S P E C I F I C  D N A - M E T H Y L T R A N S F E R A S E  ( C Y T O S I N E - S P E C I F I C )
E . C. 2. 1 . 2 . 2  P H O S P H O R I B O S Y L G L Y C I N A M I D E  F O R M Y L T R A N S F E R A S E
E . C . 2. 1 . 3 . 2  A S P A R T A T E  C A R B A M O Y L T R A N S F E R A S E
E . C . 2. 2.1. 1  T R A N S K E T O L A S E

E C . 2 . 3 . 1 . 12  D I H Y D R O L I P O A M I D E  S - A C E T Y L T R A N S F E R A S E
E . C . 2. 3 . 1 . 16  A C E T Y L - C O A  C - A C  Y L T R A N S F E R A S E
E . C . 2. 3 . 1 . 28  C H L O R A M P H E N I C O L  O - A C E T Y L T R A N S F E R A S E
E . C . 2. 3.1 . 61 D I H Y D R O L I P O A M I D E  S - S U C C I N Y L T R A N S F E R A S E
E . C . 2. 4 . 1 . 1  P H O S P H O R Y L A S E

E . C . 2. 4 . 1 . 2 2  L A C T O S E  S Y N T H A S E
E. C. 2 . 4 . 1 . 2 7  D N A  B E T A - G L U C O S Y L T R A N S F E R A S E
E . C . 2. 4. 2 . 1 P U R I N E - N U C L E O S I D E  P H O S P H O R Y L A S E
E . C . 2. 4 . 2 . 4  T H Y M I D I N E  P H O S P H O R Y L A S E

E . C . 2. 4 . 2 . 1 0  O R O T A T E  P H O S P H O R I B O S Y L T R A N S F E R A S E
E . C . 2. 4 . 2 . 1 4  A M I D O P H O S P H O R I B O S Y L T R A N S F E R A S E
E . C . 2. 4 . 2 . 3 6  N A D ( 4 - ) - D I P H T H A M I D E  A D P - R I B O S Y L T R A N S F E R A S E
E . C . 2. 5 . 1 . 1 8  G L U T A T H I O N E  T R A N S F E R A S E
E . C . 2. 5 . 1 . 1 9  3 - P H O S P H O S H I K I M A T E  1 - C A R B O X Y V I N  Y L T R A N S F E R A S E
E . C . 2. 6 . 1 . 1  A S P A R T A T E  A M I N O T R A N S F E R A S E
E . C . 2. 7.1. 1 H E X O K I N A S E

E . C . 2. 7 . 1 . 11  6 - P H O S P H O F R U C T O K I N A S E
E . C . 2 . 7 . 1 . 69  P R O T E I N - N  ( P I ) - P H OS  P H O H I S T I D  IN E - S U G A R  P H O S P H O T R A N S F E R A S E

E. C. 2 . 7 . 1 . 1 1 2  P R O T E I N - T Y R O S I N E  K I N A S E
E . C . 2 . 7 . 1 . 1 1 7  ( M Y O S I N  L I G H T - C H A I N ]  K I N A S E

E . C . 2. 7 . 2 . 3  P H O S P H O G L Y C E R A T E  K I N A S E
E . C . 2. 7 . 4 . 3  A D E N Y L A T E  K I N A S E
E . C . 2. 7 . 4 . 6  N U C L E O S I D E - D I P H O S P H A T E  K I N A S E
E . C . 2. 7 . 4 . 8  G U A N Y L A T E  K I N A S E

E . C . 2 . 7 . 4 . 1 0  N U C L E O S I D E - T R I P H O S P H A T E - A D E N Y L A T E  K I N A S E
E . C . 2. 7 . 7 . 0  K A N A M Y C I N  N U C L E O T I D Y L T R A N S F E R A S E
E . C. 2 . 7 . 7 . 7  D N A - D I R E C T E D  D N A  P O L Y M E R A S E

E . C . 2 . 7 . 7 . 4 8  R N A - D I R E C T E D  R N A  P O L Y M E R A S E
E . C . 2. 8 . 1 . 1  T H I O S U L F A T E  S U L F U R T R A N S F E R A S E

12
1
3 

21
4 

10 
1
5 
2 

13 
1 
2 
2 
1 
1 
1 
3

17
1

25
3
5
7

13
1
2
3
7
1
1
1

10
2
1
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B. C.  n u m b e r

H ydrolases Total 935 Unique 96
N u m b e r  of

B . C . 3. 1 . 1 . 0 C U T I N A S E

s t r u c t u r e s  
in P D B

2
B . C . 3. 1 . 1 . 3 T R I A C Y L G L Y C B R O L  L I P A S E 9
E . C . 3 . 1.1.4 P H O S P H O L I P A S B  A2 11
E . C . 3 . 1 . 1 . 7 A C B T Y L C H O L I N E S T E R A S E 4
B . C . 3. 1 . 3 . 1 A L K A L I N E  P H O S P H A T A S E 1
B . C. 3. 1 . 3 . 2 A C I D  P H O S P H A T A S E 2

B . C . 3. 1 . 3 . 11 F R U C T O S B - B I S P H O S P H A T A 3 E 13
B . C . 3 . 1 . 3 . 2 5 M Y O - I N O S I T O L - l ( O R  4 ) - M O N O P H O S P H A T A S E 1
B . C . 3 . 1 . 3 . 4 8 P R O T E I N - T Y R O S I N  E - P H O S P H A T A S E 7
B . C . 3 . 1 . 4 . 11 1 - P H O S P H A T I D Y L I N O S I T O L - 4 . 5 - B I S P H O S P H A T E  P H O S P H O D I E S T E R A S E 2
B . C . 3 . 1 . 21 . 1 D E O X Y R I B O N U C L E A S E  I 3
B . C . 3 . 1 . 21 . 4 T Y P E  II S I T E - S P E C I F I C  D E O X Y R I B O N U C L E A S E 3
B . C . 3 . 1 . 25 . 1 D E O X Y R I B O N U C L E A S E  ( P Y R I M I D I N E  D I M E R ) 4
B . C . 3. 1 . 26 . 4 R I B O N U C L E A S E  H 17
B . C . 3. 1 . 2 7 . 0 B A R N A S E 14
B . C . 3 . 1 . 2 7 . 3 R I B O N U C L E A S E  T1 32
B . C . 3 . 1 . 2 7 . 5 P A N C R E A T I C  R I B O N U C L E A S E 47
B . C . 3. 1 . 31 . 1 M I C R O C O C C A L  N U C L E A S E 19
B . C . 3. 2 . 1 . 1 A L P H A - A M Y L A S B 5
B . C . 3. 2 . 1 . 2 B B T A - A M Y L A S B 5
B . C . 3. 2 . 1 . 3 G L U C A N  1 , 4 - A L P H A - G L U C O S I D A S B 4
B . C . 3. 2 . 1 . 4 C B L L U L A S E 2
B . C . 3. 2 . 1 . 8 B N D O - l , 4 - B B T A - X Y L A N A S B 4

B . C . 3 . 2 . 1 . 1 0 O L I G O - l , 6 - G L U C O S I D A S B 7
B. C. 3 . 2 . 1 . 1 4 C H I T I N A S B 1
B . C . 3 . 2 . 1 . 1 7 L Y S O Z Y M E 248
B . C . 3 . 2 . 1 . 1 8 E X O - A L P H A - S I A L I D A S E 18
B . C . 3 . 2 . 1 . 2 0 A L P H A - G L U C O S I D A S E 1
B . C . 3 . 2 . 1 . 2 6 B B T A - F R U C T O F U R A N O S I D A S B 2
B . C . 3 . 2 . 1 . 3 9 G L U C A N  E N D O - l , 3 - B E T A - D - G L U C O S I D A S E 1
B . C . 3 . 2 . 1 . 4 5 G L U C O S Y L C E R A M I D A S E 1
B . C . 3 . 2 . 1 . 7 3 L I C H E N I N A S E 5
B . C . 3. 2 . 1 . 91 C E L L U L O S E  1 , 4 - B E T A - C E L L O B I O S I D A S E 4
B . C . 3 . 2 . 2 . 2 2 R R N A  N - G L Y C O S I D A S E 11
B . C . 3. 4 . 11 . 1 L E U C Y L  A M I N O P E P T I D A S E 4

B . C . 3 . 4 . 1 1 . 1 0 B A C T E R I A L  L E U C Y L  A M I N O P E P T I D A S E 1
B . C . 3 . 4 . 1 1 . 1 8 M B T H I O N Y L  A M I N O P E P T I D A S E 1
B . C . 3. 4 . 14 . 1 D I P E P T I D Y L - P E P T I D A S E  I 1
B . C . 3 . 4 . 16 . 4 S E R I N E - T Y P E  D - A L A - D - A L A  C A R B O X  Y P E P T I D A S E 1
B . C . 3 . 4 . 1 6 . 5 C A R B O X Y P E P T I D A S E  C 1
B . C . 3. 4 . 17 . 1 C A R B O X Y P E P T I D A S E  A 11
B . C . 3 . 4 . 1 7 . 2 C A R B O X Y P E P T I D A S E  B 2
B . C . 3 . 4 . 2 1 . 0 R A T  P R O T B A S B 2
B . C . 3. 4 . 21 . 1 C H Y M O T R Y P S I N 27
B . C . 3 . 4 . 21 . 4 T R Y P S I N 43
B . C . 3 . 4 . 2 1 . 5 T H R O M B I N 42
B . C . 3 . 4 . 2 1 . 6 C O A G U L A T I O N  F A C T O R  XA 2
B . C . 3 . 4 . 2 1 . 7 P L A S M I N 4

B. C. 3 . 4 . 2 1 . 1 2 A L P H A - L Y T I C  P R O T B A S B 22
B . C . 3 . 4 . 2 1 . 2 2 C O A G U L A T I O N  F A C T O R  I XA 1
B . C . 3 . 4 . 2 1 . 3 5 T I S S U E  K A L L I K R B I N 3
B . C . 3 . 4 . 2 1 . 3 6 P A N C R E A T I C  E L A S T A S B 16
B . C . 3 . 4 . 2 1 . 3 7 L E U K O C Y T E  E L A S T A S B 3
B . C . 3 . 4 . 2 1 . 5 0 L Y S Y L  E N D O P B P T I D A S B 2
B . C . 3 . 4 . 2 1 . 5 9 T R Y P T A S E 1
B . C . 3 . 4 . 2 1 . 6 2 S U B T I L I S I N 25
B . C . 3 . 4 . 2 1 . 6 4 E N D O P B P T I D A S B  K 5
B. C. 3 . 4 . 2 1 . 6 6 T H E R M I T A S B 4
B . C . 3 . 4 . 2 1 . 6 8 T - P L A S M I N O G B N  A C T I V A T O R 5
B . C . 3 . 4 . 2 1 . 6 9 P R O T E I N  C ( A C T I V A T E D ) 2
B . C . 3 . 4 . 2 1 . 7 3 U - P L A S M I N O G E N  A C T I V A T O R 1
B . C . 3 . 4 . 2 1 . 7 8 C Y T O T O X I C  T - L Y M P H O C Y T E  P R O T E I N A S E  1 1
B . C . 3 . 4 . 2 1 . 7 9 C Y T O T O X I C  T - L Y M P H O C Y T E  P R O T E I N A S E  2 1
B . C . 3 . 4 . 2 1 . 8 0 S T R E P T O G R I S I N  A 5
B . C . 3. 4 . 21 . 81 S T R E P T O G R I S I N  B 2
B . C . 3 . 4 . 2 1 . 8 8 R E P R E S S O R  L B X A 2
B . C . 3. 4 . 2 2 . 2 P A P A I N 13

B . C . 3 . 4 . 2 2 . 1 4 A C T I N I D A I N 2
B . C . 3 . 4 . 2 2 . 2 8 P I C O R N A I N  3 C 19
B . C . 3 . 4 . 2 2 . 3 0 C A R I C A I N 1
B . C . 3 . 4 . 2 3 . 0 HIV P R O T E A S E 44
B . C . 3. 4 . 23 . 1 P E P S I N  A 6
B . C . 3 . 4 . 23 . 4 C H Y M O S I N 3
B . C . 3 . 4 . 2 3 . 5 C A T H E P S I N  D 2

B . C . 3 . 4 . 2 3 . 1 5 R E N I N 3
B . C . 3 . 4 . 2 3 . 2 0 P B N I C I L L O P E P S I N 8
B . C . 3. 4 . 2 3 . 2 1 R H I Z O P U S P B P S I N 5
B . C . 3 . 4 . 2 3 . 2 2 E N D O T H I A P B P S I N 21
B . C . 3 . 4 . 2 3 . 2 3 M U C O R O P B P S I N 2
B . C . 3 . 4 . 2 4 . 1 8 M B P R I N  A 1
B . C . 3 . 4 . 2 4 . 2 1 A S T A C I N 6
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H ydrolases con t’d
E. C.  n u m b e r N u m b e r  of

s t r u c t u r e s
in P D B

E. C. 3 . 4 . 2 4 . 2 6 P 3 E U D O L Y 3 I N 1
E . C . 3 . 4 . 2 4 . 2 7 T H E R M O L Y S I N 14
E. C. 3 . 4 . 2 4 . 4 6 A D A M A L Y 3 I N 1

E . C . 3. 5 . 1 . 1 A 3 P A R A G I N A S E 1
E . C . 3. 5 . 1 . 2 8 N - A C E T Y L M U R A M O Y L - L - A L A N I N E  A M I D A 3 E 1
E . C . 3. 5 . 1 . 3 8 G L U T A M I N A S E - ( A S P A R A G I N - ) A 3 E 2
E . C . 3. 5 . 1 . 5 2 P E P T I D E - N 4 - ( N - A C E T Y L - B E T A - G L U C 0 3 A M I N Y L ) A 3 P A R A G I N E  A M I D A S E 1
E . C . 3. 5 . 1 . 5 9 N - C A R B A M 0 Y L S A R C 0 3 I N E  A M I D A 3 E 1
E . C . 3. 5 . 2 . 6 B E T A - L A C T A M A 3 E 7
E . C . 3. 5 . 3 . 3 C R E A T I N A 3 E 1
E . C . 3. 5 . 4 . 4 A D E N O S I N E  D E A M I N A S E 2
E . C . 3. 6. 1. 1 I N O R G A N I C  P Y R O P H O S P H A T A S E 3
E . C . 3 . 6 . 1 . 7 A C Y L P H O S P H A T A S E 1

B . C . 3 . 6 . 1 . 34 H(  +  ) - T R A N S P O R T I N G  A T P  S Y N T H A S E 1
E . C . 3. 8 . 1 . 5 H A L O A L K A N E  D E H A L O G E N A S E 9

Lyases Total 114 Unique 16
E . C . 4. 1.1. 1 P Y R U V A T E  D E C A R B O X Y L A S E 2

E . C . 4. 1 . 1 . 2 2 H I S T I D I N E  D E C A R B O X Y L A S E 1
E . C . 4. 1 . 1 . 39 R I B U L O S E - B I S P H O S P H A T E  C A R B O X Y L A S E 6
E . C . 4. 1 . 1 . 48 I N D O L E - 3 - G L Y C E R O L - P H O S P H A T E  S Y N T H A S E 1
E . C . 4. 1 . 1 . 64 2 , 2 - D I A L K Y L G L Y C I N E  D E C A R B O X Y L A S E  ( P Y R U V A T E ) 4
E . C . 4. 1 . 2 . 13 P R U C T O S  E- BI S  P H O S P H A T E  A L D O L A S E 2
E . C . 4. 1 . 3 . 7 C I T R A T E  ( S I ) . S Y N T H A S E 12

B . C . 4 . 1 . 3 . 18 A C E T O L A C T A T E  S Y N T H A S E 1
E . C . 4 . 1 . 9 9 . 2 T Y R O S I N E  P H E N O L - L Y A S E 1
E . C . 4. 2. 1. 1 C A R B O N A T E  D E H Y D R A T A S E 66
E . C . 4. 2 . 1 . 3 A C O N I T A T E  H Y D R A T A S E 7

E . C . 4. 2 . 1 . 11 P H O S P H O P Y R U V A T E  H Y D R A T A S E 7
E . C . 4 . 2 . 1 . 20 T R Y P T O P H A N  S Y N T H A S E 1
B . C . 4. 2 . 2 . 2 P E C T A T E  L Y AS E 1

E . C . 4. 2 . 9 9 . 1 8 D N A - ( A P U R I N I C  O R  A P Y R I M I D I N I C  S I T E )  L Y A S E 1
E . C . 4. 3 . 1 . 8 H Y D R O X Y M E T H Y L B I L A N E  S Y N T H A S E 1

Isom erases Total 99 Unique 12
E . C . 5. 1 . 1 . 7 D I A M I N O P I M E L A T E  E P I M E R A S E 1
E . C . 5. 1 . 2 . 2 M A N D E L A T E  R A C E M A S E 3
E . C . 5. 1 . 3 . 2 U D P - G L U C O S E  4 - E P I M E R A 3 E 1
B . C . 5. 2 . 1 . 8 P E P T I D Y L P R O L Y L  I S O M E R A S E 15
E . C . 5. 3.1. 1 T R I O S E P H O S P H A T E  I S O M E R A S E 19
E . C . 5. 3 . 1 . 5 X Y L O S E  I S O M E R A S E 52
E . C . 5. 3 . 3 . 4 M U C O N O L A C T O N E  D E L T A - I S O M E R A S E 1
E . C . 5. 4. 2. 1 P H O S P H O G L Y C E R A T E  M U T A S E 1
E . C . 5. 4 . 2 . 2 P H O S P H O G L U C O M U T A 3 E 1

E . C . 5. 4 . 9 9 . 5 C H O R I S M A T E  M U T A S E 3
E . C . 5. 5. 1. 1 M U C O N A T E  C Y C L O I S O M E R A S E 1
E . C . 5. 5 . 1 . 7 C H L O R O M U C O N A T E  C Y C L O I S O M E R A S E 1

Ligases Total 24 Unique 9
E . C . 6. 1. 1 . 1 T Y R O S I N E - T R N A  L I G A S E 7

E . C . 6 . 1 . 1 . 10 M E T H I O N I N E - T R N A  L I G A S E 2
E . C . 6. 1 . 1 . 11 S E R I N E - T R N A  L I G A S E 4
E . C . 6 . 1 . 1 . 18 G L U T A M I N E - T R N A  L I G A S E 1
E . C . 6. 2. 1. 1 A C E T A T E - C O A  L I G A S E 1
E . C . 6 . 3 . 1 . 2 G L U T A M A T E - A M M O N I A  L I G A S E 3
E . C . 6 . 3 . 2 . 3 G L U T A T H I O N E  S Y N T H A S E 2

E . C . 6 . 3 . 2 . 19 U B I Q U I T I N - P R O T E I N  L I G A S E 2
E . C . 6 . 3 . 4 . 1 5 B I O T I N - [ A C E T Y L - C O A - C A R B O X Y L A 3 E ]  L I G A S E 2

Table 1 .1 : A list of all the enzymes present in the January 1995 release of the 
F’D B . At the top of each class are the total number of structures and the number 
of unique enzymes within tha t class.
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E.C.3) whereas the black bars give the total number of unique enzymes.
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1.3 O rganisation o f th is th esis

This thesis is divided up in the following manner. Chapter 2 describes the al­

gorithm LIGPLOT developed to visualise protein-ligand interactions as derived 

from the coordinates in the PDB. Chapter 3 describes a detailed analysis of the 

Ser-His-Asp catalytic triad of the serine proteinases and lipases. This work led 

to the concept of a ’3D tem plate’ tha t is able to describe the conformation of the 

active site residues of these enzymes.

A com puter program called TESS was developed and is described in detail in 

chapter 4 which enables the construction of 3D tem plates for any constellation 

of residues in the PDB. Chapter 5 uses this software to compare and contrast 

the conformation of catalytic triads found in the a / (3 hydrolase enzymes and the 

serine proteinases and lipases. This analysis illustrates how convergent evolution 

has enabled nature to use similar catalytic machinery to catalyse different reac­

tions. Chapter 6 investigates the orientation of ligand binding sites relative to 

the catalytic triad.

In chapter 7, the TESS program is used to investigate m etal binding sites in 

proteins. Specifically, we look at triads formed in these sites such as m etal-H is- 

Asp. There are many different types of metal sites in the PDB and the structure 

of this triad  is dependent on more than one factor. We also note similarities in 

the structure of the m etal-H is-A sp triad and the Ser-His-Asp triad.

Chapter 8  describes the problems involved in trying to autom atically produce 

a database of ’3D tem plates’ describing all enzyme active sites in the PDB; these 

problems are illustrated by using two enzymes, lysozyme and ribonuclease, as 

examples.
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Chapter 2

LIGPLOT: a program  to  generate  

schem atic diagram s o f  

protein—ligand interactions

2.1 Introduction

The exact nature of non-covalent interactions in macromolecules, such as those 

between a protein and a ligand, are often difficult to visualise and comprehend 

easily without detailed inspection on a graphics terminal. This makes them  espe­

cially difficult to illustrate in two dimensions, as when presented in a paper, even 

with the benefit of stereo plots. Schematic diagrams are frequently used in the 

literature to try to clarify the interactions; to show, for example, which atoms of 

the ligand are hydrogen-bonded to which residues in the protein. These are often 

drawn by hand, sometimes with the help of drawing packages and are invariably 

time-consuming to produce.

Here we describe a program called LIGPLOT tha t generates schematic dia­

grams automatically from the 3D coordinates of the protein and its bound ligand.

43
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These diagrams illustrate the pattern  of interactions between the two molecules 

and are particularly useful for comparing different structures or for studying the 

interactions between different ligands and the same enzyme.

The interactions shown by LIGPLOT are hydrogen bonds and hydrophobic con­

tacts. Hydrogen bonds are indicated by dashed lines between the atoms involved; 

each hydrogen-bonded residue from the protein is shown in full, although there 

is an option to include/exclude its main-chain atoms. Hydrophobic contacts are 

indicated more schematically; residues from the protein involved in these contacts 

are represented by an arc with spokes radiating towards the ligand atoms they 

contact. The contacted atoms are shown with spokes radiating back.

Atom accessibility can also be depicted. The ligand atoms can be colour-coded 

to indicate their accessibility to solvent. Together, all this information provides 

a schematic representation of the types and locations of the ligand’s im portant 

non-covalent interactions.

The program is completely general and will work for any ligand. Indeed, it 

has also been used for segments of proteins to show, for example, interactions 

between a helix and the residues in its vicinity.

2.2 T he algorithm  - an overview

The LIGPLOT algorithm consists of many stages but in principle is very simple.

It takes the 3D structure of the ligand and ‘unrolls’ it, flattening it out onto the

2D page. As it does so, it takes with it the hydrogen-bonded sidechains and 

sidechains involved in hydrophobic contacts, flattening those out too and placing 

them so tha t the overlap of atoms and the crossing of bonds in the final diagram 

is kept to a minumum.

The unrolling is performed about each of the structure’s ‘ro tatab le’ bonds.
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The structure on either side of such a bond can be independently rotated or 

adjusted; bonds that are part of a ring are non-rotatable as moving the structure 

on one side of them  affects the structure on the other side by virtue of the ring 

connection.

The unrolling process involves rotating the structure on either side of the bond 

in such a way that the bonds springing directly from its two ends come to lie in 

the same plane. For example, consider a main-chain C a-C  bond, as shown below.

\  . . /
%  -  c

/  II
N* O'

This is a rotatable bond as it is not part of a ring. Firstly, the structure on 

the left-hand side of it is rotated about the atom until the N' and atoms 

lie in the same plane as the and the C* atoms. This rotation, which will be 

described in detail later, is repeated for the structure on the right-hand side of 

the bond, which is rotated until the and 0  ̂ atoms also lie in the same plane.

The result is tha t all the atoms connected to the rotatable bond come to be 

the same plane. Repetition of the procedure on all the rotatable bonds in the 

structure, in turn, gives a structure tha t has been completely flattened onto the 

page. This unrolling usually proceeds from one end of the ligand to the other, 

though where branching occurs, the branches have to be unrolled in turn.

Note tha t none of the bond-lengths are distorted in this process, and even 

some of the bond angles are maintained. Thus the N '-C ^-C ^ and 

bond angles are the same as in the 3D structure.

Although completely flat, the structure at this stage will probably include 

extensive overlap between atoms and bonds, resulting in a very congested and
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confusing diagram of the interactions. A ‘clean-up’ procedure tackles this prob­

lem. This involves, once again, cycling through each of the rotatable bonds in 

turn. This tim e a test is made to see if a rotation of one side of the structure 

through 180 degrees about the bond will reduce the number of atom clashes and 

bond overlaps. This is just a flip of 180 degrees about the bond. If the flip reduces 

the overlaps, it is retained, otherwise the original structure is kept. The entire 

cycle of all possible flips is repeated several times until the number of atom and 

bond overlaps reaches a minimum, and the diagram of the structure is plotted.

Of course, this procedure will introduce some distortions into the structure, as 

is inevitable when converting a 3D object into a 2D representation. For example, 

all the torsion angles, being completely flat, will be either 0 or 180 degrees. As 

an extreme example, a trans peptide in the ligand may occasionally appear as 

cis  ̂ although this is actually very rare. Many angles will be distorted by the 

flattening process. Perhaps more significantly, residues in the protein that are 

close to one another in 31), might sometimes appear on either side of the ligand, 

simply because this makes the interactions clearer to see. Such unavoidable si de­

effects are a consequence of any attem pt to present structures in 2D and do not 

detract from the information the diagrams are aiming to convey.

2.3 D eta ils  o f th e  algorithm

2.3.1 Coordinates, hydrogen bonds and connectivity

Figure 2.1 illustrates the principal stages of the LIGPLOT algorithm and Figure 2.2 

shows how a structure evolves during these stages, from its starting 3D structure 

to its final 2D representation.

The first stage involves the reading in of the 3D coordinates of the structure 

from the specified PDB file and identifying the atoms belonging to the ligand (or
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Input 3D coordinates and hydrogen bond 

information and calulate connectivity

i
Identify rotatable bonds

I
Flatten all ring groups

I
Unroll structure

I
Clean up structure

1
Write diagram out as a postscript file

Figure 2.1: Flow diagram illustrating the main stages in the LIGPLOT algorithm.

segment of protein) as defined by the user. The protein residues tha t are either 

hydrogen bonded to the ligand, or are involved in hydrophobic interactions with 

it, are identified from two lists of such interactions. These can be generated by 

the user and supplied to the LIGPLOT program in the format specified in the 

operating instructions.

The program we use, for generating both a list of hydrogen bonds and of 

non-bonded interactions, is HBPLUS (McDonald and Thornton, 1994) which,like 

LIGPLOT, is available by anonymous ftp. The program computes all possible 

positions for hydrogen atoms (H), attached to donor atoms (D), which satisfy 

specified geometrical criteria with acceptor atoms (A) in the vicinity (McDonald 

and Thornton, 1994). The criteria used here are tha t the H-A distance < 2.7Â, 

the D-A distance <  3.3Â, the D -H -A  angle > 90 degrees, and tha t the H -A - 

AA angle >  90 degrees, where the A A atom is the one at ached to the acceptor, 

usually preceding it along the amino acid chain. These criteria can be altered 

by the user if so desired. Hydrophobic interactions are defined as any carbon
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Figure 2.2: An example of how a ligand is converted from its starting 3D struc­
ture to a 2D LIGPLOT representation of its interactions. The ligand shown here 
is Gly-Ala-Trp, complexed with 7 -chymotrypsin (PDB code Sgch). This is the 
same structure as in Figure 2.3, but here only the hydrogen-bonded groups from 
the protein are included. The bold lines represent the ligand’s bonds, the thin 
lines represent the bonds in the sidechains of the protein, while the dashed lines 
correspond to the hydrogen bonds. The four stages shown are: a. simple ortho­
graphic projection of the starting 3D structure; 6 . after the flattening of all rings 
and the unrolling of the entire structure onto a 2D plane, but with a consid­
erable amount of atorn-clashes and bond-overlaps to be got rid of; c. explosion 
of the hydrogen-bonded groups away from the ligand to ease minimisation of 
atom- and bond-overlaps (in fact, for clarity, the groups shown here have been 
exploded out to only a quarter of their usual distance); and d. final picture after 
flipping of rotatable bonds to minimise overlaps and swinging and relaxation of 
hydrogen-bonded groups back toward the ligand.
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atom tha t is within the sum of the van der Waals radius of any other atom plus 

a distance cut-off. We set the distance cut-off as 1.0Â.

HBPLUS can also list all non-bonded contacts between atoms tha t are less 

than a specified distance apart. The cut-off used for LIGPLOT is 3.9 Â, but this 

can be amended by the user. This list is used by LIGPLOT when extracting all 

hydrophobic interactions, being just those between pairs of carbon atoms.

In some molecules, the above interactions are not the only ones of interest. 

For example, in the catalytic triad of chymotrypsin a single layer of hydrogen 

bonds would fail to include the functionally im portant His57-Aspl02 catalytic 

pair. Thus LIGPLOT has an option which also allows additional sidechains, not 

directly bonded to the ligand, to be included. In this case one would specify tha t 

His-Asp pairs are to be included where the His is hydrogen-bonded to the ligand 

and the Asp is hydrogen-bonded to the His. The option is also useful in cases 

where the hydrogen bonding between the protein and ligand is mediated by one 

or more water molecules. Thus LIGPLOT can not only show the water molecules 

tha t are hydrogen bonded to the ligand, but also the residues from the protein 

tha t are hydrogen-bonded to these waters.

Hydrogen-bonded and hydrophobic groups are treated slightly differently. In 

the hydrogen-bonded groups all sidechain atoms are retained, with there being 

an option to retain main-chain atoms as well. Hydrophobic groups, on the other 

hand, are represented by a single position for the residue as a whole. This position 

is linked to the atoms on the ligand with which it is in contact by ‘v irtual’ 

bonds. This simplifies the unrolling procedure while making the final picture 

more informative.

The covalent connectivity of all the retained atoms is calculated using a simple 

distance cut-off of 1.85Â. Various bonds are then ‘cu t’ to simplify the unrolling 

and clean-up stages. These include bonds linking adjacent hydrogen-bonded
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groups. For example, if residues 195 and 196 in the protein are both hydrogen- 

bonded to the ligand, the peptide bond joining them  will be removed so that 

the two sidechains can move independently of one another during the unrolling 

and clean-up of the structure. This reduces the constraints on the minimisation 

process and increases the chances of a clearer diagram resulting (ie one with fewer 

atom-clashes and bond-overlaps).

Any atoms tha t cannot be reached by tracing along connected bonds from 

some starting point on the ligand are deleted. This avoids problems tha t might 

be caused by chain-breaks; for the unrolling procedure to be successful, all atoms 

must be connected by one or more bonds, or they will ‘float free’ of the structure 

and interfere with the flnal diagram.

Also read in at this stage are the atom accessibilities, if required. These give 

a measure of the solvent accessibility of each atom, and are calculated by the 

program ACCESS (Hubbard, 1991). The accessibility values are represented on 

the flnal plot by different shading of the background of each ligand atom.

2.3.2 Identification of bonds for rotation

The second stage (see Figure 2.1) determines which of the structure’s bonds 

are ‘ro ta tab le’ - ie those at which the unrolling procedure can be applied. As 

mentioned above, any bonds in ring structures are non-rotatable as the structure 

on either side of them cannot be moved independently; any movement on one 

side affects the structure on the other side and so, in general, any attem pt at 

flattening will distort the overall structure.

This applies not just to bonds in recognised ring groups - such as in the 

aromatic ring of Phe sidechains - but to any bond tha t is part of a closed loop of 

connected bonds. In other words, if it is possible to track through the structure 

from one end of a bond to its other end, the bond must be part of a closed loop
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within the structure and so cannot be treated as rotatable.

Hydrogen-bonds often create such loops. If a sidecbain forms two hydrogen 

bonds to the ligand - as when a carboxylate group has both its oxygens involved 

in hydrogen bonds {eg Aspl02 in Figure 2.3) - it is possible to trace a loop 

from one hydrogen bond through the ligand to the other hydrogen-bond and 

then through the sidecbain back to the starting point. The existence of the loop 

makes flattening impossible since rotation about one bond to improve planarity 

will probably worsen the planarity at the other bond. Such loops are dealt with 

by making one of the hydrogen bonds ‘elastic’ and the other a rotatable bond. 

The two atoms either side of the elastic bond can be moved independently of 

one another, stretching and distorting the bond whenever the structures either 

side of it are moved independently. Thus, in Figure 2.3, the bond from

the Asp 1 0 2  to the His57 might be elastic, while the bond is a rotatable

bond about which the Aspl02 can be flipped this way and that. Alternatively, 

their roles might be reversed. Which is which depends merely on the order of the 

atoms in the original PDB file.

Internal hydrogen bonds, between atoms entirely within the specified ligand, 

also create problematical loops. Thus they, too, are non-rotatable and are treated 

as elastic bonds, being free to stretch as the ligand is gradually unrolled.

Another type of non-rotatable bond is any end-bond. That is, any bond having 

links at one end only {eg the bond in the example above). The flattening

of these bonds is usually taken care of automatically when the flattening process 

is applied at the connected end. Thus, for the bond, the two rotations

about the bond described above are sufficient to bring the 0 * atom into

the same plane as the other 4 atoms shown. There is a special case, however, 

where the flattening is not autom atic, and this is when the end-bond is attached 

to a ring group. Cases such as this are dealt with in the next stage.
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Gly 250 (C) 

Ala 251(C)

Cys 191

Ser 214
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:% T n ,2 i5  -

Ser 190

Trp 252 (C)

Gly 193
Ser 195

Gly 226

llis 57
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e  e

Ligand bond

Non-ligand bond

Hydrogen bond and its length

His 53 Non-ligand residues involved in hydrophobic 
contact(s)

i j y  Corresponding atoms involved in hydrophobic contact(s)

Figure 2.3: A L IG P L O T  diagram of the active site of chymotrypsin (P D D  code 
8 gch) complexed with the tripeptide Gly-AIa-Trp (residues 250-252, chain C). 
The bold bonds belong to the ligand, the thin bonds belong to the hydrogen- 
bonded residues from the protein, and the dashed lines represent the hydrogen 
bonds between ligand and protein. Hydrophobic contacts made with the protein 
are indicated by the spoked arcs pointing towards the ligand. Corresponding 
spokes on the ligand atoms indicate which atoms are involved in these contacts. 
Similarly, the atoms in the hydrogen-bonded groups involved in hydrophobic 
contacts are marked by spokes pointing in the direction of the contact atoms. 
For example, the C and CA atoms of the hydrogen-bonded group Gly 216 are 
involved in hydrophobic interactions with Trp 252 on the ligand. The letters in 
parentheses in the residue names are the corresponding chain identifiers. The 
diagram illustrates the catalytic triad of His 57, Asp 102 and Ser 195, as well as 
showing the ligand’s Trp 252 residue nestling in the highly hydrophobic specificity 
pocket in the active site of the enzyme.
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2.3.3 Flattening of ring groups

The third stage involves forcing flat all ring groups in the structure. This en­

sures tha t they are perfectly planar before the unrolling procedure of the next 

stage commences. Even small distortions in the rings can prevent the unrolling 

procedure from attaining a perfectly flat structure. The reason for this is tha t if 

a distorted ring separates one part of the structure from another, then the two 

halves can be independently flattened but, so long as the ring remains distorted, 

the entire structure will not be flat. A perfectly planar ring, on the other hand, 

circumvents this problem.

Many ring groups are expected to be planar, and any deviation from planarity 

is usually minor. Some groups, however, have standard non-planar conformations; 

for example, the pyranose ring-structure of glucose adopts the ‘chair’ conforma­

tion.

In LIGPLOT all the ring groups are forced flat in a fairly crude manner. A 

best-fit plane is first calculated through the ring atoms, and they are transformed 

so that this plane lies in the x-y  plane. Also transformed are any atoms attached 

to the ring by end-bonds. The transformed atoms now have their z-coordinates 

set to zero, thus crudely flattening the ring and any end-bonds attached to it. 

Finally the transformed atoms, now perfectly planar, are transformed back into 

the structure by applying the reverse transformation. Depending on how unplanar 

the original ring-group is, this procedure can distort the ring’s bond lengths 

and bond angles. More importantly, it can distort the bonds attached to the 

ring-group, such as the end-bonds, sometimes quite severely. This si de-effect 

is remedied by checking all non-ring bonds and stretching or contracting them 

(moving the two halves of the structure either side of them  accordingly) back to 

their original length.
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2.3.4 Unrolling the structure

The structure is now progressively unrolled as follows. Each rotatable bond is 

taken in turn  and the whole structure is transformed to place this bond along the 

negative a;-axis with one or other of its atoms at the origin. The number of atoms 

bonded to the one at the origin (either covalently or through hydrogen bonds) is 

counted. The count does not include the bond’s other atom. Figure 2.4 shows 

what happens in the cases where there are 1 , 2  or 3 atoms attached.

The simplest case is where there is only one other atom connected (Figure 

2.4a). The entire structure on tha t side of the bond is rotated about the z-axis, 

either clockwise or anti-clockwise, to place that atom in the x-y  plane. The angle 

a  shown in the figure remains unchanged.

If there are two atoms attached (Figure 2.46), the normal to the plane defined 

by these two atoms and the one at the origin is computed. The entire structure 

on that side of the bond is then rotated, first about the 0 -axis and then about the 

j;-axis, to bring this normal in line with the positive 0 -axis. This places the two 

atoms of interest in the x-y  plane. The structure is then further rotated about 

the 0 -axis until the o:-axis bisects the angle defined by the three atoms (angle f3 

in Figure 2.46).

In the case where there are three or more atoms attached, the procedure is a 

little  more complicated. Each atom is taken in turn  and the part of the structure 

connected to it is rotated about the origin to place the atom in the x-y  plane at 

some splay angle relative to the x-axis. For three attached bonds (Figure 2.4c), 

the splay angle is 90 degrees, so the three atoms are splayed out at 90, 180 and 

270 degrees relative to the z-axis. For four attached atoms, the splay angle is 

72 degrees, and so on. Of course, in these situations, none of the original 3D 

geometry is retained other than the original bond lengths.

Once the required rotations have been applied to this end of the rotatable
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Figure 2.4: The different rotations applied when different numbers of atoms are 
bonded to a  given rotatable bond. The left-hand pictures show the ‘before’ states 
for the three different situations depicted, while the right-hand pictures show how 
the atoms are transformed into the x-y  plane in each case. The shaded atoms 
belong to the rotatable bond, lying along the a:-axis, with the atom  of interest at 
the origin. The three cases illustrated are: a. when one atom  is attached to  the 
ro tatable bond the rotation applied brings the atom  into the x-y  plane, either 
clockwise or anti-clockwise, keeping the angle a  fixed; b. with two atoms attached, 
the rotation m aintains the angle /), placing the atoms in the x-y  plane such tha t 
the angle j3 is bisected by the a:-axis; c. with three atoms attached no a ttem pt 
is made to retain  any angles - the three atoms are placed at right-angles to one 
another in the x-y  plane.
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bond, the structure is flipped about the y-axis and transformed to place the 

bond’s other atom at the origin. The procedure is then applied, if necessary, to 

this other end, getting the atoms attached to it into the x-y  plane also. The 

unrolling continues in this manner until all rotatable bonds have been processed.

The end result is a completely flat structure in which all the atoms lie in 

the same plane, but in which parts of the structure may be folded back on one 

another with many atoms and bonds overlapping. Figure 2.26 gives an example.

2.3,5 M inimisation of atom  and bond overlap

The final stage of L I G P L O T ,  prior to plotting, is the clean-up process in which the 

extent of the atom- and bond-overlaps is minimised to give as clear a diagram of 

the ligand’s interactions as possible.

Once again, each rotatable bond is considered in turn. The structure on one 

side of the bond is flipped through 180 degrees about the bond to see if this 

flip reduces the severity of the atom-atom and bond-bond overlaps. If it does, 

the flipped conformation is retained, otherwise the flip is reversed to retrieve the 

original conformation.

The severity of the overlaps is evaluated using a simple energy function, Etotah 

consisting of two terms

E t o t a l  —  E ( i  - | -  w E i ) .

where Ea is the energy due to close-contacts between non-bonded atoms in the 

structure, E^ is the energy due to bond overlaps, and lu is a weighting factor 

that can be used to adjust the relative importance of the two term . Currently 

use w = 0.05; this value was derived empirically by testing L I G P L O T  with various 

P D B  files. The two energies are calculated as described below.
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A tom -clash  energy, Ea

The energy assigned to each atom-atom contacts is given by the inverse square 

of the distance between the atoms:

0 , if dij ^  dmax I

Ea = < l/d%, if drain ^  dij <C dj-aax̂

if dij ^  dmini

where dij is the distance between atoms i and j ,  d^ax is a cut-off beyond which 

the atoms are deemed not to be interacting, and dmin is a minimum distance cut­

off used to guard against infinite energies arising when two atoms are practically 

on top of one another.

In L I G P L O T  djnin is set to 0.1Â, and dmax is set to 2.5Â.

B ond overlap energy, Eb

As well as reducing atom clashes, it is also necessary to reduce the number of 

overlapping bonds in the picture as these can be very confusing. Only overlaps 

of hydrogen bonds with all other bonds (and atoms) needs to be considered; any 

overlaps between pairs of covalent bonds are already taken care of in the Ea 

energy above as any crossing covalent bonds will inevitably have their respective 

atoms clashing too.

Thus each hydrogen bond is considered in turn  and is assigned an overlap 

energy according to the extent of its overlaps with the other bonds and atoms in 

the structure. The energy is calculated as follows. If the hydrogen bond crosses 

any other bond in the structure a fixed penalty C  is added to the energy.

Any atoms within 0.7Â of the bond are taken to be clashing with it, provided 

tha t the perpendicular from the atom to the bond meets the bond between the 

two atoms defining it. The energy contribution Eih from such a clash is given
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by:-

Eih =

O5 if l{ii l<)

^  l i j  ^  ^max')

^IKnini îj ^  ^mini

where Uh is the distance between the atom i and hydrogen bond /i, Imax is the 

cut-oflp beyond which the atoms are deemed not to be interacting (here set to

0.7Â), and l^nin is a minimum distance cut-oflF (set to 0.1Â) to guard against 

infinite energies arising when two atoms are practically on top of one another.

The net bond overlap energy Eb can be expressed as:-

—bonds  /  ^ a t o m s  — 2 \

%c+ E  EiiA,
k = i  \  i = i  )

where the outer summation is over the Nh-bonds hydrogen bonds in the structure, 

the inner summation is over the Natoms — 2  other atoms in the structure [ie 

excluding the two atoms in hydrogen bond /i), Oh is the number of other bonds 

which overlap hydrogen bond /i, and Eni is the overlap energy between atom i 

and hydrogen bond h calculated from the perpendicular distance between them, 

as described above. In L I G P L O T  the penalty C  is taken to be 10; this value was 

derived empirically by testing L I G P L O T  with various P D B  files.

The total energy Etotal-, obtained from the atom-clash energy Ea and the bond 

overlap energy Eb, thus gives a means of measuring how much overlap there is in 

the picture, and the whole process becomes a minimisation problem. The flipping 

procedure is repeated through several cycles, allowing the structure to writhe this 

way and that, until the value of Etotal ceases to change from one cycle to the next, 

and a minimum has been reached.

For large ligands, which may have many hydrogen-bonded sidechains attached.
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the writhing can be severely cramped by all these extra groups {eg as is the situ­

ation in Figure 2.26), To ease the process, the hydrogen-bonded groups are ‘ex­

ploded’ away from the ligand radially along the direction of the bond as shown 

in Figure 2.2c. That is, the sidechains of the protein are translated some dis­

tance out from the ligand, each progressively further than the last, stretching 

the hydrogen bonds as necessary. This gives the molecule the necessary space 

to unravel and, once done, the hydrogen-bonded groups can be drawn back in 

towards the ligand, swinging into more favourable positions and settling as near 

to their actual lengths as atoms clashes allow until the final picture is obtained.

2.3.6 P lot parameters

Once the clean up-process is complete a PostScript picture is generated of the 

final structure. The appearance of the final diagram can be modified to some 

extent by editing the param eters supplied in the param eter file. Some of the plot 

options available are:-

1. Produce a black-and-white or colour Postscript file. The colours of atoms, bonds 

and background colour can be defined by the user.

2. Show molecules in ball-and-stick representation, or as bonds only.

3. Include/exclude hydrogen-bonded groups and/or hydrophobic contacts.

4. Include additional residues not directly hydrogen-bonded to the ligand [eg the 

His-Asp pair in Figure 2.3). Up to 10 additional residue-pairs can be defined for 

inclusion.

5. Include/exclude water molecules.

6 . Include/exclude internal ligand hydrogen bonds.

7. Show accessibility shading for all ligand atoms.
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8 . Label atoms and/or residues.

9. Produce a schematic peptide diagram of the hydrogen-bonded interactions only 

(see below). Here each ligand residue is represented by a single circle and non­

ligand residues are represented by their name only.

10. Include/exclude a key explaining the symbols used in the diagram.

2.3.7 Placem ent of atom  and residue names

If residue and atom names are required, these have to be placed with a minimum 

of overlap. Atom names are relatively straightforward to place, being located 

near the relevant atom at a point not interfering with any bond.

Residue names are more complicated to place. Each one is represented by a 

rectangle of the appropriate size, as defined by the length of the name and the 

height of the text characters used. This rectangle is then placed at successive 

trial locations on a grid of points encompassing the residue in question. At each 

grid-point the closest atom to the borders of the rectangle is found. If this atom 

does not belong to the correct residue, the trial location is discarded and the next 

is tried. If, on the other hand, the closest atom belongs to the correct residue, an 

‘energy’, Ei, is computed using the closest distance dt between the atom and the 

borders of the rectangle:

^ i d e a l

where dideai is an ‘ideal’ distance at which to place a residue label from an atom. 

In L I G P L O T ,  dideal is set to 0.6Â. If Ei is negative, the trial location is discarded 

as the label is too close to the atom {ie dt < dneai)- If Ei is zero, or close to 

zero, the label might be at a good distance from an atom, but it may also be in 

the vicinity of one or more atoms of other residues, and so cause confusion in the
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final picture.

This is taken into account by calculating a new energy Eiabei’

^ o t h e r  2

Elabel ~ El T ^ ]

where the sum is over the atoms belonging to residues other than the one of 

interest, and dt{j) is the nearest distance of each of these from the residue label. 

The more atoms of the wrong residue there are close to the label, the higher will 

the energy Eiabei be.

Thus the trial location with the lowest Eiabei is where the residue label is 

finally placed, being where it is as close to the ideal distance from one of the 

relevant atoms as possible while not being too close to other residue atoms.

2.3.8 Schematic peptide diagrams

Where the ligand is a large peptide, and hence has many interactions with the 

protein, a schematic peptide diagram can be produced to show very simply the 

hydrogen bonds involved. The schematic plot is based on those used to illustrate 

peptide-protein interactions in Zvelebil and Thornton (1993). Each residue in the 

ligand is represented by a single circle at the position. The residue’s si dechain 

is not shown unless it is involved in hydrogen-bond interactions with the protein.

2.3.9 Interactive modification of the diagrams

As mentioned above, the production of the final picture is essentially a minimi­

sation procedure in which an attem pt is made to minimise a somewhat arbitrary 

energy function. The minimisation procedure used in L I G P L O T  is a rather crude 

one and has many of the common pitfalls associated with multiple-minima prob­

lems - namely the difficulty of finding a global, rather than just a local, minimum.
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A more sophisticated approach might be to use simulated annealing, as is done 

by the T O P S  program for optimizing its schematic topology diagrams of protein 

structures (Flores et a/., 1994).

Alternatively, the final diagram might be ‘touched u p ’ by hand on a graphics 

term inal. This can by done interactively using standard molecular modelling 

packages such as Q uan ta^^  (Molecular Simulations Inc., copyright 1986-1994). 

The coordinates of the final L I G P L O T  picture are w ritten out to a PDB-format 

file which can be read into the graphics package to be used. The picture will, 

of course, be perfectly flat, with all the z-coordinates of the atoms set to zero. 

Because some of the hydrogen bonds may be longer than their true lengths, they 

may need to be displayed using distance monitors defined between the atoms in 

question. It is then a simple m atter to move the hydrogen-bonded groups around 

oil the screen (using only translations in the x- and y-directions, and rotations 

about the z-axis) until the required arrangement is achieved. Residues involved 

in hydrophobic interactions are represented by a single carbon atom each and can 

also be moved around at will. Distance monitors corresponding to the hydrogen 

bonds (and possibly for hydrophobic interactions also) allow one to position these 

groups as close to their actual distances as is possible.

Once the final arrangement of the elements in the picture has been attained, 

the coordinates can be w ritten out to a P D B  file which can then be passed through 

L I G P L O T  a second tim e to get the final PostScript picture.

2.4 E xam ples

Four examples of L I G P L O T  outputs are given in Figure 2.3 and Figures 2.5 to 2.7.

Figure 2.3 shows a peptide substrate analogue (residues 250-252, chain C) 

bound to the active site of chymotrypsin, P D B  code Sgch (Harel et ai, 1991). The
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diagram illustrates the ‘catalytic triad ’ of the enzyme, at the bottom  right of the 

picture, comprising residues Ser 195 (which forms the acyl-enzyme interm ediate). 

His 57 (which acts as a general acid) and Asp 102 (which orientates the His). 

Asp 102 is not directly hydrogen bonded to the ligand and so it was necessary 

to explicitly specify its inclusion in the L I G P L O T  param eter file (option 4 above), 

Gly 193, on the right of Figure 2.3, is also catalytically im portant because it is 

thought to stabilise the transition state interm ediate through hydrogen bonding. 

Of the other enzyme residues shown, Gly 216 and Ser 214 at the top right are 

responsible for hydrogen bonding to and binding the substrate. On the ligand, 

the Trp 252 binds into the specificity pocket as can be seen from the large number 

of hydrophobic contacts it makes (with residues Ser 190, Gys 191, Trp 215 and 

Gly 226, as well as with the Ser 195 and Gly 216 residues already mentioned 

because of the hydrogen bonds they make with the ligand).

Figure 2.5 is a L I G P L O T  diagram of a transition state inhibitor (residue 935) 

bound to phospholipase A2, P D B  code Ipoe (Scott et a/., 1990). There is, as in 

chymotrypsin, a catalytically im portant His-Asp pair. His 47 in phospholipase 

has the same role as His 57 in chymotrypsin (ze as a general acid/base) and again 

the Asp serves to orientate the His. On this plot the atom accessibilities are 

indicated by the shading, showing which of the ligand atoms are near the surface 

of the protein (lighter shading) and which are buried (darker shading).

Figure 2.6 shows a tyrosine-phosphorylated peptide bound to the 

phosphotyrosine recognition domain SH2 of v-src (Waksman et a/., 1992), P D B  

code Isha. Here the im portant residues are those responsible for the specific 

recognition of the phosphotyrosine; namely those involved in hydrogen-bonding 

to the phosphate oxygens (Arg 1 2 , Ser 34, Glu 35, Thr 36 and in particular the 

Arg 32 which forms an ion pair with the phosphate group) and the hydrophobic 

interaction of the Lys 60 which forms a ’hydrophobic platform ’ for the ring of the
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Figure 2.5: A L I G P L O T  (diagram of phospholipase A2 ( P D B  cotde Ipoe) bouncd 
to the transition state inhibitor (residue Gel 935). The shading behind each of 
the ligand atoms gives a measure of their accessibility, with the darker the shade 
the more buried and inaccessible the atom. The key illustrates the meaning of 
the various symbols in the diagram; further description is given in the legend to 
Figure 2.3.
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Figure 2.6: A L I G P L O T  diagram of a SH2 domain-peptide complex ( P D B  code 
Isha, ligand residues 201-205 of chain B). The peptide is a phosphotyrosine, with 
the phosphorylated tyrosine shown at the top of the picture with its network of 
hydrogen bonds to the residues of the SH2  domain of the v-src oncogene product 
(Waksman et al.  ̂ 1992). The accessibility shading shows the phosphate and 
three of its oxygens as being buried while the remainder of the peptide is largely 
exposed, making contact with the SH2 domain only at certain positions along its 
length.
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tyrosine (Waksman et a/., 1992). The ami no-aromatic interaction between Arg 

12 and the ring of the tyrosine is not shown in the LIGPLOT diagram, but such 

interactions are of relatively minor importance (Mitchell et ai, 1994).

The shading in Figure 2.6 indicates the solvent accessibility of each of the 

peptide atoms. The darker shades correspond to atoms tha t are less exposed to 

solvent. Thus the phosphate group is largely buried while the remainder of the 

peptide is largely exposed, making contacts with the SH2 domain only at certain 

positions along its length.

Finally, Figure 2.7 shows an example of LIGPLOT’s ’schematic peptide’ 

representations based on the diagrams in Zvelebil and Thornton (1993). The 

diagram shows an antibody-peptide complex: the complex of Fab’B1312 with 

a fragment of myohaemerytlirin, PDB code 2igf, ligand residues 69-75, chain P, 

(Stanfield et ai, 1990). For the peptide, only the sidechains involved in hydrogen 

bonding are shown while for the protein, only the atoms tha t make hydrogen 

bonds are shown, being represented only by their names and residue details. The 

figure corresponds closely to Figure 16 of Zvelebil and Thornton (1993).
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Ser 55 (H)

Ser 52 (H)
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Figure 2.7: An example of a ‘schematic peptide’ L I G P L O T  diagram. The molecule 
shown is the Fab’B1312-myohaemerythrin complex ( P D B  code 2igf) which is an 
antibody-peptide complex (Stanfield et al.  ̂ 1990) - ligand residues 69-75, chain 
P. Each peptide residue is shown by a circle at the position, and only those 
sidechains which are involved in hydrogen bonds are depicted. The diagram 
corresponds closely to Fig.16 of Zvelebil and Thornton (1993) which was drawn 
by hand, whereas here it has been produced automatically by L I G P L O T ,  directly 
from the P D B  coordinates.
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Chapter 3

A structural comparison of the  

Ser-His-Asp catalytic triads in 

the serine proteinases and lipases

3.1 Introduction

One of the best known functional units in enzymes is the Ser-His-Asp catalytic 

triad; it was first identified following the elucidation of the X-ray structure of 

the serine-proteinase chymotrypsin (Matthews et a/., 1967; Wright et a/., 1969; 

Blow et al., 1969). These three residues, which occur far apart in the amino acid 

sequence of the enzyme, come together in a specific conformation in the active 

site to perform the hydrolytic cleavage of the appropriate bond in the substrate.

Serine-proteinases are a ubiquitous group of proteolytic enzymes responsible 

for a range of physiological responses such as the onset of blood clotting (Mann 

et al, 1987) and digestion (Blow, 1976). They also play a m ajor role in the tissue 

destruction associated with arthritis, pancreatitis and pulmonary emphysema. 

Each enzyme is highly specific for its own peptide substrate and this specificity

70
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is governed by the substrate residue that fits into the P i subsite, or specificity 

pocket, immediately adjacent to the scissile bond. The shape of this pocket 

depends upon only a few amino acids. For example, in chymotrypsin the substrate 

binding pocket is specific for aromatic residues, whereas in trypsin an Asp residue 

in its binding pocket makes it specific for the sidechains of lysine and arginine; 

in elastase, valine and threonine residues in the binding pocket make the enzyme 

specific for non-bulky uncharged residues at this position in the peptide substrate. 

Perona and Craik (1995) have recently published a comprehensive review of the 

structural basis of substrate specificity in serine proteinases.

Prior to the elucidation of the structure of chymotrypsin, several key exper­

iments gave insight into the mechanism of action of the serine-proteinases. As 

described in Chapter 1 , in 1946 Mazur & Bodansky found tha t diisopropyl flu- 

orophosphate (d fp )  irreversibly inhibits acetylcholinesterase and in 1949 Jansen 

and coworkers dem onstrated a 1:1 stoichiometric reaction of DFP with chy­

motrypsin Ser 195. His 57 was implicated in the mechanism when it specifically 

bound tosyl-L-phenylalanine chloromethyl ketone (Schoellman & Shaw 1953). 

Work in Brian H artley’s laboratory (Hartley B.S. & Kilby B.A., 1954) on the 

hydrolysis of p-nitrophenylacetate suggested tha t there were two phases to the 

catalytic reaction. Gurfreund & Sturtevant (1955) performed further stopped- 

flow experiments with the same enzyme and substrate. They showed that the 

reaction could be described by a mechanism involving three distinct steps: rapid 

absorption of the substrate on the enzyme followed by acylation of the enzyme and 

finally liberation of product. In addition they im plicated the Ser 0^  in the acyla­

tion step. The chromophoric inhibitor displacement experiments by Bernhard & 

Gutfreund (1965) used proflavin as a competitive inhibitor of chymotrypsin; this 

undergoes a large change in absorbance upon binding to the enzyme. If an ester 

is also mixed in the experimental solution, the proflavin will be displaced. As the
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acyl-enzyme interm ediate is formed all the proflavin will be displaced and the 

absorbance remains constant until the ester is depleted. The dissocation constant 

of the enzym e-substrate can be calculated from the magnitude of the initial rapid 

displacement.

The stopped-flow kinetic experiments decribed above detect intermediates 

tha t accumalate; steady state kinetics can detect intermediates that do not ac- 

cumalate. If several substrates generate the same intermediates and its break­

down is rate determining, then they should all hydrolyse with the same value of 

kcat- Gutfreund & Hammond (1959) compared the reaction param eters of the 

chym otrypsin-catalysed hydrolysis of the amide, ethyl ester and p-nitophenyl of 

tyrosine. The results, along with subsequent experiments in other laboratories, 

gave futher support to the three-step reaction scheme.

Epand & Wilson (1962) measured the fraction of ester converted to hydrox- 

amic acid by incubating chymotrypsin in 10 esters of hippuric acid. All the esters 

produced the same ratio of hippuric acid and hippurylhydroxamic acid. In con- 

strast, when the esters were hydrolysed by water, it results in variable product 

ratios. This provided good evidence for a common intermediate.

Dixon (1953) showed that deductions about the enzym e-substrate complex 

and ionization constants of the groups involved can be made from the effects of 

pH on substrate affinity. Experimentally, the most studied enzyme in this context 

is chymotrypsin. Bender et al. (1964) found that the pH dependence of kcatlhCm 

for the hydrolysis of substrates follows a bell-shaped curve with a maximum at 

pH 7.8 and the reaction is dependent on two ionizable groups of pKa 6 .8  and 

8 .8 . Subsequently, Renard & Fersht (1973) showed that the hydrolysis of acetyl- 

L -tryptophan p-nitrophenyl ester was an exception to this scheme: it followed a 

titration  curve of pKa 6.5 and a maximum rate constant of 3.1 x 10  ̂ sec“ ^

It was found to be consistent with the association of enzyme and substrate being



Chapter 3: The Ser-H is-Asp catalytic triad 73

rate determining at high pH and gives an example where steady state kinetics 

may be analysed to give constants for several steps in the reaction pathway.

At low pH, the kcatjHrn lowers because the catalytically im portant base (z.e. 

His 57 in chymotrypsin, pKa 7) becomes protonated. The combination of X-ray 

diffraction and solution studies on a-chym otrypsin showed tha t chymotrypsin 

existed in two conformations between pH 2 and 12. Fersht (1972) showed that 

the equilibrium between these two conformations is controlled by a salt bridge 

between He 16 and Asp 194 with an apparent pKa of 9.1. At pH 9, the salt 

bridge is deprotonated and the conformation change in the protein occurs, ren­

dering it catalytically inactive. These two factors explain the pH dependency of 

chymotrypsin^s catalytic activity.

The catalytic mechanism of the serine proteinases is illustrated in Figure 3.2. 

The catalytic reaction proceeds by the Ser 0^ both donating its proton to the His 

imidazole ring and attacking the electrophilie carbonyl carbon of the substrate 

scissile bond (Figure 3.2a). This forms the first tetrahedral interm ediate (Figure 

3.2b) which rapidly breaks down releasing the first product, an amine in the 

serine proteinases or an alcohol in the lipases, as well as forming the acyl-enzyme 

interm ediate (Figure 3.2c). A water molecule then attacks this interm ediate 

(Figure 3.2d) forming the second tetrahedral interm ediate (Figure 3.2e) and this 

rapidly breaks down to form product. Figure 3.1 shows a schematic diagram 

of the catalytic triad in chymotrypsin, PDB code Sgch (Harel et a/, 1991), with 

the tri-peptide G ly-A la-Trp bound in the protein’s active site. The general 

acid/base His 57 is hydrogen bonded to the substrate, and to the 0^^ and 0^^ 

of Asp 102. The nucleophilic Ser 195 0^  would usually attack the electrophilic

carbonyl group on the peptide substrate, and the diagram shows Ser 195 

hydrogen bonding in the vicinity of this carbonyl group. The His 57 abstracts 

the proton from Ser 195 and the Asp acts to stabilise the positive charge
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Gly 216

Gly 250 (C) 

Ala 251 (C)

Cys 191

Ser 214

Asp 102

-  Trp 215 -

Ser 190

Trp 252 (C)

Gly 193
Ser 195

His 57

Key
Ligand bond 

Non-ligand bond 

Hydrogen bond and its length

His 53 Non-ligand residues involved in hydrophobic 
contact! s)

Corresponding atoms involved in hydrqjhobic contact(s)

Figure 3.1: Schematic diagram of the tri-peptide Gly-Ala-Trp (residues 250-252 
C) bound to the active site of chymotrypsin, Sgch (Harel et al, 1991), showing 
the hydrogen bonds and hydrophobic interactions the tripeptide makes with the 
residues of the active site. The diagram illustrates the catalytic triad of His 
57, Asp 102 and Ser 195, as well as the ligand’s Trp 252 residue nestling in the 
enzyme's hydrophobic specificity pocket.
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Figure 3.2: Schematic diagram representing the generalised catalytic mechanism 
of serine proteases and lipases. M  is a nitrogen atom  for proteases (amide bond) 
or an oxygen atom  for the lipases (ester bond). I m  is the imidazole sidechain of 
the His residue, a. The reaction proceeds by the His deprotonating the catalytic 
Ser 0^. This Ser acts as a nucleophile, attacking the carbonyl group of the 
scissile bond. 6 . The first tetrahedral interm ediate is formed, c. This rapidly 
breaks down to form the activated energy acyl-enzyme interm ediate, releasing an 
amine in the serine proteases or an alcohol in the lipases, d. The interm ediate is 
then hydrolysed by a water molecule, e. The second tetrahedral interm ediate is 
formed. / .  This then breaks down to form product.
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on the protonated His (Polgar, 1989). The deprotonated Ser 195 nucleophile 

attacks the substrate and forming an acyl-enzyme intermediate. The Ser 0^ 

lies in the plane of the His and hydrogen bonds to the His , although the 

angle it makes with the jg ^ot suitable for the formation of a strong hydrogen 

bond (Sawyer et ai, 1978). The substrate’s scissile peptide carbonyl group is 

stabilised by hydrogen bond interactions. In elastase, for example, the carbonyl 

group hydrogen bonds to the two backbone nitrogens of Gly 193 and Ser 195, 

forming the so called ’oxyanion hole’ (Kraut, 1977). Similarly, in subtilisin the 

equivalent of these two ami do groups are Asn 155 and Ser 221 N and these 

are equally im portant in stabilising the substrate. M utational experiments on 

the oxyanion hole in subtilisin have shown a 4 kcal/mol reduction in the binding 

energy for a m utation of Asn 155 to Ala and 2 kcal/m ol for Thr 220 to Ala 

(Braxton & Wells, 1991). M utation of Asn 155 in combination with the catalytic 

His 62 destablises the transition state to the same extent as the single m utation 

(Carter et ai, 1991). Similarly, the importance of Ser 195, His 57 and Asp 102 

in chymotrypsin has been assessed by m utational studies of each residue (Corey 

& Craik, 1992). The binding energy decreased by 4 kcal/mol upon m utation of 

Asp 102 and by around 7 kcal/mol for Ser 195 or His 57. M utation of the entire 

catalytic triad does not destabilise the transition state any further. This suggests 

tha t the oxyanion hole and the catalytic triad of the serine proteinases function 

cooperatively to enhance the catalytic rate. In the absence of the Ser-His-Asp 

triad, trypsin and subtilisin still achieve catalytic rates 1 0 '* or 1 0  ̂ greater than 

the un catalysed rate. Thus, as well as the residues involved in direct chemical 

catalysis, interactions tha t contribute to binding and conformational positioning 

of the extended substrate in the transition state contribute to rate enhancement.

The digestive serine-proteinases, such as trypsin, are stored in the pancreas as 

inactive precursors and are activated by proteolysis. Trypsinogen, for example, is
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converted to trypsin by removal of the N -term inal hexapeptide between residues 

Lys 6  and lie 7 by enterokinase. In chymotrypsinogen, the cleavage occurs be­

tween Arg 15 and He 16 (Bode & Huber, 1986). This allows He 16 to interact 

with Asp 194. This electrostatic interaction causes a conformational change in 

the protein: Met 192 moved from a deeply buried position to the surface of the 

protein; residues 187 to 193 become more extended. This results in the formation 

of the substrate specificity pocket. In addition, the mainchain nitrogens of Gly 

193 and Ser 195 move into a position to form the oxyanion hole.

The other main group of enzymes containing the Ser-His-Asp catalytic triads 

are the triacylglycerol lipases which are responsible for hydrolysing triglycerides 

into diglycerides and subsequently monoglycerides and free fatty  acids. For exam­

ple, pancreatic lipase hydrolyses water-insoluble triacylglycerols in the intestinal 

lumen and thereby plays an im portant role in dietary fat absorption. Lipases 

are stable in both aqueous and organic media and this makes them suitable as 

catalysts for a number of synthetic processes which would otherwise require harsh 

conditions to proceed. Like the serine proteinases, the catalytic mechanism is ef­

fected by way of a catalytic serine (Blow, 1990; Brady et ai,  1990). The catalytic 

site is buried beneath a short stretch of helix, known as the ’lid’. A number of 

crystallographic studies have confirmed the hypothesis tha t the lid is displaced 

during activation (Brzozowski et al., 1991; Derewenda et ai,  1992), being rolled 

back as a rigid body into a hydrophilic trench previously filled by water molecules, 

exposing the active site.

In this chapter we investigate the 3D conformations of the Ser-His-Asp cat­

alytic triads in both the serine proteinases and the lipases, using the structures 

deposited in the Protein D ata Bank (pdb) (Bernstein et ai,  1977). There are 

around 1500 enzyme structures in the .January 1995 release of the PDB, and we 

were able to extract 192 serine proteinases, 4 serine-type carboxypeptidases and 9
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triacylglycerol lipases. We have grouped these 205 proteins into classes firstly by 

making structure and sequence comparisons, and secondly by the functional clas­

sification given by the protein’s Enzyme Classification, or B.C. number (Bielka 

et uA, 1992).

There have already been studies tha t identify recurring non-sequential motifs 

in protein structures, such as the algorithm by Fischer et al., (1994). B arth et al 

(1993, 1994) have classified the Ser-His-Asp triad serine proteinases according to 

the chymotrypsin and subtilisin families and suggest a new catalytic mechanism 

based on the differences between tonin and kallikrein. In addition, they discuss 

the catalytic implications of the conserved non-catalytic Ser 214 residue that lies 

in the vicinity of the Ser-His-Asp catalytic triad.

Our aim is to extract and compare all the available Ser-His-Asp conforma­

tions and see how they are conserved or differ across the different fold types 

and functional classes. This should identify the most im portant aspects of the 

tr iad ’s conformation and how the different enzymes go about achieving it. We 

find that the orientation of the Asp and Ser sidechain atoms differ quite consid­

erably between the various fold groups and it appears tha t only the positions of 

the Asp carboxyl oxygen hydrogen-bonded to the His N'̂ % and of the Ser O7  

hydrogen-bonded to the His are critical.

In addition, we obtain a tem plate defining the Ser-His-Asp catalytic confor­

m ation and use this tem plate to search for similar triads in other proteins, in­

cluding non-enzymes, to see how often they occur outside the serine proteinases 

and lipases. We found two examples of non-enzyme ’catalytic’ triads but, upon 

inspection, these triads appear to be sterically hindered by surrounding hydropho­

bic residues or are in an unsuitable position in the protein molecule to perform 

catalysis. Therefore, to date, the catalytically active form of the Ser-His-Asp 

triad, as defined by the positions of the His sidechain, the Asp carboxyl oxygen
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and the Ser O7  atoms, only occurs in the serine proteinases and lipases.

3.2 M ethods  

3.2.1 The datasets

Two datasets were used, both extracted from the January 1995 release of the 

PDB. The first comprised the serine proteinases and lipases and was used to 

study the structural similarités of the catalytically active forms of the Ser-His- 

Asp triad. These enzymes were extracted from the PDB by first cross-referencing 

every structure’s sequence against SWISS-PROT (Bairoch and Boeckmann, 1994; 

March 1995 release). This is a sequence database which enables the accurate 

identification of the E.C. number (Bielka et ai, 1992) of every enzyme structure 

in the PDB.

The dataset comprised 192 serine proteinases, 4 serine-type carboxypepti­

dases and 9 triacylglycerol lipases. Since each enzyme can have more than 1 

chain and therefore more than 1 catalytic triad, we in fact had a dataset of 205 

serine proteinase chains, 7 serine-type carboxypeptidases and 13 lipases. The 

enzymes were first grouped into families according to sequence similarity, the 

enzymes in each group having a sequence identity of more than 30% with at 

least one other member of the group. To identify more remote homologues we 

further classified the enzymes according to their structural similarity because the 

structure of an enzyme will reflect its evolutionary origin and this may influence 

the conformation of the catalytic triad. The structural classification was achieved 

using the program SSAP (Orengo et ai, 1993) which computes a similarity score 

between two proteins ( sSAP score) between 0 and 100; the higher the score the 

more similar the overall structures. We used a SSA P score of >  80 to group 

together the enzymes having similar overall folds. This is the minimum score
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generally used to identify homologues.

Table 3.1 shows the dataset used, classified according to the four different fold 

groups and E.C. subgroupings. The serine proteinases come in two distinct folds: 

a /Tsandwich fold, characterised by trypsin, and an alternating a/f^ fold, charac­

terised by subtilisin. These make up Groups 1 and 2 in Table 3.1, respectively. 

Groups l.u , b and c have lower than 30% sequence identity but SSAP score > 80, 

which indicates tha t they have very similar overall structures and are almost cer­

tainly derived from a common ancestor. Figure 3.3 shows a 3D representation of 

the Group 1 /^-sandwich structure of chymotrypsin, Icho (Fujinaga et al., 1987), 

with the Ser-His-Asp catalytic triad lying in the binding groove of the enzyme. 

Group 2 consists of serine-proteinases having an alternating a  I  (3 structure with 

doubly-wound topology as shown in Figure 3.4 for subtilisin, 2sic (Takeuchi et 

ai, 1991). The enzyme has a central core of a seven-stranded parallel f3-sheet and 

nine a-helices which are packed, mainly antiparallel, against the sheet. Group 3 

contains the serine-type carboxypeptidases; its overall fold is also an alternating 

a / s  structure (Figure 3.5), but differs from that of Group 2 in that it consists 

of an 11-stranded /5-sheet surrounded by 15 helices with different connectivity. 

The Ser-His-Asp catalytic triad is buried in a deep bowl-like depression in the 

enzyme surface. Finally, Group 4 contains all the triacylglycerol lipases. Again, 

the overall fold is a j S  with 6 helices surrounding a 5 to 11 stranded /5-sheet 

(Figure 3.6). The SSAP scores between members of this Group and members of 

Groups 2 and 3 are < 70, reflecting the structural differences.

The second of our two datasets was used as a representative set of protein 

structures from the PDB, used for searching for possible occurrences of the Ser- 

His-Asp triads in the catalytic conformation, in protein structures in general. In 

this dataset we wished to include all unique protein chains, including homologues, 

but excluding identical or trivially different chains such as single-residue m utants.
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G R O U P  1: serine prqteases
/?—sandw ich - trypsin-like fold

l.a
chymotrypsin E.C.3.4.21.1

l a c b  B Icg i  E Ic g j  E 2 c g a  A 2 c g a  B I c h g  I c h o  E 2 c h a  4 c h a  A 4 c h a  B S c h a  A 5 c h a  B
6 c h a  A 6 c h a  B I g c d I g c t  A 2 g c h  2 g c t  A 3g ch  3 g c t  A 4gch 5g ch 6gch 7g ch

8gch I g h a  E I g h b  E I g m c  A I g m d  A I g m d  B I g m h  2 gtnt

trypsin E.C.3.4.21.4
Ib i t Ib r a I b r b  E I b r c  E I g b t  I m c t  A I n t p  I p p c  E I p p e  E I p p h  E 2 p t c  E 2 p tn

3 p t b 3 p l n 4 p t p I s g t  I s m f  E H a b  E 2 t b s  I t g b  I t g c I tg n I tg s  Z H g t
2 tg a 2 t g p  Z 2 t g t H id  I t n g  I tn h  H n i  H n j  I tn k H n l I t p a  E I t p o
H p p 3 tp i  Z 4 t p i  Z

thrombin E.C.3.4.21.5
l a b i  H l a b j  H I b b r  H Ib b r  K I b b r  N I d w b  H I d w c  H Id wd H Id  we  H l e t r  H l e t s  H l e t t  H
I fp h  H l h a g  E l h a h  H l h a i  H 2 h a t  H I h g t  H 2 h g t  H I h l t  H I h l t  K 2 h n t  E 2 h p p  H 2 h p q  H
I h r t  H 4 h t c  H I h u t  H l i h s  H l i h t  H Inrn  H I n r n  R  Inro  H In r o  R I n r p  H I n r p  R I n r q  H
In rr  H Inrs  H I p p b  H I th r  H I t h s  H H m b  H H m t  H H m u  H

tissue kallikrein E.C.3.4.21.35
2kai A 2kai B 2 p k a  B 2 pka  Y I to n

pancreatic elastase E.C.3.4.21.36
l e l a  A l e l b  A l e l c  A l e s a  l e s b  l e s t  2 e s t  E 3 e s t  4 e s t  E S e s t  E 6 e s t 7 e s t  E
Best E 9 e s t l i n e Ijim

leukocyte elastase E.C.3.4.21.37
I h n e  E I p p f  E I p p g  E

1.6
oj-lytic protease E.C.3.4.21.12

2a lp l lp r  A 21pr A 31pr A 41pr A Slpr A 61pr A 71pr A 81pr A 9lpr  A IpO l A I p 0 2  A
l p 0 3  A l p 0 4  A IpOS A l p 0 6  A l p 0 8  A l p 0 9  A 2 p 0 7  Ip lO  A I p l l  E

streptogrisin A E.C.3.4.21.80
l p l 2  E

Isgc 2 s g a 3 s g a  E 4 s g a  E 5 s g a  E

streptogrisin B E.C.3.4.21.81
3 s g b  E 4 sg b  E

l.c
1.3 lysyl endopeptidase E.C.3.4.21.50

l a r b

G R O U P  2: serine proteases  
alternatin g  a f  [5 - subtilisin-like fold

subtilisin E.C.3.4.21.62
I c s e  E 1 m e e  A IsOl l s 0 2  I s b c  I s b n  E I s b t  2 s b t  I s c a  I s c b  I s cd  I s cn  E
Isel  A Isel  B 2 s e c  E Is ib  E 2sic  E 3sic  E Ssic E 2sni  E l s t 2  l s t 3  2 s t l  I s u b

I s u c I su d

endopeptidase K E.C.3.4.21.64
1 p ek  E 2pkc 2pr k 3p rk E I p tk

thermitase E.C.3.4.21.66
H e c  E 2 t e c  E 3 t e c  E I t h m

G R O U P  3: ser in e-typ e carboxypeptidase  
alternatin g  a / d

serine type carboxypeptidase E.C.3.4.16.5
3 s c 2  A 3 s c 2  B 1 w h s  A 1 w h s  B l y s c

G R O U P  4: triacylg lycerol lipase
oi/d

triacylglycerol lipase E.C.3.1.1.3
Icrl  I h p l  A I h p l  B I ta h  B H a h  A I ta h  C H a h  D H g l  3tg l  4 tg l  5 tg l  I t h g  
H rh

Table 3.1: Dataset of enzymes containing the Ser-His-Asp catalytic triad.
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Figure 3.3: MOLSCRIPT (Kraiilis, 1991) diagram of Group 1 proteins: 
sandwich structure of chymotrypsin, Icho (Fujinaga et al.  ̂ 1987).

The Q-



C hapte r  3: The Ser-His  A s p  ca ta ly t ic  t riad 83

Figure 3.4: MOLSCRIPT (Kraulis, 1991) diagram Group 2 proteins: the doubly-
wound a / [3 structure of subtilisin IsOl (Pantoliano et al̂  1989).
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0 ^

Figure 3.5: MOLSCRIPT (Kraulis, 1991) diagram of Group 3: The o /S  structure
of serine-type carboxypeptidase 3^c2 (Liao et al, 1992).
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Figure 3.6: MOLSCRIPT (Kraulis, 1991) diagram of Group 4: The a//3 structure
of lipase 4tgi (Derewenda et al, 1992).
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The protein chains were again extracted from the PDB but this tim e so tha t no 

two had a sequence identity greater than 95%. The resultant 639 protein chains 

are listed in Table 3.2.

3.2.2 Extraction of catalytic triads

The Ser-His-Asp catalytic triads were automatically extracted from the enzyme 

dataset by first locating all interacting triplets of Ser, His and Asp residues using 

a program called DISTRIB (R.A.L). Residues were considered to be interacting if 

at least one interatomic contact is less than the sum of the van der Waals radii of 

the two atoms plus 1Â. The triplets extracted were transformed onto a common 

reference frame defined by the planar ring of the His. Each His was placed in 

the x - y  plane with its CA at the origin, its on the negative y-axis and its 

atom with positive x and y values.

After extracting all the Ser, His, Asp interacting triplets, we wished to filter 

out the catalytic triads from the ordinary non-catalytic associations. The goal 

was to derive a 3D consensus tem plate which would allow the autom ated identi­

fication of all catalytic Ser-His-Asp triplets with the exclusion of all other triads 

in the PDB. This filtering process involved identifying those triplets where the 

Asp and Ser residues were in approximately the correct positions relative to the 

His.

However, rather than merely use a simple distance cut-off to achieve this 

filtering, we aimed to be more specifically selective towards the triads. We did 

this by iteratively calculating a mean position for the atoms in the Asp and 

Ser. We evolved a rather complex procedure for defining the consensus tem plates 

first within each homologous family of enzymes in the dataset, and then over 

all catalytic triads. Initially we used all atoms in the Asp and Ser sidechains 

but it soon became apparent tha t only the position of the catalytic Ser O7 , and
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95% by sequence non-homologous dataset
1191 1351 155 c l a a f l a a j l a a t l a b 2
l a b k l a b m  A l a b t  A l a c a l a c p l a c x l a d r
l a d s l a e c l a e p l a f c  A l a h d  P l a i z  A l a k 3  A l a k e  A l a l a
l a lb l a i c la id la lk  A l a o z  A l a p m  E l a p o l a p s la r b
l a r p l a r q  A l a t x l a v e  A l a v h  A l a y h I b a f  H Iba l I b b h  A
Ib b i I b b o I b b p  A I b b t  1 I b d s Ib g c I b g e  A Ib g h I b h a I b ia

Ibl l  E I b m v  1 1 bo d I b o v  A Ib rn  L I b s r  A I b t c I b u s l b w 3 l c 2 r  A
l c 5 a I c a a I c a u  A I c b l I c b n l c c 5 I c cd Iccr l c d 8 I c d b
I c d e I c d g I c d t  A I c e w  I Icg i  I I c g t Ic h b  D l e h r  A Ic id Icll

I c m b  A I c o b  A Ico l  A Icor Ico y I c p b I c p c  A I c p t Icrl I c sc
I c s e  E I c t f I c t h  A l c y 3 l d 6 6  A I d b b  H I d f b  H I d h r Idrf

Idri I d t k I d t x Id x i  A l e a f l e d e l e g f l e g o l e n d
l e t r  H l e z m l f 3 g I fa s I fb a  A l f c 2  C I fc b  A Ifd h  G Ifd l H Ifd x
I fg v  H I fh a Ifia  A Ifk b Iflv Ifnr Ifrr A I fu s I fv c  A Ifv d  A
I fx a  A Ifx d Ifx i A Igal I g a t  A I g b l I g c a I g c t  A I g d l  O I g d h  A

I g f l l g f 2 I g g b  H I g h l  A I g k y Ig la  G Ig lt Iglu A i g iy I g m f  A
I g m p  A I g o f Igox I g p l  A I g p b Ig pr Ig p s I g P t Ig sr  A I g ss  A
I g u h  A I h b g I h b q I h c c I h d d  0 I h d s  A 1 h d z  A 1 h ev Ihfh
I h g e  A Ih h l Ihil  A Ihip Ih iv  A I h le  A I h m y I h n e  E I h o e

1 hra I h r h  A 1 h s a  A I h s b  A I h s p 1 h s t  A I h y p l i l b l if e
l i g f  H l in d  H l ip d l i s u  A l i t h  A Ijh l H Ik d u Ik s t Hab H cc  A

l l c t l ld n  A Ilec 1 len A l l fb llf i l l g a  A l l h l His Hla
111c ll ld  A l i m b  3 l l p e l l p f  A l l t b  C l l t e 1 Its A Hvl I ly a  A
1 Izl 1 m a m  H 1 m b a I m b d I m c p  H 1 m d a  H

I m d c I m f a  H 1 min A I m i o  A I m u p I m y g  A I m y p  A
1 m y t I n b t  A In b v  H 1 n c a  H In d k I n e a In ip  A Inor
1 n p c In p x I nrd I n s c  A I n tx 1 n x b l o fv
l o n e l o p a  A l o v a  A I p a f  A Ipa l I p a z I p b a 1 pbx A
1 p e a 1 p d a I p d c I p d g  A Ipfk  A Ip gd I p g x I p h a Ip h h 1 pho
l p i2 Ipii l p k 4 I p k p Ip k r Ip lc Ipnj I p o a 1 p o c I p o d
1 poh I p o x  A l p p 2  L I p p a I p p b  H Ip p l  E I p p n I p p o I p rc  C I p t f

I p y a  A I p y p l r 0 9  1 1f69 1 rai A Irb p I rcb I r d g Irds
1 rei A Ir fb  A Irhd I r h g  A Ir ib A Iril Irip I r o p  A

Ir tc I r tp  1 IsOl Isb p I s d y  A I s g t I s h l I s h a  A I s h f  A
Is h g I s h p Is iv  A I s lt  A Iso s  A Is p a Isrd  A Isry  A
l s t 3 I s t f  I I s t p I s u b I t a b  I I tb s I te n I t e t  H Itfd Itfi
I tg l I tg s  I 1 th b  A I t h g I t h m It i e I t i m  A Itlk I t m e  1 I tm l
l i n e I t n f  A I to p I t p k  A I tp l  A I t p m I tr b I tr e  A I tr m  A

I t t a  A I t t f 1 ub q l u la l u t g 1 vab B 1 vil 1 v n a I v s g  A
I w s y  A I x im  A Ix is I x ia  A l y a t l y c c l y e a l y e b l y m b l y p c  I
l y p i  A l y s a  C I z a a  C 2 5 6 b  A 2aa i  B 2a b x  A 2 a c t 2a lp

2apr 2 a t c  A 2 b a t 2 b b 2 2b b k  H 2 b j l  1 2 b o p  A 2 b p a  1 2 c a b 2 cas
2 c b a 2c c x 2 c c y  A 2cd  V 2 c m d 2cpl 2 c tc 2 c ts

2 c t v  A 2 c t x 2 c y p 2d nj  A 2e ch 2e r 7  E 2fb4  H 2fbj  H 2fcr 2fx2
2 fx b 2 g b p 2gcr 2 g s t  A 2 h h m  A 2 h h r  A 2 h ip  A 2 h m b 2 h m q  A 2 h p d  A
2 h p r 2ig2 H 2igg 2ihl 2 im n 21dx 21hb 21tn A 2 m a d  H 2 m c g  1

2 m c m 2 m e v  1 2 m h b  A 2 m ip  A 2 m s b  A 2 m t a  C 2 n ck  L
2 n n 9 2 o h x  A 2ovo 2 p c b  B 2 p f l 2p ia 2 p k a  A 2p kc 2pl t 2 p lv  1

2 p m g  A 2 p n a 2 p o l  A 2reb 2r he 2r n2 2rsp  A 2sas 2 s g a 2s ic  I
2 sn3 2sns 2snv 2 s tv 2 tb v  A 2 t g f 2tg i 2 t m d  A 2 t m n  B 2 t m v  P

2 t p r  A 2trx  A 2 t s l 2 t sc  A 2 w r p  R 2 y h x 2 y h x 3 5 1 c 3adk
3 b 5 c 3 b c l 3 b lm 3 c2 c 3cd4 3c hy 3 c la 3d fr 3 e c a  A
3 e s t 3 fx c 3 g a p  A 3grs 3 h f m  H 3118 A 3ink  C 31ad A 31dh 3 m d s  A

3 m o n  A 3o vo 3 p 2 p  A 3pfk 3pgk 3 p g m 3 p sg 3rp 2  A 3 r u b  L 3 sc2  A
3 s d h  A 3 s d p  A 3 sg b  E 3trx 3 x ia 4a zu  A 4 b p 2 4 cp v 4dfr  A 4enl
4 fa b  H 4fgf 4 fx n 4g cr 4 g p d  1 4 h v p  A 4 icb 4 m d h  A 4 m t 2 4 p t p
4rcr H 4 sg b  I 4 t m s 5 c y t  R 5 fb p  A 5 f d l 51dh 5p21 5pal

5pt i 5 ru b  A 5 t im  A 6ins  E 61dh 6r xn 7 a a t  A 7 ap i  A 7 c a t  A
7 fa b  H Tied 7 p c y 7 rsa 8 a b p 8dfr 8fab  A 8 i l b 8 r u b  L 8rxn  A
91dt A 9 p c y 9 rnt 9 w g a  A

Table 3.2: Non-identical dataset of enzyme and non-enzyme proteins, where no 
two proteins have a sequence identity greater than 95%.
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Finalise triad
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Refine template by 

including all new hits

Select catalytic triad from enzyme dataset 

l lp r -  Ser 195-His 57-Asp 102

Search enzyme dataset for Ser-His-Asp triads with 

rms distance < 2.0A from Ser Oyand Asp 05 

functional atoms

Figure 3.7: A flow diagram showing the main steps involved in the calculation of 
the 3D tem plate triad.

whichever of the Asp carboxyl oxygens is hydrogen bonded to the His ring were 

conserved.

The first step in this procedure, which is summarised in Figure 3.7, was to 

select one of the known catalytic triads as a starting-point. The one chosen 

was Ser 195-His 57-Asp 102 from a -ly tic  proteinase, l lpr  (Bone et a/., 1991a). 

The relative positions of its two functional oxygens. Asp and Ser 0^ , were 

taken as reference points. W hen a given Ser-His-Asp triad  was transformed so 

tha t its histidine was superimposed on the reference His, the root mean square 

(rms) distance of its closest Asp carboxyl oxygen and its Ser to the reference 

atoms was calculated, the smaller the rms  distance value the closer the triplet 

to the reference triplet from llpr. This provides a means of filtering out the 

catalytic triads from the general Ser-His-Asp associations. However, to avoid 

bias caused by the initial choice of the reference enzyme, a procedure was used 

whereby, having filtered out the catalytic triads, they were used to  calculate a 

mean position for both the two functional oxygens. Initially, a separate mean



Chapter 3: The Ser-H is-Asp catalytic triad 89

was computed for each of the four structural groups shown in Table 3.1. These 

means were averaged to give an overall mean 3D consensus tem plate. Using this 

tem plate as the new starting point, we were able to calculate mean tem plates 

for the catalytic triads in each enzyme and fold group; first for just the two 

functional oxygens, as before, and secondly for all sidechain atoms of the Asp 

and Ser (namely Ser C", Ser C^, Ser 0 ”̂ , Asp C“ , Asp C^, Asp 0^^ and Asp 0^^). 

These tem plates shall be referred to as ’functional’ and ’sidechain’ templates 

respectively.

The calculation of the mean coordinates of the sidechain atoms was slightly 

complicated by the Asp having two carboxyl oxygens, either one of which, 0'^’ 

or might be the functional one; their names being defined solely by the

appropriate torsion angle. Thus, in calculating the 3D mean consensus tem plate, 

we identified which Asp carboxyl oxygen is hydrogen bonded to the His imidazole 

ring and took this to be the functional oxygen; the other oxygen was considered 

the non-functional one. In computing the overall rrns distance, the distances 

between corresponding functional and non-functional oxygens were used. In some 

cases this procedure can artificially increase the rms  distance value. For example, 

consider the case where the two functional oxygens of equivalent Asps coincide 

but their non-functional oxygens are on opposite sides of this oxygen. Our rms  

distance will be larger than the value a standard rms  distance comparison would 

give. However, this has the advantage of allowing those triads with unusual 

sidechain conformations to be more easily identified.

The overall 3D consensus tem plate was used on the second dataset to locate 

conformations resembling the Ser-His-Asp catalytic triads in proteins other than 

the lipases and serine proteinases. The results are discussed below.
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3.3 R esu lts

3.3.1 Conformations o f the catalytic Asp and Ser 

sidechains

Figure 3.8 shows a representative Ser-His-Asp triad from each of the four struc­

tural groups in Table 3.1, and one can see tha t there are quite marked differ­

ences between them. These differences can be quantified by comparing the tem ­

plate triads. Table 3.3 shows the 7'ms distances between both the ’functional’ 

and ’sidechain’ tem plates of the four groups. The 7'ms deviation of each of the 

’functional’ fold group tem plates from the combined tem plate is between 0.39Â 

and 0.65Â, indicating a high degree of structural conservation. However, the 

’sidechain’ forms of the same tem plates have rms  values varying from 1.49Â to 

3.27Â, indicating tha t the sidechain atoms originate from different orientations 

across the four fold groups. In contrast, as expected, the catalytic triad confor­

m ation is more conserved within each structural group; the ’functional’ tem plate 

mean rms  deviations vary from 0.45Â to 0.65Â whereas the ’sidechain’ mean rm.s 

deviations are from 0.67Â to 1.06Â.

Comparison of the four structural group triads indicates tha t the ’sidechain’ 

tem plates of fold groups 3 and 4 are very similar (7'ms 0.87Â), whereas the se­

quence identity between these two groups is low at 11%. Groups 1 and 2  are 

also reasonably similar (rms  1.33Â), but the sequence identity between these 

two groups is also low at 16%. The rm s  distance values increase to around 2Â 

when either of the first two groups are compared to the last two groups. The 

Ser sidechain atoms of Groups 1 and 2 originate from below the plane of the His 

whereas those of Groups 3 and 4 come from above. There are also differences in 

the conformations of the Asp sidechains for each of the 4 Groups, most noticeably 

in the subtilisins (Group 2 ), which have a different oxygen as the functional one.
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chymotrypsin

subtilisin

serine-type carboxypeptidase 

lipase

Figure 3.8: Conformations of representative catalytic triads from each of the 4 
fold groups: chymotrypsin Icho (Fujinaga et al.  ̂ 1987), subtilsin 2sic (Takeuchi 
et fzL, 1991), serine-type carboxypeptidase 3sc2 (Liao et al, 1992) and lipase 
itah (Noble et al., 1993), showing the different conformations adopted by the 
Ser and Asp sidechains. The triads have all been superimposed on their histidine 
residue. Diagrams produced using Raster3d (Bacon and Anderson, 1988; Merritt 
and Murphy, 1994)
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Number
chains

Number
catalytic

triads

Mean rm s  
distance 
of group

C om bined
tem p la te

Fold
group

1

Fold
group

2

Fold
group

3

Fold
group

4

C om bined
tem plate:
sidechain
functional

225 195 1.32
0.77

0.00
0.00

1.49
0.47

3.27
0.17

2.39
0.65

1.59
0.39

Fold gp. 1
sidechain
functional

170 152 0.67
0.62

1.49
0.47

0.00
0.00

1.33
0.34

2.23
1.04

1.74
0.71

Fold gp. 2
sidechain
functional

35 29 0.70
0.58

3.27
0.17

1.33
0.34

0.00
0.00

2.76
0.80

2.30
0.42

Fold gp. 3
sidechain
functional

7 4 0.83
0.65

2.39
0.85

2.23
1.04

2.76
0.80

0.00
0.00

0.87
0.87

Fold gp. 4
sidechain
functional

13 10 1.06
0.45

1.59
0.39

1.74
0.71

2.30
0.42

0.87
0.87

0.00
0.00

Table 3.3: Comparison of the consensus triad tem plate derived for each fold 
group individually and also combined to give the mean triad. R m s  distances 
are given for each fold group triad against all others for all sidechain atoms of 
the catalytic Asp and Ser and ’functional’ atoms Asp 0^' and Ser 0^. ’Number 
chains’ are the total number of chains in the enzyme dataset. ’Number catalytic 
triads’ is the number of catalytic triads identified in the enzyme dataset The 
discrepancy between number of chains and number of triads is explained in the 
text. ’Combined tem plate’ are the mean coordinates of the four structural group 
triads. ’Mean rms  deviation of group’ is the mean 7'ms deviation of each of the 
sub-group members from their respective mean catalytic triads.
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Since no two fold groups share more than 16% sequence identity between them, 

there is no clear link between sequence identity and catalytic triad conformation. 

The structural aspect of each group’s catalytic triad  will be discussed below.

G roup 1 - /9-sandwich trypsin -like fold

152 catalytic triads identified from 170 chains. Mean rms  deviation from Group 

1 tem plate: ’functional’ 0.62Â, ’sidechain’ 0.67Â.

A 3D representation of the catalytic triad of a Group 1 enzyme, elastase 4est 

(Takahashi et a/., 1989) is shown in Figure 3.9. The Asp 102 0^^ is hydrogen 

bonded to His and in the same plane as the His 57 imidazole ring, while its 

0'^̂  atom is hydrogen bonded to the mainchain nitrogen of the His. The Ser 195 

0^ is hydrogen-bonded to the His lies slightly below the the plane of the

His imidazole ring.

The Group 1 enzymes have been divided into three sub-groups (l.a , 1 .6 , l.c) 

according to sequence identity, each sub-group member having < 30% sequence 

identity with the other sub-groups (Table 3.1). To show the structural conser­

vation of the catalytic triads in this group, mean catalytic triads were calculated 

for each of the enzyme groups and the rms  deviation of each of these mean tem ­

plates from each other enzyme triad was calculated. For example. Figures 3.10 

and 3.11 show a 3D representation of one triad from each of the 3 subgroups, l.a  

chymotrypsin, Icho (Fujinaga et al., 1987), 1.6 a -ly tic  proteinase {llpr) and l.c  

lysyl endopeptidase, l a r 6 (Tsunasawa S. et ai ,  1989) showing the strong struc­

tural similarity of these 3 sub-group triads. Indeed, the sidechain tem plate of 

chymotrypsin is found to be only 0.35Â and 0.53Â respectively from the tem plates 

of subgroup 1 .6  a -ly tic  proteinase and l.c  lysyl endopeptidase.

In some of the structures in our dataset, the catalytic triads are distorted 

by the presence of an inhibitor in the active site. In Group 1 there are 18 such
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S e r 195
His 57

S e r  21 4

A s p  1 0 2Ala 56

Figure 3.9: The catalytic triad of elastase iest  (Takahashi et al.  ̂ 1989) and 
its inhibitor, a modified tri-peptide. The diagram shows the hydrogen bond 
interaction of Asp 0^^ with His and Ser Oy with In addition, the
Ser Oy is hydrogen bonded to the mainchain of the peptide inhibitor and this 
would be near the site of cleavage in the actual substrate. Ser 214 is found in a 
structurally conserved position in fold Group 1 enzymes. The figure also shows 
the non-catalytic Asp oxygen hydrogen bonding to the backbone of His 57.
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a-lytic proteinase 

chymotrypsin 

lysyl endopeptidase

Figure 3.10; A superposition of three catalytic triads from enzymes in fold Group 
1 , each from a different subgroup: Group la  chymotrypsin (Icho, Fujinaga et a!., 
1987), Group 16 a-ly tic  protease (llpr Bone et al., 1991a) and Group Ic lysyl 
endopeptidase, l a r 6 (Tsunasawa S. et al., 1989). These 3 enzymes have less than 
30% sequence identity but their structures are highly similar and this is reflected 
in the similarity in the conformation of their Ser-His-Asp catalytic triads.
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endopeptidase K

thermitase

subtilisin

Figure 3.11: A superposition of three catalytic triads from enzymes in fold Group 
2 , each corresponding to a different E.C. number: subtilisin 2sic (Takeuchi et ai,  
1991), E.C.3.4.21.62, endopeptidase K 2pkc (Bajorath et ai, 1989), E.C.3.4.21.64 
and thermitase Ithm  (Teplyakov et a!., 1990) E.C.3.4.21.6 6 .
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Residue Number Atom X y z

Ser 195 -1.15 4.87 -0.07

Asp 102 3.68 0.06 0.06

His 57 -1.09 0.80 0.00

His 57 C7 0.00 0.00 0.00

His 57 1.11 0.82 0.00

His 57 0.07 -1.50 0.01

His 57 0.70 2.09 -0.00

His 57 -0.66 2.09 -0.00

Ser 214 Q1 5.01 2.26 1.71

Ser 125 0 7 2.28 5.71 -2.81

Table 3.4: Coordinates of the ’functional oxygens’ and histidine sidechain of 
the consensus tem plate triad. The mean position of the Ser 214 0^ atom from 
structural group 1 and Ser 125 0^  from structural group 2 is also given.

triads. The degree of the perturbation depends entirely on the type of inhibitor. 

In Figure 3.9 the inhibitor binds into the substrate binding site and apparently 

leaves the triad undisturbed. The rm s  distance of this catalytic triad is only 

0.56Â from the overall tem plate triad in Table 4.

Figure 3.12 shows a modified di-peptide inhibitor bound to another elastase 

structure, Test (Li De La et ai ,  1990), tha t appears to bind adjacent and not 

parallel to the His sidechain imidazole ring. This forces the catalytic Ser away 

from the His ring, giving a rm s distance of 2.23Â from the overall tem plate 

triad. Two even more extreme examples of this are found in Figures 3.13 and
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Asp 102
S er195

His 57

Figure 3.12: A modified di-peptide from lest  (Li De La et al., 1990) that binds 
adjacent, and not parallel, to the catalytic His ring {cf. figure 3.9), perturbing 
the catalytic Ser out of its usual position
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S er195

His 57

m

%

Asp 102

Figure A tosyl group bound to the active site of lest (Sawyer et ai., 1978).
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Asp 102

His 57

chloroisocouramin

Figure 3.14: 7-substitutecl 3-alkoxy-4-chloroisocoumucariii inhibitor bound to 
the active site of Sest (Powers et ai, 1990). The inhibitor is situated below the 
His si dechain, again perturbing the Ser and Asp catalytic residues out of their 
usual conformation. The catalytic residues are in an unrecognisable conformation 
when compared to Figure 3.9.
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3.14, which have inhibitors tha t covalently bind to the Ser 195 in the active 

sites. The first is the elastase structure lc 6  ̂ (Sawyer et ai ,  1978) which has a 

tosyl group inhibitor. The catalytic Ser and Asp are forced into unrecognisable 

conformations when compared to Figure 3.9. Figure 3.14 shows the active site 

of the elastase structure, Sest (Powers et ai,  1990) which has a 7-substituted 3- 

alkoxy-4-chloroisocoumarin molecule bound. This heterocyclic compound reacts 

initially by acylation of the active site Ser 195 forming the acyl-enzyme (as in 

Figure 3.14) and then undergoes further reactions with other active site residues 

giving an extremely stable inactivated enzyme inhibitor complex.

In fact, these last two enzymes have catalytic triads whose conformations 

are so perturbed tha t they are not even identified as an interacting Ser-His- 

Asp triplet by the program DISTRIB. The same applies to two other elastase 

structures l ine  (Radhakrishnan et a/., 1987), Ij irn  (Meyer et al., 1985), five 

throm bin structures 3htc, Irirn , Inro, Inrp  and Inrq  (Mathews et al., 1994), 

trypsin Itpa (M arquart et ai ,  1983), four trypsin structures 2tgd, I trm ,  2tv7n 

(Rydel et al., 1990) and 2tld (Takeuchi et al., 1992), a -ly tic  proteinase Ip ll  

(Bone et al., 19915), tonin Iton (Fujinaga et ai,  1987) and streptogrisin A 3sga 

(.James et al., 1980). These unidentified triads account for the discrepancies in 

the number of chains in our dataset in Table 3.3 {e.g 170 for group 1) and the 

number of triads identified.

G roup 2 - doubly-w ound o;//5 subtilisin -like fold

29 catalytic triads identified from 35 chains. Mean 7'ms deviations from Group 2 

tem plate: ’functional’ 0.58Â, ’sidechain’ 0.70Â

Figure 3.15 shows the catalytic triad of one of the Group 2  enzymes: Ser 2 2 1 , 

His 64, Asp 32 in subtilisin, 2sic (Takeuchi et al, 1991). The Ser 125 mainchain 

carbonyl oxygen is hydrogen bonded to the functional Ser 2 2 1  0^  and the Ser
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Ser125

Inhibitor

Ser 221

His 64

Asp 32

-é

Figure 3.15: The Ser 221-His 64-Asp 32 catalytic triad, plus inhibitor and the 
Ser 125 residue that is found in a structurally conserved position in the active site 
of subtilisin. The latter residue is analogous to the Ser 214 residue of the Group 1 

enzymes in that it plays a functional role in hydrogen bonding to and orientating 
the catalytic triad residues even though it hydrogen bonds to different atoms.



Clmpter 3: The Ser-H is-Asp câtalytic triad 103

125 0^  is hydrogen bonded to the Ser 2 2 1  mainchain carbonyl oxygen thereby 

orientating this residue to optimise its nucleophilic character. In addition, the 

backbone nitrogen of Ser 125 hydrogen bonds to a water, which in turn is hydro­

gen bonded to the ’non-functional’ carboxyl oxygen of Asp 32. The functional 

Asp 32 carboxyl oxygen is held in position by the neighbouring backbone N of Ser 

33, which serves a similar role to the backbone His 57 N in the Group 1 enzymes.

Figure 3.11 shows an example of each of the enzymes in this group - subtil­

isin 2sic , endopeptidase K 2pkc (Bajorath et ai ,  1989) and therm itase I thm  

(Teplyakov et a/., 1990). The triads of this group are structurally conserved 

with the rms  deviation of the mean subtilisin triad being only 0.54Â and 0.52Â 

respectively from the mean triads of endopeptidase K and therm itase.

There are four subtilisin structures which do not have their catalytic triads 

identified by the 3D consensus tem plate. Three of these, Isub^ Isuc  and Isud  

(Gallagher T. et ai,  1993) are missed by DISTRIB because their catalytic Ser 

221 residue has been m utated to a Cys and also Isel which has its catalytic Ser 

221 covalently bound to a selenium. This explains the discrepancy between the 

number of chains and number of triads identified for Group 2.

G roup 3 - ser in e-typ e  carb oxyp ep tid ases

4 catalytic triads identified from 7 chains. Mean rms  deviations from Group 3 

template: ’functional’ 0.65Â, ’sidechain’ 0.85Â.

Figure 3.8 compares a catalytic triad of the serine-type carboxypeptidase Iwht  

(Liao et ai ,  1992) with representatives from each of the other fold groups subtil­

isin, chymotrypsin and lipase. The most striking difference which distinguishes 

this group from Groups 1 and 2 , is that the catalytic Ser of the serine-type car­

boxypeptidase sidechain delivers its Ser 0"  ̂ from above the plane of the His rather 

than from below as in chymotrypsin and subtilisin. In contrast, the Asp looks



Chapter 3: The Ser-H is-Asp catalytic triad 104

very similar to lipase. However, the functional oxygens from both the Asp and 

Ser overlap the other functional groups very well (r'ms deviation from combined 

tem plate is 0.83Â).

Group 4 - tr iacy lg lycero l lipases

10 catalytic triads identified from 13 chains. Mean rms  deviations from Group 4 

template: ’functional’ 0.45Â, ’sidechain’ 1.04Â.

There are two distinct triad conformations tha t occur in fold Group 4. The 

first is tha t shown in Figure 3.8 with representatives from the 3 other fold groups. 

It is the conformation of a typical bacterial lipase, Stgl (e.g, Brady et ai ,  1990; 

Noble et aA, 1991). The Ser sidechain atoms are in a similar conformation to 

the serine-type carboxypeptidase; tha t is, above the plane of the His ring when 

compared to Groups 1 and 2. The other catalytic triad conformation in Group 4 

is shown in Figure 3.16 for dimeric horse pancreatic lipase, Ihpl (Bourne et ai,  

1993). In this structure, the Asp sidechain is above and adjacent to the His ring. 

Once again this illustrates tha t the position of the Asp sidechain in a catalytic 

triad is restricted only in so far that one of its carboxyl oxygens is delivered to a 

favourable hydrogen bonding position relative to the His imidazole ring.

3.3.2 Position of the oxygens in the catalytic triad

It is clear tha t the position of the sidechain atoms of both the Ser and the Asp 

residues with respect to the His imidiazole ring in catalytically active Ser-H is- 

Asp triads is highly variable. However, all these catalytic triads, except those 

that are severely distorted by the presence of an inhibitor, have one of their Asp 

carboxyl oxygens in a conserved position tha t enables it to hydrogen bond to the 

His , and the Ser 0^  in a hydrogen bonding position with the His (ggg 

Figure 3.8).
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Ser195

His 57

Horse lipase

bacterial lipase

Asp 102

Figure 3.16: Comparison of the catalytic triad of horse lipase Ihpl (Bourne et ai., 
1993) and bacterial lipase Stgl (Brady et a/., 1990; Noble et u/., 1991)showing the 
unusual position of the Asp in the former triad. One of the Asp carboxyl oxygen 
atoms from this triad is still in a position to hydrogen bond to the His ring.
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Consensus tem plates of the His plus these two functional oxygens for all the 

four structural groups were derived and the rms  distances of these tem plates from 

each other calculated (Table 3.3). In addition, the mean coordinates of these four 

tem plates gives us the overall mean consensus tem plate, the coordinates of which 

are given in Table 3.4. The rms  distance values of every ’functional oxygen’ 

structural group mean from the consensus tem plate lie between 0.39Â and 0.85Â 

indicating the positional conservation of the two hydrogen bonded oxygens across 

the four structural groups. To illustrate this diagrammatically, the mean positions 

for each of the four structural group functional Asp carboxyl oxygens and Ser O'^s 

are plotted in Figure 3.17, showing their strong conservation.

The mean distance of the consensus tem plate Asp carboxyl oxygen hydrogen 

bond acceptor to the His donor is 2.69Â. If a proton is modelled onto this His 

atom, the angle His N^^-His H-Asp O is 177°. Both these criteria are very close 

to optimal hydrogen bonding geometry (McDonald and Thornton, 1994). The 

Ser 0^ to His distance is also close at 2.80Â, but Figure 3.8 shows that the 

C"-C^ bond of the Ser is almost perpendicular to the plane of the His sidechain in 

all the 4 Groups’ Ser residues. A hydrogen was modelled onto the Ser 0^  using 

the program HBPLUS (McDonald & Thornton, 1994) which models hydrogens 

with the criteria defined by Momany et ai  (1975). HBPLUS positions the mobile 

hydrogen atoms of serine, threonine, tyrosine and cysteine sidechains in 2 stages. 

In the first stage it calculates the range of possible hydrogen bonding positions. 

In the second stage, it positions the donor’s hydrogen separately for each putative 

hydrogen bond, as close to the acceptor as possible. The largest angle Ser O'^-Ser 

O^H-His achievable is only about 125°, suggesting a weaker hydrogen bond 

interaction. Indeed, electrostatic calculations suggest tha t a deviation of 20° 

from linear decreases hydrogen bond energy by 10% (Pim entai and McClellan, 

1960). However, in this case the Ser 0^-S er O'^'H-His interaction is there for
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Fold Group 1 
Fold Group 2 
Fold Group 3 
Fold Group 4

Figure 3.17: A box-plot showing the mean positions of the Ser 0^ and the Asp 
carboxyl oxygen atom for each of the 4 fold groups. These atoms all converge at 
favourable hydrogen bonding positions relative to the nitrogens of the His ring.



Chapter 3: The Ser-H is-Asp catalytic triad 108

acid/base catalysis and not structural stabilisation and the Ser 0^  is placed in a 

position to perform a nucleophilic role.

3.3.3 Template search through the Enzyme D ataset

Given the combined mean consensus tem plate of Table 3.4, the question arises 

whether it can be used to distinguish the genuine catalytic triads from the ordi­

nary, non-catalytic associations between Ser, His and Asp residues. Figure 3.18 

shows the results for all the Ser-His-Asp triplets in the enzyme dataset. It shows 

the rms  distance of the Ser and the closest of the Asp carboxyl oxygens from 

the overall mean consensus tem plate. The catalytic triads are shaded in black 

and can be clearly seen to lie within 2.0Â of the mean coordinates. This would 

appear to define a cut-off region within which these atoms need to lie for the 

triad to be catalytically active. Table 3.3 indicates that the functional oxygen 

tem plate of fold Group 1 lies 0.47Â from the mean catalytic triad  of the four 

structural groups and there is indeed a peak at 0.5Â in the histogram in Figure 

3.18. It is noticeable tha t most of the catalytic triads have an rm s distance of 

1.4Â or less and this suggests that the cut-off could be lower as those structures 

above this rm s value are those which are distorted by inhibitors bound to their 

active sites as shown in Figures 3.12, 3.13 and 3.14.

The other triplets in Figure 3.18 which are above the 2.0Â cut-off, are non- 

catalytic Ser-His-Asp associations and are colour coded according to their struc­

tural Groups. There is a sharp peak at 5.0Â and this corresponds to the non- 

catalytic triad Ser 214-His 57-Asp 102 found in the enzymes of fold Group 1. 

Notice there is a near 1:1 ratio of triads at the peaks of 0.5Â and 5.0Â because Ser 

214 is found in a structurally conserved position in all fold Group 1 active sites. 

Indeed, these four residues, the catalytic triad plus Ser 214, have been described 

as the catalytic quartet (Barth et «7, 1994).
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Figure 3.18: A histogram of the rms  distance of the Ser 0^ and Asp carboxyl 
oxygen atom from the overall mean consensus tem plate position for all Ser, His 
and Asp associations in the enzyme dataset. This histogram shows how the 
majority of catalytic triads, in black, are within 2.0À of the consensus template 
and can be separated from the non-catalytic interactions. The catalytic triads 
that lie beyond this cut-off (in white) are those whose conformation has been 
perturbed by the binding of an inhibitor. In addition, the triads at rmsd  2-5.5À 
in the histogram represent structurally conserved non-catalytic triads that play 
a role in hydrogen bonding to and orientating the catalytic triads.
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To check the extent of this structural conservation, we derived a consensus 

tem plate for the Ser 214-His 57-Asp 102 triplet in Group 1 enzymes, using the 

same method as for the catalytic triads. We find 152 Group 1 Ser 195-His 57- 

Asp 102 triads compared to 141 Ser 214-His 57-Asp 102 triads. Three of the 

missing cases are lysyl endopeptidase which does not have the Ser 214 residue; 

its Asp is hydrogen bonded to two water molecules instead. The others are again 

caused by inhibitors which push the rms  deviations above the 2.0Â cut-off. We 

found tha t the Ser 214-His 57-Asp 102 triplets, like the Ser 195-His 57-Asp 102 

triads all have an rms distance of less than 1.0Â from their overall mean. In other 

words, the position of the non-catalytic Ser 214 is just as tightly defined as the 

catalytic Ser 195. It appears that Ser 214, together with the peptide backbone of 

the catalytic His 57, form a network of hydrogen bonds tha t enable the Asp 102 

to be presented in the optimal position for interaction with the His 57 imidazole 

ring (Figure 3.9). Indeed, the Ser 214 residue has been implicated in performing 

an electrostatic stabilisation role and m utation of this residue produced decreases 

in free energy of catalysis which were in agreement with electrostatic calculations 

(M cGrath et a/., 1992).

Corey et al. (1992) investigated the effect of swapping this non-catalytic 

serine with the functional Asp. They formed the double m utation of D102S and 

S214D into the gene coding for rat anionic trypsin, expressed this in Escherichia  

coli and then solved the X-ray structure. The Asp in this m utant was in a 

totally different position to tha t in the catalytic triad, though it still formed a 

hydrogen bond to the His imidazole ring. There was catalytic activity but the 

heat was reduced 100 fold indicating that, although a charged Asp in the vicinity 

is sufficient for low catalytic activity, the position and hydrogen bond interactions 

of the Ser 214 residue are im portant for efficient catalysis.

Returning to Figure 3.18, there is another peak at rm s distance 2-4.5A which
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corresponds to a structurally conserved triplet of Ser 125-His 64-Asp 32 in Group 

2. We again derived a consensus tem plate for these triplets. As for the Group 

1 non-catalytic Ser 214-His 57-Asp 102 triplet, the Group 2 non-catalytic triad 

is structurally conserved. There are 29 Ser 125-His 64-Asp 32 triplets identified 

from a total of 35 chains with the 7'ms distance values all being well below 1.00Â, 

suggesting that the position of Ser 125 is also well conserved. In Figure 3.15, 

the Ser 125 N is hydrogen bonded via a water to Asp 32. In contrast. Figure 

3.9 shows tha t Ser 214 is directly hydrogen bonded to Asp 102. As mentioned 

above, Ser 214 has been implicated in stabilising the charge on the buried Asp 

102 (M cGrath et ai., 1992). As yet, there have been no experiments to investigate 

whether Ser 125 plays a similar role.

The serine-type carboxypeptidases of fold Group 3 do not have a conserved 

non-catalytic serine. However, it has been suggested tha t Asn 176 plays a similar 

role (Liao et ai ,  1992), but, unlike the two serines, the Asn sidechain is out of 

the plane of the imidazole ring, which calls into question the significance of this 

residue .

There is a further peak in Figure 3.18 at 6-7A I'rns distance, which corre­

sponds to non-catalytic triplets where the Ser 0^  hydrogen bonds to His 

while the Asp carboxyl 0  hydrogen bonds to His This is the opposite hy­

drogen bonding conformation to tha t of a Ser-His-Asp catalytic triad {i.e Ser 

0^ hydrogen bonding to His N^^) hydrogen bonds to and is catalytically inactive 

because the Ser lies close to the histidine backbone and so would cause steric 

hindrance to a substrate.

3.3.4 Template search through PD B

It is interesting to see how often the Ser-His-Asp catalytic triad conformation, 

in terms of the functional oxygens from Asp and Ser, relative to a His residue.
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occurs in other protein structures. Having derived the appropriate cut-offs, we 

can now use the tem plate to search through our dataset of representative protein 

structures in the January 1995 P D B .  This dataset contains some of the structures 

in the enzyme dataset, the missing ones having been excluded on the basis of 

having higher than 95% sequence identity.

Figure 3.19 shows us tha t most of the Ser-His-Asp triplets in the non-enzyme 

structures have an rm s  distance of >  2.0Â from the consensus tem plate. However, 

there are two proteins, which are neither serine proteinases nor lipases, but which 

have a Ser-His-Asp triad with an j'ms deviation below the 2.0Â cut-off. These 

are the Ser 99-His 92-Asp 123 triad of cyclophilin A, 2cpl (Ke, 1992) with rm s  

1.38Â and Ser 191-His 225-Asp 2 2 2  of chain H of immunoglobulin G l 2ig2 with 

rm s  1.57Â (M arquart et al, 1980).

The first of these, cyclophilin A, is a binding protein for the immunosup­

pressive drug cyclosporin A and is also an enzyme with peptidyl-prolyl cis-trans 

isomerase activity. Figure 3.20 shows the identified Ser 99-His 92-Asp 123 triad 

(red bonds). Although the mechanism of action of this enzyme has yet to be fully 

elucidated, various residues have been identified as possibly im portant for catal­

ysis. One of these. His 126, is shown in green in Figure 3.20. Cyclophilin A is a 

/J-barrel structure with eight antiparallel /3-strands wrapping around the surface 

of the barrel and two cv-helices sitting on the top and bottom  of the barrel. The 

triad is in the vicinity of the catalytic His 126, lending weight to the theory that 

this protein has proteinase activity. There has, however, been no proteinase like 

activity reported for this protein. Since there is no conservation of gross topology 

with any of the fold groups in Table 3.1, it is unlikely to be evolutionarily related. 

However, since enzymes are highly specific for substrate, cyclophilin A may not 

have been sufficiently assayed for proteinase activity.

Figure 3.21 shows a close up of the cyclophilin ’catalytic’ triad. The Ser 0^
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Figure 3.19: Histogram showing the rm s  deviation from the ’functional’ consen­
sus tem plate of all Ser-His-Asp interactions extracted from a dataset of non- 
homologous proteins. The serine proteinases in the protein dataset are shown in 
black and these are clearly separated from the other, non-catalytic associations. 
There are, however, two proteins tha t are not serine proteinases, cyclophilin and 
immunoglobulin, shown in white, tha t appear to have a Ser-His-Asp triad  in the 
catalytic conformation.
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Figure 3.20: A MOLSCRIPT diagram of cyclophilin A in which His 126, shown in 
green bonds, is thought to be involved in the peptidyl-prolyl cis-trans isomerase 
activity. Also shown is the Ser 99-His 92-Asp 123 triad (red bonds) that may 
enable cylcophilin .4 to exhibit protease cictivitv.
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and Asp carboxyl oxygen appear to be in an optimal hydrogen bonding position. 

The Asp carboxyl oxygens form a network of stabilising hydrogen bonds with the 

surrounding residues making the Asp very similar in nature to a real catalytic 

aspartate. However, the triad is surrounded by 3 hydrophobic residues, Val 128 

and Leu 122 above and below the His 92 ring as well as Phe 113 directly below the 

catalytic Ser 99 0^, suggesting that steric hinderance would inhibit any substrate 

binding. There is the possibility that the binding of a substrate could cause a 

conformational change in the enzyme which might enable the Phe 113 to move 

out of the way of the Ser, enabling catalysis to occur. To test the accessiblility 

and reactivity of the Ser to substrate, diisopropylphosphofluoridate should form 

a irreversible covalent adduct with the Ser, as it does in all serine proteinases and 

lipases (Hayashi et al, 1973).

The second non-enzyme with an apparent catalytic triad is immunoglobulin 

G l, 2ig2 with an rm s  deviation of 1.57Â. Figure 3.22 shows the Ser 191-His 

225-Asp 222 ’catalytic’ triad surrounded by mostly hydrophobic residues. The 

triad looks rather different, since the Asp sidechains approach from a different 

orientation so tha t the sidechain rm.s is 4.20Â. It lies on the surface of the heavy 

chain of the immunoglobulin molecule with the Ser 0^  pointing out towards the 

surface. There is also the Ser 192 residue that is in the vicinity of the triad 

which could be compared to the Ser 214 or Ser 125 residues of the Group 1 or 

Group 2 enzymes respectively (Table 3.1). However, the immunoglobulin Ser 192 

position, though next to the ’catalytic’ Ser 191, is in a different position to the 

Ser 214 or Ser 125 enzyme residues with respect to the His. Figure 3.23 shows 

the position of the ’catalytic’ triad with repect to the whole Ig fragment. The 

triad lies at the C-terminus of the molecule, near the hinge region, and the triad 

would probably be buried if the X-ray structure of the whole Ig molecule were 

available. In addition, this is far away from the hapten binding site, which is
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Figure 3.22: Ser-His-Asp triad found in the immunoglobulin molecule G-1 {2ig2, 
Marquart et al., 1980).
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\

antibody combining site

Figure 3.23: A MOLSCRIPT diagram of the intact immunoglobulin fragment with 
the position of the Vatalytic’ triad also shown. The triad lies at the C-terminus 
of the molecule whereas tlie hapten binding site is at the N-terminus.
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situated at the N-terminus.

3.3.5 Other catalytic triads

This paper has only dealt with the Ser-His-Asp catalytic triad, but the question 

arises as to whether the tem plate triad we have derived can be used to identify 

other catalytic or structural triads which employ residues other than Ser, His and 

Asp. Wei et al. (1995) have identified a novel catalytic triad in Streptomyces  

scabies that employs the mainchain carbonyl of a Trp residue to hydrogen bond 

to the His instead of the Asp carboxyl oxygen, the triad in this case being 

Ser 144-His 283-Trp 280. We have applied our tem plate to this novel catalytic 

triad and have found tha t the I'rns deviation of the Ser 0^  and mainchain Trp 

carbonyl oxygen from our tem plate is 1.92Â. This is larger than the 1.9Â seen 

for ’native’ enzymes, but is still below the 2Â cut off defined above. Upon in­

spection, we found tha t the Ser 0^  is distorted away from the mean tem plate 

position by 2.64Â because the structure contains the covalent inhibitor bis-p-  

iiitrophenylmethylphosphonate. We have already noted tha t the Ser-His-Asp 

catalytic triad is sometimes distorted by binding of unusual or covalent inhibitors.

Of course, there are other enzyme structures in the P D B  which employ a His 

residue as part of their catalytic machinery, for example papain (Cys, His, Asn) 

and mal ate dehydrogenase (His, Asp). An extension of this work would be to 

investigate the structural similarities in catalytic centres of such enzymes with 

our tem plate triad. This work is currently in progress.

3.4 C onclusion

We have compared the conformation of the Ser-His-Asp catalytic triads in 

the serine proteinases, serine-type carboxypeptidase and triacylglycerol lipases.
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There are significant differences in the conformations of the Asp and Ser sidechain 

atoms relative to the His, but the positions of the crucial oxygens across all these 

enzyme families is well conserved. The only exceptions occur where binding of 

inhibitors has significantly perturbed the catalytic residues.

From these data, we have computed and evaluated a consensus tem plate tha t 

enables autom atic searching for possible Ser-His-Asp catalytic triad conforma­

tions. When tested against the current dataset of all protein structures, the 

tem plate correctly identified the known Ser-His-Asp catalytic triads and also 

located a few putative triads of interest.
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Chapter 4

TESS: an algorithm  for 

au tom atica lly  deriving 3d 

tem p la tes for en zym e active sites

4.1 Introduction

The detection of recurring structural motifs or tem plates in proteins is already 

well documented, indeed they exist in all levels of protein structure, from primary 

to tertiary. At the primary level, there are now comprehensive protein sequence 

databases such as SWISS-PROT (Bairoch & Boeckmann, 1994) and OWL (Bleasby 

et ai, 1994) tha t have been analysed, using both autom atic and manual p a tte rn - 

matching and sequence alignment techniques, to produce databases of recurring 

sequence motifs or tem plates such as PROSITE (Bairoch & Bucher, 1994) and 

PRINTS (Attwood et a/., 1994). At the tertiary level, protein structure analysis, 

using both autom atic (Orengo et a/., 1993) and manual techniques, has enabled 

the creation of databases such as OATH and SCOP (Murzin et a/., 1995). These 

databases are useful for the identification of biological role and prediction of

130
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tertiary  structure (see reviews by Taylor, 1988; Hodgman, 1989; Taylor & Jones, 

1991).

Many investigations have taken place at the substructural level of proteins, 

for example analysis of 3 d topologies of m etal-binding sites in proteins and small 

molecules (see reviews by Glusker, 1991; Jernigan, 1994). In addition, there 

are already various algorithms to detect similar 3 d arrangements of secondary 

structure in proteins. Some are comparison techniques tha t require the linear 

order of the amino acid sequences to be conserved (Matthews & Rossman, 1985); 

others allow some degree of insertion/ deletion in the protein sequence (Alexan­

drov et al., 1992) while others m atch by secondary structure elements (Mitchel 

et ai,  1992). PROMOTIF (Hutchinson & Thornton, 1996) specihcially identifies 

and analyses structural motifs in proteins such as secondary structure, j3- and 7 -  

turns and disulphide bridges. Artymiuk et al. (1994) have used a graph-theoretic 

approach for the identification of 3 d patterns of amino-acid side-chains in pro­

tein structures. As an example, they constructed a search tem plate from the 

side-chain atoms of the Ser 195-His 57-Asp 1 0 2  catalytic triad  of chymotrypsin 

and, depending on the allowed inter-atom ic distance tolerances, different num­

bers of catalytic triads were identified from their dataset. In their method they 

represent each amino-acid sidechain by two ’pseudo-atom s’. For example the 

Asp pseudo-atom s are equivalently positioned on and the mean of the 0^^ 

and 0^^ atoms. Though this allows orientational factors about two residues to 

be compared directly, the method is not applicable to our serine proteinase and 

lipase 3 d consensus tem plate example of Ser 0^-H is sidechain-Asp 0*̂  ̂ as the 

Ser and Asp consist of only one atom.

A different structural comparison of the serine proteinases, using a less specific 

technique, has been performed by Fischer et ai, (1994). Their m ethod, derived 

from geometric hashing methods first described by Lamdan et al. (1988) for use
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in computer vision research, treats all C“ atoms in a protein as points in space 

and compares proteins purely on the geometrical relationships between these 

points. It can detect recurring substructural 3 d motifs and was able to identify 

the structural similarities of the active sites of the trypsin-like and subtilisin- 

like serine proteases based solely on the similarities of the geometries of their 

constituent residues.

However, there is not a database of recurring 3 d tem plates or m otifs in pro­

teins; these can be thought of as the 3 d equivalent of the iD  tem plates found in 

the PRINTS and PROSITE databases. The number of protein 3 d structures being  

solved by X-ray crystallography and NMR spectroscopy techniques is increasing 

rapidly; there are expected to be around 30000 by the turn of the century (see 

PDB world wide web page h ttp ://w w w .p d b .b n l.gov /sta tistics .h tm l). This sug­

gests that the need for a 3 d equivalent of PROSITE is also growing; this would 

enable us to suggest functions of proteins whose roles are unknown as well as 

allow us to locate functional regions and catalytic residues w ithin the protein 

structure. Such databases could address m any different substructural aspects of 

proteins, such as enzym e active sites, ligand binding sites, loop conform ation and 

m etal binding sites. Here, we concentrate on enzym e active sites.

In chapter 3 we showed that a Ser-His-Asp 3 d enzyme active site tem plate 

can be defined that will identify all the serine proteinases and lipase active sites 

in a database of PDB structures with the exclusion of all other non-catalytic 

Ser, His and Asp interactions (Wallace et al., 1996). This suggests tha t enzyme 

active sites in general may have a unique conformation when compared to non- 

catalytic regions of a protein; indicating tha t we could create a database of unique 

enzyme active site templates. To test this, we need a fast generalised 3o tem plate 

database search tool that, in analogy to the method tha t was used to create the 

Ser-His-Asp 3 d tem plate, is able to take a ’seed’ 3 d tem plate and autom ati­

http://www.pdb.bnl.gov/statistics.html
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cally search through a database of PDB structures for residues with the sam e 3 d 

conform ation.

The method we used to generate the Ser-His-Asp 3 d tem plate is not as 

suitable as a generalised 3 d search method for several reasons. Firstly, it required 

all Ser, His and Asp interactions to be extracted by means of a user defined 

distance cut-off, in this case at least one interatom ic contact is less than the sum 

of the van der Waals radii of the two atoms plus 1Â. This provided an initial filter 

tha t removed all Ser, His and Asp interactions tha t are not within a reasonable 

contacting distance of one another. However, it is not applicable to the case 

where the catalytic residues are lying far apart in the enzyme active site as the 

run-tim e and number of interactions output by DISTRIB would increase greatly. 

For example, the Glu 1 1 -A sp 20 catalytic residues of t 4  lysozyme (Weaver et al., 

1987) lie around 9Â apart and are bisected by the substrate in the active site. 

In addition, the method is not autom atic to run as the output of the program 

DISTRIB also requires a filtering routine to extract the relevant catalytic triads 

and then calculate the coordinates of the 3 d consensus tem plate.

Here, an algorithm called TESS (tem plate search and superposition) will be 

described that overcomes these methodological shortcomings. TESS is a program 

that allows the user to search through a given dataset of PDB structures for any 

combination of residues or atoms in 3D space irrespective of the position of those 

residues in the protein’s sequence. TESS will allow us to generate any enzyme 

active site 3 d consensus tem plate from the structures in the PDB, as long as the 

catalytic residues have been identified. The run tim e of TESS is fast; it takes 

around 0.25 CPU seconds to search through a typical PDB structure on an SGI 

Challenge and the run tim e proportional to the order, 0(nh),  where n is the 

number of atoms present in the tem plate and h the number of hits. TESS is also 

easy to use; it requires only a user defined query tem plate which can be extracted
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directly from a PDB file, and a dataset of PDB files to be searched.

TESS is similar in method to that of Fischer et a l  (1994) as it is also based 

on the geometric hashing paradigm. The difference is tha t TESS is not confined 

to just the atoms in a protein as it can search any user defined combination 

of atoms in space from single atoms to multiple residues. TESS is more flexible 

than the graph-theoretic approach used by Artymiuk et al. (1994) as it is also 

able to search for single atoms in space and not the whole sidechain.

The TESS algorithm comprises two m ajor steps. Firstly, it is necessary to 

calculate the geometric relationships between all the atoms in each PDB file; 

this information is stored in a so called TESS table and therefore needs only to 

be calculated once. The TESS table is designed to use the minimum amount 

of computer memory possible combined with fast access and processing. The 

second part of the algorithm compares the geometric relationship between atoms 

in a user defined 3 d tem plate and the PDB structures stored in the tables. The 

3 d tem plate is a list describing the atom types and their geometric positions that 

are to be searched for in the TESS table. In addition the user is able to define 

the allowed distance deviation between the tem plate atoms and the atoms in the 

search structure. In order to assess the accuracy and efficiency of TESS we have 

tested it against a large number of typical structure comparisons. The algorithm 

is described in detail in the following sections.

4.2 M eth od

The TESS algorithm needs to deal with the following problem: given the 3 d 

coordinates of two molecules, one the 3 d query tem plate and the other the protein 

structure, find the transformation, if any, that will best superimpose the 3 d query 

tem plate onto the protein molecule. This means tha t the atoms, residue types
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Figure 4.1: A suininary of the process involved when TESS searches through a 
dataset of PDB structures for a user defined 3D template.

and the 3 d coordinates of the 3 d query template need a partial overlap (defined 

by a distance cut-off) with those of the stored PDB structure. The method we 

have devised to solve this problem is summarised in Figure 4.1.

Firstly, the preprocessing stage extracts all the relevant information from the 

dataset of PDB structures and stores it in the TESS table. Secondly, the user 

defines a query template which is processed and compared with the information 

stored in the TESS table. TESS then automatically outputs any matches that 

occur. The details of these two stages are described in the following sections.
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4.2.1 Stage 1

Pre-processing the structures in the PDB

In the preprocessing stage, we represent information about the atoms of all the 

structures in the PDB in a TESS table. Relevant information about a protein 

structure in the PDB would be readily available and does not have to recalculated 

each tim e TESS is run; this speeds up the comparison process considerably.

To locate the position of a given 3 d tem plate, for example the Ser 0'''-H is 

sidechain-Asp 0*̂  consensus tem plate of the serine proteinases and lipases (Wal­

lace et ai,, 1996), in a dataset of PDB structures we need to represent the atoms 

of the tem plate and the PDB structures with respect to a reference frame. If we 

pick the same reference frame for both the tem plate and the PDB structures, then 

a match will occur when a PDB structure has a substructure matching the 3 d 

tem plate. The reference frames we use are the sidechain atoms of the 20 stan­

dard amino acids. Specifically, we use three atoms for each residue as listed in 

Table 4.1 and defined by Singh & Thornton (1992).

Of course, using one of the amino acid sidechains as a reference frame means 

tha t any 3D tem plate must consist of at least one amino acid sidechain with the 

other atom s/residues surrounding it. This may appear to be a m ajor constraint in 

defining any potential enzyme active site tem plate. However, we saw in Chapter 

3 that the Ser-His-Asp 3 d tem plate is defined as the position of the Ser 0^  and 

Asp 0*̂  with respect to the His sidechain reference frame (Wallace et ai, 1996).

A summary of the process involved in creating a TESS table is shown in Figure 

4.2 using a His residue as an example. The first stage involves reading in the 3 d 

coordinates of the first protein in the PDB dataset. For each of the His residues 

in the protein structure, all atoms within 18Â are identified. The tranform ation 

m atrix is calculated that places each His residue at the origin, with the
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R E S ID U E 1 2 3 R E S I D U E 1 2 3 R E S I D U E 1 2 3

ALA ( a ) N Q a c / 3 GLY ( g ) N C a C P R O  ( P ) N c a

ARC ( r ) N ^ i HIS ( h ) C^2 S E R  ( s ) c a C/3

ASN ( n ) Q.^1 C 7 ILE ( l ) C -n C/3 C'T^ T H R  ( t ) 0 ^ 1 C ^  C ' ^

A S P  ( d ) O&i C C  0 ^ 2 LEU ( l ) C h T R P  ( W ) C&i

C Y S (C ) LYS ( k ) C N < T Y R  ( y ) C ^ i

CLN  ( q ) O ' : N^2 M E T  ( m ) C C 7 VAL ( V ) C p i c / 3  c ^

GLU ( e ) 0 ^ 2 P H E  ( f )

Table 4.1: Sidechain atoms used to define the reference frames for each standard 
amino-acid, as defined by Singh & Thornton (1992). The atoms in column 2 are 
transformed to the origin with the atoms in column 1 and 3 either side of the 
positive X direction.

Re**# In pmm* nm W neW

t
Btlrmef «II Mmmeldwe#

T
llaiK all atoms leas A«n IB «itgsnrnm» Irom each His

t
rraesfhraii mWt MW m à  ewmtwWmg a*ome

t
Mace areimd Me aitil awmmmBng alome

f
Calculate position oTeaeh atmn m W se#

T
Store atomancrgri^poslMone miBSB M e

Figure 4.2: A flow diagram showing the steps required in producing a TESS table 
in the pre-processing stage. The example given is for generation of templates 
involving His sidechains. This process is repeated for each of the proteins in the 
PDB which results in a TESS table for the His reference residue.
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and either side of the positive x direction. The same transformation m atrix 

is applied to the atoms surrounding each His residue, giving us the reference His 

sidechain at the origin, surrounded by its neighbouring atoms. We now need 

a method to describe the relative position of the atoms around each His. This 

is achieved by placing a grid around each His and its neighbouring atoms and 

calculating the box position within the grid tha t each atom occupies. The atoms 

in each grid are then reordered according to their box number and assigned an 

’atom identifier’ according to the residue and atom type. This information, along 

with the PDB file atom numbers, is stored in the TESS table.

The whole process is repeated for each protein structure in the PDB and a 

marker for the position of each PDB structure in the TESS table is also stored, 

which allows a quick call by reference parsing for any given protein structure in 

the TESS table. This, of course, only deals with His environments; it is repeated 

for each of the 20 standard amino acids that are listed in Table 4.1, giving us 20 

TESS tables, one for each of the standard amino acids.

4.2.2 Stage 2

Defining, Processing and Comparing the Query 3d  tem ­

plate

D efin ing th e  Q uery T em plate

We need a m ethod to compare a ’query tem plate’ with the position of the atoms 

of the PDB structures stored in the TESS tables created in stage 1. The query 

tem plate is transformed to the appropriate standard reference frame (e.g. His) 

and then compared with the relevant TESS table. Both the geometric positions 

and atomic labels (atom and residue type) of the query tem plate and a PDB 

structure’s atoms are compared; a ’h it’ occurs when all the atoms of the query
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SEARCH OPTION ATOM NUMBER

TEM PLATE ATOM 

SEARCH BY ATOM T Y P E  i . e .  0*^^ 0 ^

SEARCH BY N O N -C A R B O N  SIDECHAIN ATOM 

SEARCH BY N O N -C A R B O N  ATOM 

SEARCH BY SPECIFIED ATOM i . e .  C, O, N 
SEARCH BY N O N -C A R B O N  MAINCHAIN ATOM I .E . ’ O ’ N ’ 

SEARCH BY ANY MAINCHAIN ATOM 

SEARCH BY ANY SIDECHAIN ATOM 

SEARCH BY ANY ATOM T Y PE

-1
0
1
2
3
4
5
6 
7

Table 4.2: Search param eter numbers placed in the atom  num ber column of the 
query PDB format file. One of these numbers is placed against each of the atoms 
in the query tem plate. This defines which atom types are to be searched for at 
the corresponding atom position. To search for different residue types at a given 
atom  point requires the one letter code of that amino acid to be placed after the 
coordinates in the query tem plate file.

tem plate have a corresponding m atch with the atoms of a PDB structure.

To perform such a search, we set up a query tem plate which is a slightly mod­

ified PDB format file constituting the atoms or residues which are to be searched 

for in the TESS table. For a given atom in the query tem plate, it is possible to 

define any combination of both atom and residue types which are to be searched 

for at tha t point. To define which residues are to be located at a given tem plate 

atom  position requires the 1 letter amino acid code corresponding to tha t amino 

acid to be placed after the coordinates of the query tem plate. The residue in 

the residue column of the file is searched for by default. The atom type to be 

searched for is defined by one of the numbers in Table 4.2.

For example, it has been observed that different enzymes have similar catalytic 

machinery in their active sites even though they catalyse reactions on different 

substrates. We saw in Chapter 3 that both the serine proteinases and lipases have 

a Ser-His-Asp catalytic triad. In addition, haloalkane dehalogenase (Franken et
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Search
Option

Residue Residue
Number

Atom X y z Residue
Search

1 Ser 195 16.3 30.6 14.7 D

1 Asp 102 18.2 31.5 20.8 E

0 His 57 c/ 14.5 28.8 20.9
-1 His 57 C7 15.0 29.3 19.5
-1 His 57 N<5i 16.2 30.0 19.3
-1 His 57 14.3 29.1 18.3
0 His 57 16.2 30.3 18.0
0 His 57 N̂ 2 15.1 29.8 17.4

Table 4.3: An example of a typical query tem plate which is taken from the active 
site of a -ly tic  proteinase, llpr.

a/., 1991) has a catalytic triad consisting of Asp-His-Asp and acetylcholinesterase 

a Ser-His-Glu triad (Harel et ai, 1993). These 3 triads are similar in tha t they all 

comprise a His-Asp or His-Glu acid/base catalyst (sidechain oxygen electrostatic 

atom) and a nucleophilic Ser or Asp residue (sidechain oxygen nucleophilic atom), 

so the triad we wish to search for can be thought of as nucleophilic O-His- 

electrostatic O.

To investigate the structural similarity of these 3 triads, we use the coordinates 

of one of the triads as a query tem plate and compare the other two triads with 

it. In this case, the query tem plate is derived from the serine proteinase cv-lytic 

proteinase, llpr (Bone et al., 1991), as shown in Table 4.3. A query tem plate 

needs a reference frame residue, in this case a His, by putting a ’- 1 ’ in the atom 

number column corresponding to, and This enables comparison of

the relative positions of the atoms of the query tem plate and the PDB structures 

in the TESS table with respect to the same reference frame.

If we want to search for any of the 3 catalytic triads, as defined by the nude-
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ophilic O-His-electrostatic O tem plate, we use this Ser-His-Asp triad but put a 

’1 ’ in the atom number column corresponding to the Ser 0^  and Asp 0^^. This 

num ber corresponds to a ’search param eter’ listed in Table 4.1. The ’1’ next to 

the Asp 0^^ means there will be a search for any non-carbon sidechain atom  of 

residue type Asp (i.e. the atoms and O'^ )̂ at that coordinate point. Sec­

ondly, a D (Asp 1 letter code) is put after the Ser 0"  ̂ coordinates, enabling a 

search for nucleophilic Asp of haloalkane dehalogenase. Finally, E (Glu 1 letter 

code) is placed after the Asp 0^^, which allows a search for the electrostatic Glu 

of acetylcholinesterase. It is also possible to define a distance cut-off for matching 

two atoms; the default is 2 Â.

P rocessin g  Q uery T em plate

The 3 d query tem plate is processed so its atoms can be compared to the TESS 

table created in the preprocessing stage. The m ethod is similar to tha t used to 

create the TESS tables, though considerably quicker due to the relatively small 

number of atoms involved.

As an example. Table 4.3 shows the coordinates and atom identifiers of the Ser 

0^-H is-A sp 0 ^ 2  3 d query tem plate. TESS calculates the transform ation m atrix 

that places His reference atoms (from Table 4.1, and N^^) of the 3d  query

tem plate at the origin. The same m atrix is applied to the other atoms in the query 

file. This means that the His reference frame is in the same position as the His 

reference residues for all the PDB files in the table. The same transformation 

m atrix  is applied to all the other atoms in the query tem plate, giving us the His 

reference frame at the origin surrounded by all the other tem plate atoms. The 

relative position of the atoms around the query His residue are also calculated 

in the same way as the preprocessing stage whereby a grid is placed around the 

3 d tem plate atoms and the box numbers of each of the atoms in the grid are
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calculated.

C om paring th e  Q uery T em plate w ith  th e  PDB stru ctu res

TESS now compares the labels and positions of the atoms in the query tem plate 

with those stored in the TESS tables. Figure 4.3 illustrates the comparison process 

between the query tem plate and a PDB structure stored in the TESS table. The 

protein is shown to have a Ser-His-Asp triad. The relative positions of these Ser, 

His and Asp atoms in the grid have been calculated and stored in the TESS table 

as described in the preprocessing section. This protein has 3 other His residues 

and these will also have been preprocessed and their environments stored in the 

TESS table. The grid positions of the query tem plate atoms are compared with 

those of the TESS table. In Figure 4.3, a m atch has occured between the query 

tem plate and the PDB structure in terms of grid positions and search parameters 

(atom, residue types and user defined distance cut-olT). For each match, the 

matching PDB file is opened and the relevant atomic coordinates are transformed 

to the same reference frame. We can now calculate the root mean square (rms)  

distance of the 3D query tem plate and the transformed atoms of the PDB file. The 

atoms of the central sidechain are not included in this calculation because they 

are superimposed. If any of the distances between the equivalent atoms of the 

’seed’ tem plate and the PDB structure are greater than the user-defined distance 

cut-off then the m atch is discarded.

4.3 Perform ance o f th e  T E S S  algorithm

The number of X-ray and NMR structures is expected to increase to about 30000 

by the turn of the century. It is therefore im portant that any search algorithm  

such as TESS should have a search tim e as near as possible to 0 (n /i) , where n
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QUERY TEMPLATE

E Asp

Ser

His

PROTEIN STRUCTURE

P igme 4.3: A diagram illustrating the comparison process that occurs when a 3D 
(piery template is parsed against the TESS table.
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is the number of atoms in the query tem plate and h the number of hits located. 

This will mean tha t the search time will not be adversely affected by the large 

increase in data.

There are various param eters that may affect the search speed of TESS; the 

box size of the grid, the atom or residue search param eters of the query tem plate 

and the user defined distance cut-off; here I describe how TESS was optimised 

with respect to these variables.

4.3.1 Optimising the box size

When comparing the atoms of the PDB structures in the TESS table and those 

of the 3 d query tem plate, the situation is slightly complicated because it is not 

possible to tell where the 3 d tem plate atoms are lying in the query boxes; they 

may be very near to one of the sides. Therefore, if the given distance cut-off 

is equal to grid box size, we in fact have to search for 27 box numbers in the 

TESS table per atom of the query tem plate (i.e. all neighbouring boxes to the 

central box). Of course, if the distance cut-off is slightly larger than the box size 

we would have to check two neighbouring layers or 125 box numbers per query 

tem plate atom. Therefore, the grid box size needs to be optimised so that the 

smallest number of boxes will normally be searched and each box should only 

contain a few atoms. This suggests tha t the box size needs to be about the same 

size as the distance cut-off.

To find the optimum box size, the run time was measured for TESS with 

different box sizes and search parameters. The tem plate used was the Ser 195 

0^-H is 57-Asp 102 0'^  ̂ from cv-lytic proteinase with the 228 PDB structures of 

the serine proteinase and lipase dataset. TESS was run four times for each test 

box size, each run giving an increasing number of hits, due to different tem plate 

search parameters. The la tter tem plates are listed in Table 4.4. Each search was
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in fact performed first with a cut-off of 2Â and then a 3Â cut-off; the results are 

listed in Table 4.5.

The results show that if the box size is a factor of the rm s  distance cut-off, 

then the runs times are quicker (bold figures). W hen this occurs, TESS searches 

a distance which is exactly equal to the rm s  cut-off. A 1.9Â box size is therefore 

particularly slow because TESS in fact searches a 3.8Â distance even when the 

distance cut-off is 2Â. This increases the multicombinatorial search tim e needed 

to filter the atoms in the boxes and produce the tem plate hits. In summary, a box 

size of 1Â is best for 2Â and 3Â distance cut-offs; however, at different distance 

cut-offs, other box sizes may be better.

4.3.2 The run-tim e of T E SS

We now investigate how the run time of TESS depends on the number of atoms 

in the 3d query tem plate or the number of matches located in the TESS table.

Figure 4.4 is a plot of run-tim e of TESS against number of hits located, with 

the data taken from the 1.0Â box size of Table 4.2. The best-fit line through 

the points has a correlation coefficient of 0.79, indicating the run-tim e is close to 

0{h), where h is the number of query tem plate hits.

Finally, the run time of TESS was tested against the number of atoms in the 

query tem plate. The atoms in Table 4.6 constitute the query tem plate used, it 

was taken from the active site region of the chymotrypsin structure (Stod­

dard et ai, 1990). The dataset of proteins used to parse the table comprised 22 

chymotrypsin PDB structures, giving a total of 25 chains and therefore 25 cat­

alytic triads. The user distance cut-off was set at 3Â. Figure 4.5 is a graph of 

the CPU tim e in seconds against the number of tem plate atoms. The best-fit line 

through the points has a correlation coefficient of 0.97 indicating the run-tim e is 

near to n, the number of tem plate atoms.
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Search
Option

Residue Residue
Number

Atom X y z Residue
Search

R U N  1

0 Ser 195 Q7 16.3 30.6 14.7
1 Asp 102 18.1 31.5 20.8

R U N  2

0 Ser 195 Q7 16.3 30.6 14.7
5 Asp 102 18.1 31.5 20.8 ARNDCQGHILMFPSTWYV

R U N  3

5 Ser 195 Q7 16.3 30.6 14.7
5 Asp 102 0'= 18.1 31.5 20.8 ARNDCQGHILMFPSTWYV

R U N  4

5 Ser 195 Q7 16.3 30.6 14.7 ARNDCQGHILMFPSTWYV
5 Asp 102 18.1 31.5 20.8 ARNDCQGHILMFPSTWYV

T E M PL A T E  R E SID U E

0 His 57 14.5 28.8 20.9
-1 His 57 C7 15.0 29.3 19.5
-1 His 57 16.2 30.0 19.2
-1 His 57 14.3 29.2 18.3
0 His 57 O': 16.2 30.3 17.9
0 His 57 N̂ 2 15.1 29.8 17.4

Table 4.4: The four templates used for optimisation of the TESS box size. Each 
run had the same His tem plate residue but the Ser and Asp atoms had different 
search param eters, giving different numbers of hits.
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2.0Â  d istance c u t-o ff

Template No.
hits

0.8 0.9 1.0 1.1
Box size (À)
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0

1 238 45.8 44.9 42.2 43.1 42.3 45.9 44.8 46.9 47.7 49.6 50.4 52.4 43.5
2 460 49.6 50.3 45.0 46.1 47.3 51.5 52.3 58.4 58.0 79.9 90.8 384.9 58.9
3 1080 58.5 64.0 50.1 52.8 56.9 69.5 77.1 93.8 146.5 312.3 401.7 - 58.4
4 1840 96.9 157.5 72.9 73.8 108.9 179.5 302.1 - - - - - 107.2

3.0Â  d istance cu t—off

Box size (À)
Template No. 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0

hits

1 417 50.9 50.2 47.9 51.1 69.8 53.4 55.4 51.4 50.6 51.4 55.8 52.6 54.0
2 1347 65.6 79.4 54.2 76.3 123.0 466.6 668.0 59.1 58.6 62.9 61.7 389.3 880.7
3 57.34 323.8 - 85.3 408.3 557.4 - 146.8 163.7 - - - -

4 17217 654.7

Table 4.5: Run times (CPU seconds) to find the optimum box size for TESS. Those 
runs left blank take over 1000 CPU seconds; the figures on bold are the quickest 
runs
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Figure 4.4: A plot of run tim e in CPU seconds against number of hits showing 
the run tim e of TESS is near to  Oh, where h is the num ber of hits
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Figure 4.5: A plot of run-tim e in CPU seconds against number of tem plate atoms.
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n u m b e r
R e s id u e R e s i d u e

n u m b e r
y A t o m

n u m b e r
R e s i d u e R e s i d u e

n u m b e r
y

6 N 56 4 1 .6 7 2 .8 79.0 20 CYS 58 37.0 75.4 7 8 .9
6 C " 56 4 1 .0 7 1 .6 78.4 21 3 7 CYS 58 37.4 7 6 .7 80.1
6 C 56 3 9 .6 7 1 .3 7 9 .0 22 N ASP 102 45.8 7 0 .7 81 .5
6 O 56 3 8 .7 70 .9 78.1 23 C “ ASP 102 44.6 71.4 8 1 .2
6 ALA 56 4 2 .0 7 0 .5 78.3 24 C 102 4 4 .7 7 2 .7 80.4
6 N 57 3 9 .5 7 1 .5 80.3 25 0 102 44.5 7 3 .9 80 .9
7 C " 57 3 8 .2 71.1 8 0 .9 26 102 44.0 71.6 8 2 .7
8 c 57 3 7 .2 72.1 80.4 27 C 7 102 42.6 72.0 82 .6
9 o HIS 57 3 6 .0 71.8 8 0 .6 28 0 * 1 ASP 102 42 .2 7 2 .7 83 .6
10 HIS 57 3 8 .3 70.9 82.4 29 0 * 2 ASP 102 42.0 7 1 .8 8 1 .6
-1 c-> HIS 57 3 8 .2 7 2.3 83 .1 30 N SER 195 3 7 .8 80 .1 8 4 .3
-1 N * i 57 39.4 7 2.9 8 3 .5 31 C " 195 3 8 .6 79 .1 8 3 .7
-1 C*2 57 3 7 .2 73.1 8 3 .3 32 c 195 3 8 .9 7 9 .3 8 2 .2
14 C ^ i 57 39 .1 74.1 8 3 .7 33 o 195 3 8 .2 7 9 .7 81.4
15 N ‘ 2 57 37. 74.3 8 3 .7 34 195 3 7 .8 7 7 .8 8 3 .8
16 N CYS 58 3 7 .5 73 .2 7 9 .8 35 0 7 195 3 8 .7 7 6 .9 8 4 .5
17 C “ CYS 58 3 6 .4 74.1 79 .4 36 N 214 4 2 .5 7 6 .8 8 6 .3
18 C CYS 58 3 5 .5 73 .3 78.4 37 C " 214 42.0 75 .5 8 6 .0
19 O 58 3 4 .3 73 .6 78 .4 38 c 21 4 41.1 75.1 8 7 .0
39 Û 214 3 9 .9 74 .7 8 6 .7 40

41 0 7
214
214

43.2
43 .1

74 .6
7 3 .3

8 5 .7
8 6 .2

Table 4.6: The tem plate used to investigate how the run-tim e of TESS depends 
on the number of atoms in the query template.

4.3.3 M emory usage and the T E SS tables

Each TESS table uses a relatively large amount of computer memory; around 

70 mega bytes for the 3019 structures found in the January 1995 PDB. The 

amount of memory used is proportional to where I is the length of the grid 

side, in our case 36Â. This is an example of a tim e-space trade-off. If there is 

unlimited memory then every piece of information about an atom could be stored 

at a unique address making the algorithm extremely fast; alternatively, if there 

is little memory then a program would have to re-calculate all the information 

about the PDB structure atom positions, wasting time.

When searching enzyme active sites, it is not really necessary to generate all 

20 amino acid TESS tables. Zvelebil & Sternberg (1988) analysed the constituent 

amino acids in the active sites of enzymes and found tha t His is present in around 

30% of them  with Asp, Glu, Asn and Arg also relatively common. This means 

tha t for enzyme searches TESS tables only have to be generated for these reference 

sidechains. In addition, if we try, where possible, to use the same reference
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sidechain amino acid it allows us to compare the active site consensus tem plates 

from different enzymes.

4.3.4 Creating a mean 3 d  consensus tem plate

In Chapter 3 we showed (Wallace et al., 1996) tha t the derivation of the Ser- 

His-Asp 3d consensus tem plate initially uses a ’seed’ tem plate. In tha t case 

the Ser 195 0^-H is 57-Asp 102 0^^ from a-ly tic  proteinase (Bone et ai, 1991) 

was used to extract other catalytic Ser-His-Asp interactions from the output of 

DISTRIB. This was followed by an iterative procedure tha t calculated the mean 

consensus tem plate from all the extracted templates tha t was then tested against 

a general dataset of non-identical proteins (compiled so they had a sequence 

identity greater than 95%) to see if the resultant Ser-His-Asp catalytic tem plate 

is unique to the serine proteinases and lipases.

This procedure has now been generalised into a procedure called TESSPLATE. 

TESSPLATE enables a seed enzyme active site tem plate from any given structure 

in the PDB to be evaluated automatically for its potential as a 3d tem plate. The 

seed tem plate and its associated dataset of structures (for example the llpr Ser 

195 O'^-His 57-Asp 102 0^^ seed tem plate and the dataset of serine proteinases 

and lipases) are processed by TESS, outputing a list of matches. These matches 

are averaged, creating a 3o consensus tem plate which is then tested autom atically 

against the 95% by sequence non-homologous protein dataset.

To test the validity of the TESSPLATE procedure, the results of the Ser 195 

0^-H is 57-Asp 102 0^^ a -ly tic  proteinase ’seed’ tem plate used to create the 

serine proteinase and lipase 3d consensus tem plate (Wallace et al, 1996), can 

be compared with the output automatically from TESSPLATE. The similarity 

obtained is illustrated in Figure 4.6.

The His residues from the two tem plates have been superimposed and the
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Figure 4.1: A diagram illustrating the similarity in the 3D consensus templates 
produced in the TESSPLATE (red) and method of Chapter 3 (Wallace ef ai, 1996) 
(blue).
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rrns distance between them  is 0 .2 2 Â, which is below the estim ated errors of an 

average X-ray crystal structure. The slight discrepancy observed occurs because 

the method in Chapter 3 divided the enzymes into groups according to their 

tertiary  fold, whereas here the mean consensus tem plate is calculated without 

taking this into consideration.

The 3 d consensus tem plate produced by TESSPLATE is autom atically checked 

against the 95% by sequence non-identical protein dataset. Several hits were 

serine proteinases or lipase structures with the Ser-His-Asp catalytic triad. In 

addition, there were 2 non-catalytic hits located; immunoglobulin 2ig2 (M arquart 

et a/., 1980) with rm s  1.49 and cyclophilin 2cp/ (Ke, 1992) with rm s  1.72. These 

hits were also located in the previous method, and have already been discussed 

in detail.

4.4 D iscussion

We have developed an algorithm called TESS based on the geometric hashing 

paradigm tha t enables us to search through a dataset of 3o PDB structures for 

any user defined sequence-order independent 3 d tem plate. The 3 d tem plate 

consists of atoms or residues extracted directly from a PDB file, and it is possible 

to define explicitly which atoms or residue types at every 3D tem plate atom 

point the user wishes to search for. This is a very useful feature as it allows TESS 

to locate geometric similarities between the conformation of the active sites of 

enzymes with diverse biological functions.

The TESS algorithm works by first storing relevant information about the 

protein structures in the PDB in TESS tables. These tables are then queried by 

a given 3 d tem plate and a m atch occurs if the 3 d coordinates and param eters 

match a substructure of one of the PDB structures stored in the tables. Since
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the number of proteins structures is expected to increase to around 30000 by the 

turn  of the century, it is im portant tha t TESS is quick. We have found the search 

tim e is linearly dependent on the size of the database, which will enable TESS to 

quickly search through increasingly large amounts of structural data.

Previously, it has been established tha t it is possible to derive a 3 d consen­

sus tem plate for the serine proteinases and lipases (Wallace et a i,  1996). TESS 

allows us to extend the work by creating more ’generic’ tem plates so tha t we can 

investigate the structure of other enzyme active sites. This will eventually lead 

to a database of 3 d enzyme active site or functional tem plates, tha t, in analogy 

to the ID tem plates present in protein sequence m otif databases such as PROSITE 

or PRINTS, will allow the assessment of the biological function and evolutionary 

origins of a new protein structure. Of course, TESS could be used to produce 

databases of other recurring 3 d tem plates such as metal or non-enzyme ligand 

binding sites.
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Chapter 5

The catalytic triad

5.1 Introduction

This chapter will describe the role of histidine as part of a generalised ’catalytic 

triad ’; a specific example is the Ser-His-Asp catalytic triad (Wright et ai, 1969; 

Blow et al., 1969) described in chapter 3.

The generalised triad can be thought of as Nu:-His-ELEC, where Nu: is a nu- 

cleophilic group and ELEC, the electrostatic group, acts to perturb the pK^ of the 

acid/base His. In chapter 3 we saw that a 3D tem plate in the form of Ser 0^-H is 

sidechain-Asp 0^ can be defined that will identify all serine proteinase and lipase 

active sites with the exclusion of all other Ser, His and Asp interactions. Two 

other groups of enzymes in the PDB, the cysteine proteinases and the a / [3 hydro­

lase fold enzymes (Ollis et ai, 1992), have a catalytic triad. In this chapter we 

will compare and contrast the catalytic triad conformations of all these enzymes. 

W ith the exception of the cysteine proteinases, the catalytic triad, in terms of 

its functional atoms, is structurally conserved. This has enabled us to construct 

one consensus tem plate that can describe the active site of more than one unique 

enzyme by E.C. number.

159
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5 . 2  T he N u : —H i s - E L E C  c a t a l y t i c  t r i a d

The enzym es with a Nu:-His-ELEC triad have been divided into 4 classes ac­

cording to the residues corresponding to Nu: and ELEC; these are listed in Table

5.1. The hydrolase fold (Ollis et a!., 1992) occurs in 3 of the 4 classes. 

D espite a low sequence identity, it suggests that the enzym es in this fold group 

have evolved from a com m on ancestor so as to preserve the positions of the key 

cata lytic  com ponents.

The class 1 Ser-His-Asp catalytic triad of Table 5.1 has been discussed in 

detail in the previous chapters; the structural aspects of the other 3 classes’ 

catalytic triads will be described in detail in the following sections.

5.3 class 2: T he Ser—H is-G Iu  cata ly tic  triad

The Ser-H is-G lu triad has been found in both triacylglycerol lipase from Candida 

rugosa, I trh  (Grochulski et al.  ̂ 1993) and acetylcholinesterase, lace (Sussman et 

a/., 1991). Lipase is also present in class 1 where Glu is replaced by an Asp; it 

hydrolyses triacylglycerides into diacylglycerides and subsequently monoacylglyc- 

erides and free fatty  acids. Acetylcholinesterase is responsible for term ination of 

impulse transmission at cholinergic receptors by hydrolysis of the neurotransm it­

ter acetylcholine.

A 3D representation of these two catalytic triads is shown in Figure 5.1. The 

His residue of these two triads have been superimposed showing that the relative 

conformations of the corresponding Ser and Glu sidechains are similar. The cat­

alytic Ser 200, His 440 and Glu 327 residues of lace were used to create sidechain 

and functional (Ser 0^, His sidechain and Glu O^^) consensus templates. The 

rnis  distance of both the sidechain and functional Ser-His-G lu coordinate sets
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class 1: S e r -H is-A sp  ca ta ly tic  triad

/^-sandwich try p sin -lik e  fold
trypsin family E.C.3.4.21.x Blow et al., 1969

alternatin g  a/jd su b tilis in -lik e  fold
subtilisin family E.C.3.4.21.x Wright a/., 1969

a / (3 hydrolase fold
serine-type carboxypeptidase E.C.3.4.16.5 Liao et al., 1992

lipase E.C.3.1.1.3 Brady et a l ,  1990

class 2: S er -H is-G lu  ca ta ly tic  triad

a / p  hydrolase fold
Candida rugosa lipase E.C.3.1.1.3 Grochulski et al., 1993

acetylcholinesterase E.C.3.1.1.4 Sussman et al., 1991

class 3: A sp -H is—A sp ca ta ly tic  triad

a / P  hydrolase fold
haloalkane dehalogenase E.C.3.8.1.5 Verscheuren et a i ,  1993

class 4; C y s-H is -A sn  ca ta ly tic  triad

a  P cysteine p rotein ase fold  
papain E.C.3.4.22.2 Drenth et al., 1968

actinidin E.C.3.4.22.14 Baker, 1980
caricain E.C.3.4.22.30 Pickersgill et a i ,  1993

Table 5.1: The four different Nu:-His-ELEC catalytic triads found in the PDB, 
where ELEC acts to perturb the pK„ of the acid/base His and Nu: is a nucleophilic 
group.
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LIPASE 

ACETYLCHOLINESTERASE

Figure 5.1: A 3D representation of the Ser-His-Glu catalytic triads from acetyl­
cholinesterase lace (Sussman et a!., 1991) in green and triacylglycerol lipase Itrh 
(Grochulski et at., 1993) in red.
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class 2: S e r -H is-G lu  ca ta ly tic  triad

acety lcholinesterase E .C .3 .1 .1 .7

PDB code rm s  from functional rm s  from sidechain 
consensus template consensus template 

lace 0.23 0.26
lac; 0.27 0.37
l a d  0.40 0.82
lacA:

lipase E .C .3.1.1.3

PDB code rm s  from functional rm s  from sidechain 
consensus template consensus template 

Icrl 0.14 0.40
Wig  0.25 0.49
Itrh 0.30 0.49

Table 5.2: The rrns deviations from the mean functional and sidechain consen­
sus tem plates for the Ser-His-Glu catalytic triad present in acetylcholinesterase 
and lipase X-ray crystal structures. The results show that the catalytic triad is 
structurally conserved in these two enzyme types.

of all lipase and acetylcholinesterase structures were measured against the appro­

priate consensus template; the results are given in Table 5.2. The catalytic triads 

of these two enzymes are the same, with no sidechain coordinate having an rnns 

greater than 0.9Â from the mean sidechain consensus tem plate. The exception to 

this is the acetylcholinesterase structure lack  (Harel et a/., 1993), which has the 

cyclic compound ’edrophonium’ (ethyl(3-hydroxyphenyl)dimethylammonium) in 

its active site. Covalent or non-native inhibitors bound to the active site of the 

serine proteinases perturb the Ser-His-Asp catalytic triad geometry; this acetyl­

cholinesterase structure is another example.

Lipase and and acetylcholinesterase have a high sequence identity (Shimada 

et ai, 1990), the same a/j3 hydrolase fold (Ollis et a/., 1992) and similar active
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site geometry suggesting tha t the two enzymes evolved from a common ancestor.

5.4 class 3: T he A sp—H is-A sp  cata ly tic  triad

The nitrogen-fixing hydrogen bacteria Xanthobacter autotrophicus can grow in 

a medium of 1 ,2 -dichloroethane or 2 -chIoroethanol as its sole carbon energy 

source. These compounds are initially metabolised by haloalkane dehalogenase 

which converts 1-haloalkanes into prim ary alcohols and a halide ion by hydrolytic 

cleavage of the carbon-halide bond. The crystal structure of this enzyme (PDB 

code 2dhc) has been determined to 1.9Â resolution (Verschueren et a i,  1993); it 

is a member of the a / (3 hydrolase-fold family with a catalytic triad consisting of 

residues Asp 124, His 289 and Asp 260. In haloalkane dehalogenase the nucle­

ophilic group is an Asp residue and the bond cleaved is carbon-halide as opposed 

to an ester group in the other classes.

Figure 5.2 is a 31) representation of the catalytic centre of haloalkane dehalo­

genase, 2dhc (Verschueren et ai, 1993). It shows the substrate 1,2 dichloroethane 

lying below the plane of the ring of the acid/base catalyst His 289. The His 289 

and Asp 260 0^^ atoms are hydrogen bonded to each other; these two residues 

constitute the His-Asp acid/base catalyst in analogy to the His 57-Asp 1 0 2  of the 

serine proteinases. The nucleophilic Asp 124 0*̂  ̂ is poised in a position to attack 

the c l  carbon of the substrate. Figure 5.3 is a LIGPLOT picture of the resultant 

complex, taken from the X-ray structure 2dhd (Verschueren et a i  (1993)). It 

shows the Asp 124 residue covalently bound to the substrate (Mce 124) and the 

CLI chlorine has been displaced. The His 289-Asp 260 acid/base catalyst is in 

hydrogen bonding vicinity. A water molecule attacks this acyl-enzyme interm e­

diate resulting in the hydrolytic cleavage of the C-CL substrate bond to yield the 

prim ary alcohol product.
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Asp 124
082

His 289 Ne2
081

N81
substrate

Asp 260 081 Oil

Figure 5.2: A 3D representation of the active site of haloalkane dehalogenase, 
2dhc (Verschueren ei a/., 1993). The Ilis 289-Asp 260 residues hydrogen bond 
to each other and constitute the acid/base catalyst. Asp 124 is the nucleophilic 
group and attacks the C l  of the 1,2 dichloroethane substrate, forming the acyl- 
enzvme intermediate.
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Phe 128

Asn 148

Gly 127

Gin 123

Mce 124

Asp 124 V,.3 1

Tip 175
Trp 125

Asp 260

Key

e  e

Ligand bond

Non-ligand bond

Hydrogen bond and its length

His 53 Non-ligand residues involved in hydro[Aobic 
‘̂ >rrr^ contact(s)

Corresponding atoms involved in hydrophobic contact(s)

Figure 5.3: A L IG P L O T  diagram representing the acyl-enzyme intermediate of 
haloalkane dehalogenase 2dhd (Verschueren et ai, 1993) formed after the nucle­
ophilic Asp 124 attacks the 1,2 dichloroethane substrate. A water molecule would 
attack this intermediate, forming the primary alcohol product.
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class 3: A sp -H is -A sp  ca ta ly tic  triad

haloalkane dehalogenase E.C.3.8.1.5

PDB code rm s  from functional rm s  from sidechain
consensus template consensus template

ledb 0.15 0.17
ledd 0.13 0.15
lede 0.75 0.88
2dhc 0.40 0.47
2dhd 0.26 0.34
2dhe 0.11 0.17
2eda 0.38 0.56
2edc 0.11 0.16
2had 0.25 0.32

Table 5.3: The rm s  deviations from the functional and sidechain tem plates for 
the dataset of haloalkane dehalogenase X-ray crystal structures.

All the structures in the haloalkane dehalogenase dataset are from 

Xanthobacter autotrophicus] the differences being the crystallisation conditions 

and binding of inhibitors to the active site. Sidechain and functional (Asp 124 ,

His sidechain and Asp tem plates using the seed atoms from 2had (Franken 

et al.  ̂ 1991) have been calculated; all the sidechain and functional tem plates have 

an rm s  deviation below 1Â from their respective consensus tem plates (Table 5.3); 

even when Asp 124 is part of an acyl-enzyme interm ediate, the catalytic triad 

does not change conformation; for example, the 2dhd (Verschueren et a/., 1993) 

sidechain tem plate is only 0.34Â from the mean sidechain consensus tem plate. 

This suggests tha t there is lim ited conformational change of the catalytic triad  

during the reaction course.

5.4.1 class 4: The Cys—His—Asn catalytic triad

The cysteine proteinases are widely distributed in nature and the X-ray struc­

tures have been solved for papain E.C .3.4.22.2 (Drenth et al., 1968) and cari-
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cain E.C.3.4.22.30 (Pickersgill et ai,  1991) from the papaya plant and actinidin 

E.C.3.4.22.14 from kiwi fruit (Varughese et ai,  1992). These structures all have 

the same a  P cysteine proteinase fold.

Papain is the best understood of the cysteine proteinases; the His 159-Asn 

175 pair constitutes the acid/base catalyst while Cys 25 is the nucleophilic group. 

The reaction mechanism is analogous to tha t of the serine-proteinases whereby an 

acyl-enzyme interm ediate (Baker & Drenth, 1987) is formed between the protein 

substrate and the cysteine group and is subsequently hydrolysed by water to form 

product. There is, however, controversy about the precise protonation states 

of the intermediates during the reaction course and whether other residues are 

involved in the reaction mechanism (Wang et ai, 1994).

The sidechain and functional (Cys S"̂ , His sidechain and Asn 0^^) consensus 

tem plates have been calculated using the Cys 25-His 159-Asn 175 catalytic triad 

from the papain structure Ippp (Kim et aA, 1992) as a seed tem plate; the results 

are shown in Table 5.4. All triads in the dataset are conserved in structure with 

the maximum rm s  distance for the sidechain tem plate being 0.86Â. Figure 5.4 

is a 3D representation of the catalytic triads from the 3 cysteine proteinases. 

The catalytic triad conformations are very similar and they, like the Ser-His-Glu 

catalytic triad from acetylcholinesterase and lipase, must have evolved from a 

common ancestor. However, the conformation of the Nu:-His-ELEC atoms with 

respect to the His sidechain is opposite to classes 1, 2 and 3; the Cys nucleophile 

is interacting with the His and the Asn 0*̂  ̂ with the of the His ring.
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PAPAIN 
CARICAIN 
ACTINIDIN

Figure 5.4: A 3D representation of the Cys-His-Asn catalytic triads from the 
cysteine proteinases papain (Drenth et al., 1968), actinidin (Varughese, 1992) 
and caricain (Pickersgill et al., 1991). The triads are very similar reflecting the 
high sequential and structural similarities of the 3 proteinases.
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class 4: C ys—H is—A sn ca ta ly tic  triad

papæ n E .C .3.4.22.2

PDB code rm s  from functional rm s  from sidechain 
consensus template consensus template

laec 0.48 0.55
ledd 0.55 0.78
lpe6 0.28 0.37
Ipip 0.28 0.41
I pop &26 0.61
Ippd 0.46 0.68
lpp?i &32 0.37
Ippp 0.27 0.29
I s t f &39 0.38
Ipad 0.55 0.78
2pad 0.69 0.86
4pad 0.76 0.86
bpad 0.55 0.78
6pad 0.53 0.78
9pap 0.48 0.80

actin id in  E .C .3.4.22.14

PDB code rm s  from functional rms  from sidechain 
consensus template consensus template 

2act 0.54 0.85
laec 0.48 0.55

caricain E .C .3.4.22.30

PDB code rm s  from functional rm s  from sidechain 
consensus template consensus template 

Ippo 0.44 0.66

Table 5.4: The rm s  deviations from the functional and sidechain tem plates for 
the dataset of X-ray crystal structures for the thiol proteinases papain, actinidin 
and caricain.
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5.5 Com parison o f th e  4 N u : —H is—E L E C  cata lytic  

triads

The class 1 catalytic triads have had their sidechain and functional triads com­

pared extensively in chapter 3. In summary, we found tha t though the sidechain 

tem plates varied extensively among the different protein folds of this class, the 

functional templates (Ser 0 ”̂, His sidechain. Asp 0^^) adopted the same con­

formation. This suggests tha t convergent evolution has drawn the nucleophilic 

Ser into a position that enables it to interact catalytically with the His-Asp 

acid/base pair, forming the catalytic triad.

Figure 5.5 is a 3D representation of the sidechain tem plates from classes 1, 2 

and 3. The His sidechains have been superimposed enabling us to compare the 

relative position of the nucleophilic and electrostatic sidechains. Chymotrypsin 

lc7io (Fujinaga et a/., 1987) represents class 1; the sidechain tem plates of the 

subtilisin, serine-type carboxypeptidase and lipase have been left out for clarity. 

We have already noted that the catalytic triad of the cysteine proteinases is 

markedly different from classes 1, 2 and 3 so this has also been om itted. The 

diagram shows tha t the sidechains originate from different orientations across 

classes 1, 2 and 3. However, we can see tha t there is clustering of the functional 

atoms for each of these classes; the nucleophilic oxygens are all in proximity of 

the acid/base catalyst His and the electrostatic residues are in a hydrogen 

bonding position with the His This suggests tha t we can create a single

consensus tem plate that will enable us to describe the active sites of classes 1 , 2 

and 3 (the class 1-2-3 consensus tem plate).

Functional consensus tem plates were created for each of the classes 1, 2 and 3 

and were averaged to create the class 1-2-3 consensus tem plate whose coordinates 

are given in Table 5.5. The rm.s deviation of all the PDB structures in the class 1,
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Asp 
chymotrypsin 
haloalkane dehalogenase 
acetylcholinesterase

Giu

Figure 5.5: A comparison of the catalytic triads from chymotrypsin Icho ( Fuji­
naga ei ai^ 1987), haloalkane dehalogenase 2dlic (Verschueren et ai, 1993) and 
acetylcholinesterase lace (Sussman et at.  ̂ 1991). All the triads His residues have 
been superimposed allowing us to compare the relative conformations of the nu­
cleophilic and electrostatic sidechains.
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class 1 -2 -3  fu nctional
consensus tem p la te

Residue Res. Number Atom X y z
Ser/Asp 1 4.8 1.1 -0.0
Glu/Asp 2 O': /O :̂ -0.3 -3.5 0.2

H is tem p la te  residue

Residue Res. Number Atom X y z
His 3 -1.4 -0.1 -0.0
His 3 C7 0.0 0.0 0.0
His 3 N<5i 0.8 -1.1 0.0
His 3 0.8 1.1 0.0
His 3 C': 2.1 -0.7 -0.0
His 3 N^2 2.1 0.6 -0.0

Table 5.5: The coordinates of the functional consensus tem plate that describes the 
active sites of the serine proteinases, lipases, acetylcholinesterase and haloalkane 
dehalogenase enzymes.

2  and 3 datasets were measured against the class 1-2-3 tem plate. Figure 5.6 is a 

histogram of number of hits against rm s  deviation from the class 1-2-3 template. 

The m ajority of triads have an rm s  deviation between 0.3Â and 1.3Â, those triads 

above this value are the class 1 triads with inhibitors bound to their active sites.

The consensus tem plates derived for each of the 4 classes were measured 

against the class 1-2-3 template; the coordinates and î'ms values of these tem ­

plates are given in Table 5.6. Apart from class 4, the cysteine proteinases, the 

rm s  values are below 0 .6 Â, showing tha t the functional atoms are structurally 

conserved. This can be seen clearly in Figure 5.7 where the functional oxygen 

atoms cluster in positions tha t allow them  to interact with the His and His 

The cysteine proteinase thiol nucleophile and electrostatic oxygen are in 

completely different positions reflecting the different active site geometry for this 

enzyme.
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Figure 5.6: A histogram of number of hits against rm s  distance from the class 
1-2-3 tem plate for all the 95% non-identical PDB structures present in classes 
1, 2 and 3.
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class 1: S e r -H is-A sp  
functional consensus tem p la te

rm s  from class 1-2-3 template 0.59Â
Residue Res. Number Atom X y  z

Ser 194 Q 1 4.9 0.8 -0.3
Asp 91 QÔ2 0.4 -3.7 0.1

class 2: S er-H is -G lu
fu nctional consensus tem p la te

rms from class 1-2-3 template 0.59Â
Residue Res. Number Atom X y z

Ser 200 5.0 1.3 0.3
Glu 327 Q e , -0.9 3.2 0.4

class 3: A sp -H is -A sp
functional consensus tem p la te

rms from class 1-2-3 template 0.24Â
Residue Res. Number Atom X y z

Asp 124 0̂ 1 4.5 1.1 -0.1
Asp 260 0̂ 2 -0.3 -3.7 0.1

class 4: C ys—H is—A sn
fu nctional consensus tem p la te

rms from class 1-2-3 template 7.20Â
Residue Res. Number Atom X y z

Cys 25 0.5 -4.0 2.1
Asp 260 0̂ 2 4.4 2.3 0.5

H is tem p la te  residue

Residue Res. Number Atom X y z
His 3 -1.4 -0.1 -0.0
His 3 C 'y 0.0 0.0 0.0
His 3 N -5 i 0.8 -1.1 0.0
His 3 0.8 1.1 0.0
His 3 2.1 -0.7 -0.0
His 3 N«2 2.1 0.6 -0.0

Table 5.6: The consensus templates for each of the 4 classes. Each tem plate is 
superimposed onto the same His tem plate residue. Their r^ms distances from the 
class 1-2-3 tem plate is also given.
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Gp 4 elec

Gp 1 Nu:

Gp 2 Nu:

Gp 3 Nu:

Gp 4 
Nu:

NÔ1

Gp 2 elec

Gp 3 elec

Gp 1 elec

Figure 5.7: A 3D representation of the mean position of the functional atoms 
with respect to the His sidechain for classes 1 to 4.
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5.5.1  class 1—2—3 tem p la te  search  th rou gh  th e  pdb

It is interesting to see if the arrangement of the atoms in the class 1-2-3 consensus 

tem plate, in terms of the functional oxygens surrounding the His sidechain, occurs 

elsewhere in the PDB. We searched through a dataset of representative protein 

structures in the January 1995 PDB which contains some of the structures from 

classes 1 , 2 and 3, the others having been excluded on the basis of having greater 

than 95% sequence identity. A triad located in the non-homologous dataset is 

considered as interesting if its rm s  deviation is less than 2.0Â from the Group 1-  

2-3 consensus tem plate and there is an Asp or Ser sidechain atom in the position 

equivalent to Nu:, the nucleophilic group and an Asp or Glu sidechain atom in 

the position equivalent ELEC, the electrostatic group.

Figure 5.8 shows that there are some proteins which are not members of classes 

1, 2 and 3 but which have the characteristics of a Nu:-His-ELEC triad. There 

were 2 triads found with a potential Ser-His-Asp catalytic triad; cyclophilin 

2cp/, immunoglobulin 2ig2. These triads have already been discussed in detail 

in Chapter 3. There are no triads located in the PDB with a Ser-His-Glu triad 

(class 2) other than the acetylcholinesterase and lipase PDB structures. Table 5.7 

is a list of PDB structures, in order of their rm s  distances, with the A sp-His- 

Asp triad that are not members of the class 3 PDB dataset but fit the criteria 

mentioned above; these triads are discussed in detail in the following sections.

5.5.2  n itrogen ase m olybd en u m —iron p rotein  E .C .1.18.6.1 

PDB cod e Imin  - rms  d istan ce  0.42Â

This enzyme is part of the nitrogenase enzyme system which provides the bio­

chemical machinery for nitrogen fixation and is essential for m aintaining the nitro­

gen cycle on Earth. The nitrogenase enzyme system consists of two metallopro-
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Figure 5.8: Histogram of num ber of hits against rm s  deviation when the 95% by 
sequence non-identical PDB dataset was searched using the class 1-2-3 consensus 
tem plate. There are some triads th a t are not members of the enzyme datasets of 
classes 1, 2 or 3 but fit the criteria necessary to be a potential catalytic triad.
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class 3: A sp—H is-A sp  ca ta ly tic  triad

nitrogenase molybdenum-iron protein r m s  0.42

Residue Res. Number Atom Chain X y z PDB code
Asp 160 0 ^ 3 D 5.0 1.4 -0.1 1mm
Asp 116 0 ^ 3 D -0.5 -3.4 0.6 1mm
His 90 Sidechain D - - Imni

pyruvate oxidase E.C. 1.2.3.3 rm s  0.58

Residue Res. Number Atom Chain X y z PDB code
Asp 69 0<5i B 4.7 1.8 -0.4 Ipox
Asp 27 B -0.4 -3.6 0.4 Ipox
His 28 Sidechain B - - Ipox

macromycin rms 1.08

Residue Res. Number Atom Chain X y z PDB code
Asp 100 0 ^ 3 5.8 1.9 -0.6 2mcm
Asp 53 0^1 0.2 -3.5 -0.3 2mcm
His 32 Sidechain - - 2 m cm

protein R2 of ribonucleotide reductase E.C. 1.17.4.1 rm s  1.37

Residue Res. Number Atom Chain X y z PDB code
Asp 237 0 ^ 3 A 4.3 2.1 -0.2 lrz6
Asp 84 0<5i A -1.4 -4.8 0.7 I rib
His 118 Sidechain A - - Irib

superoxide dismutase E.C.1.15.1.1 r m s  1.51

Residue Res. Number Atom Chain X y z PDB code
Asp 124 0 ^ 1 D 4.1 2.1 -0.8 Isos
Asp 83 0 ^ 1 D 1.6 -3.7 0.8 Isos
His 71 Sidechain D - - Isos

D-glyceraldehyde-3-phosphate dehydrogenase E.C.1.2.1.12 rms 1.72

Residue Res. Number Atom Chain X y z PDB code
Asp 312 0 ^ 3 0 6.2 1.8 -1.0 igd l
Asp 47 0<5i 0 -1.3 -4.7 0.3 Igdl
His 50 Sidechain 0 - - Igdl

Table 5.7: List of the potential catalytic triads found when the P D B  was searched 
with the class 1-2-3 catalytic triad template.
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teins, the molybdenum iron (MoFe) protein and the iron Fe-protein. Metabolic 

redox reactions pass electrons to the Fe-protein which in turn transfers them to 

the MoFe-protein in a process tha t is coupled to the hydrolysis of M g-ATP. The 

M oFe-protein from Azotohacter vinelandii is a 0 .2 / (d-2 tetram er and the X-ray 

structure has been determined to 2.7Â resolution (Jongsun et ai, 1992). Both 

the a  and /? subunits have a general doubly wound a//3  like fold and the MoFe 

cofactor is found in the a  subunit. There is another cofactor, the P-cluster pair, 

which is located 10Â from the MoFe on the two fold axis tha t relates the a -  and 

f3- subunits. It is thought to transfer electrons between the Fe-protein 4Fe;4S 

cluster and the MoFe cofactor. The precise catalytic mechanism is unknown, but 

the N '2 substrate is proposed to bind directly to the MoFe cofactor. The MoFe 

cofactor has homocitrate bound and is surrounded by water molecules, it may be 

a source of protons for the formation of the NH3 product.

A close up of the triad with the MoFe and P-cluster cofactors is shown in 

Figure 5.9. The Asp 160-His 90-Asp 116 triad and the P-cluster are located 

within about 8 Â of each other, the triad has not been mentioned or implicated 

in the reaction course and whether it is involved in proton or electron transfer is 

unknown. Closer inspection reveals that the Asp 116 is in fact accessible to the 

surface of the protein, indicating it could have access to solvent or ligands.

The sequence of the M oFe-protein has been checked against the SWISS-PROT 

(Bairoch & Boeckmann, 1994; March 1995 release) database using the auto­

matic sequence alignment program BLAST (Altschul et ai, 1990). There were 

several M oFe-protein sequences extracted from the database, .Table 5.8 shows 

the residues found at the positions equivalent to the Asp 116, His 90 and Asp 

160 residues in the MoFe protein structure. The sequences are all derived from 

nitrogen fixing bacteria, though the sequence identity with 1mm is as low as 25%. 

The His residue is conserved in all but one case and there are several instances
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Asp 116P-cluster

citrate

Mo-Fe cofactor

Figure 5.9: A view of the positional relationship of the P-cluster, the Asp-His-Asp 
triad and the MoFe cofactor associated with the nitrogenase enzyme (Jongsun et 
a/., 1992).
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S w i s s - P r o t
en try

A s p  160 0*2 -  N"2 His 90  N * i -  A s p  116 0*2 s e q u e n c e
id e n t i t y

N I P K - A Z O V I D H D 94
N I F K - K L E P N D H D 63
N I F K - F R A S P D H D 59
N I F K - A N A S P D Q 3 50
N I F K - B R A J A D H 3 71
N I F K - T H I F E D H 3 51
N I F K - B R A 3 P D H 3 55
N I F K - A Z O B R D H 3 45
N I F K - C L O P A D H S 35

A N F K - R H O C A D H 3 31
N I F N - B R A J A D H T 38
A N F K - A Z O V I D H 3 32
N I F N - K L E P N D H T 30
N I F K - F R A S P D H D 56
V N F K - A Z O V I D H 3 28

V N F K - A Z O C H D H T 26
N I F N - R H I M E D H T 28
N I F N - R H O C A D H T 25
N I F N - A Z O V I D H T 26

Table 5.8: Results of a BLAST search on the D-chain of nitrogenase I analysing 
the conservation of Asp 160-His 90-Asp 116 triad from Imzn.

of Ser and Thr in the position of Asp 116. The Asp at position 160 is conserved 

in all cases.

This presents a possible region for further investigation and may give further 

insight into the M oFe-proteins catalytic mechanism.

5.5.3 pyruvate oxidase E .C .1.2.3.3 

PDB code Ipox - rms  distance 0.58Â

Lactic acid bacteria grow readily on surfaces exposed to air. During fermentation 

they degrade carbohydrates, yielding lactic acid. Since they lack cytochromes, 

they cannot produce ATP in a respiratory pathway so they convert lactic acid to 

acetate and ATP. Pyruvate oxidase is an enzyme involved in catalysing this reac­

tion; its X-ray crystal structure has been solved from Lactobacillus plantarum  

to 2.1Â resolution by Muller et a i  (1994). It is a hom otetram er and a 3D rep­

resentation of a monomer is shown is Figure 5.10. The Asp-His-Asp triad is on 

the opposite side of the monomer when compared to the thiam ine pyrophosphate
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TRIAD

Figure 5.10: A 3D representation of a monomer of the enzyme pyruvate oxidase, 
Ipo.r (Muller ef ai, 1994). The positions of the Asp-His-Asp triad and the 
cofactor thiamine pyrophosphate (TPP) are also shown.
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(t p p ) cofactor and would be on the outside of the protein in the tetrameric state.

A BLAST search of the SWISS-PROT database (March 1995 release) reveals 

tha t pyruvate oxidase has a typical thiamine pyrophosphate-binding sequence 

signature. Two SWISS-PROT (March 1995 release) identification codes are given 

for pyruvate oxidase: POXB-ECOLI (E. coli) and POXB-LACPL {Lactobacillus 

plantaru77i). Inspection of these sequences reveals tha t the POXB-ECOLI has 

Lys, Arg and Glu in the positions of Asp 27, His 28 and Asp 69 of the POXB- 

LACPL sequence respectively suggesting tha t the triad  identified in Ipox is not 

functionally im portant.

5.5.4 macromomycin

PDB code 2mcrn - rrns distance 1.08Â

Macromomycin is the apoprotein of the antitum our antibiotic auromomycin 

which is a member of a large group of Streptomyces  antibiotics including neo- 

carzinostatin and actinoxanthin. Macromomycin carries and protects a nonpro­

tein chromophore, which is the cytotoxic and mutagenic component of auro­

momycin. The nonprotein chromophore binds to and causes single and double 

strand breaks in DNA. The crystal structure of macromomycin has been deter­

mined to 1 .6 Â by Van Roey & Beer man (1989). Figure 5.11 shows tha t the overall 

structure of macromomycin is a seven-stranded /5-barrel and two antiparallel /5- 

slieet ribbons. The barrel and ribbons define a deep cleft which is occupied by 

two 2-m ethyl-2,4-pentanediols in the crystal structure and two chromophores in  

vivo. The Asp-His-Asp triad (red bonds) is shown on the surface of the molecule, 

away from the two chromophore binding sites.

A sequence search through the SWISS-PROT database (March 1995 release) 

reveals tha t there is only one macromomycin sequence present, however the se-
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2 - m e th y  I - 2 , 4 - p e n ta n e d  i ol

&

A s p - H i s - A s p
triad

P igure 5.11: A 31) representation of the macromomycin apoprotein which has 
a seven-stranded /^-barrel and two antiparallel /3-sheet ribbons (Van Roey & 
Beerman, 1989). The positions of the Asp-His-Asp triad (red bonds) is also 
shown. The 2-methyl-2,4-pentanediol ligands in the crystal structure are the 
binding sites of chromophores tn vivo.
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quences of the related antibiotics (neocarzinostatin and actinoxanthin) are also 

available for comparison, neocarzinostatin has Ser, Asp and Ala at the positions 

equivalent to Asp 53, His 32 and Asp 100 in macromomycin, while actinoxanthin 

has Ser, Tyr and Ser. If the Asp-His-Asp triad in macromomycin does have a 

functional role, it is not shared by other members of this antibiotic family.

5.5.5 protein R2 of ribonucleotide reductase E .C .1.17.4.1  

PDB code Irih - rms  distance 1.37Â

This enzyme catalyses the production of deoxyribonucleotides by reduction of 

ribonucleotides. It is a m ulti-subunit enzyme of type a 2 /(d‘2 and constituted of 

homodimeric proteins denoted Rl and r 2. The larger a-i protein Rl has the 

binding site for substrate and allosteric effectors, whereas the smaller ^ 2  subunit 

has a dinuclear ferric centre and a stable tyrosyl radical for enzymatic activity. 

The X-ray structure of the r 2 subunit from E, coli has been solved to 2.2Â by 

Nordlund & Ekland (1993).

The iron centre is, in concert with molecular oxygen, responsible for oxidation 

of Tyr 122 into a stable free-radical which is necessary for enzymatic activity. Fig­

ure 5.12 is a close up of the Asp-His-Asp triad (green bonds) with the iron-center 

(red bonds) and Tyr 122 (yellow bonds). Tyr 122 is clearly within interacting 

distance of the iron centre and it appears that the iron has displaced Asp 84 

and is interacting electrostatically with His 118 this explains the high rm s  

distance of 1.37Â. The His 118-Asp 237 and Asp 84 are acting as ligands, binding 

the iron centre so it can perform its catalytic role. Indeed, the Asp 237 increases 

the ligand strength of the His 118. A search through the SWISS-PROT sequence 

database (March 1995 release) using the sequence from \rih  reveals tha t this 

triad  is conserved across all species, from E. coli {e.g. RIR2_EC0LI) to humans
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His 118 Asp 237

Tyr 122

Asp 84

Figure 5.12: A view of the Asp 84-His 118-Asp 237 triad (green bonds) located in 
riboniiclease reductase (Nordlund & Ekland, 1993). The iron center (red bonds) 
oxidises Tyr 122 (yellow bonds) which is essential for catalytic activity of the 
enzyme.
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(RIR2_HUMAN).

Christianson & Alexander (1990) first noted the similarity in the His-Asp 

diad of the serine proteinases and the diad tha t ligates Zn in carboxypeptidase, 

thermolysin and carbonic anhydrase. They have also noted tha t the His-Asp 

diad of the serine proteinases can selectively bind transition metals, including 

zinc. They therefore suggest a new catalytic triad of type A sp-His-m etal; an 

example of this is the Asp 237-His 118-Fe of ribonuclease reductase. Therefore, 

although this is not a catalytic Asp-His-Asp triad of the type found in haloalkane 

dehalogenase, it does have an im portant functional role.

5.5.6 superoxide dism utase E .C .1.15.1.1 

PDB code 16 05 - rrns distance 1.51Â

Superoxide is a by-product of aerobic metabolism and is produced in various 

reactions including oxidative phosphorylation and photosynthesis. Superoxide 

dismutase is responsible for catalysing the reduction of superoxide to oxygen and 

hydrogen peroxide. This enzyme can be thought of as a safeguard against oxygen 

toxicity and therefore tissue damage. The X-ray structure has been solved from 

human to 2.5Â resolution (Parge et ai, 1992); it has two bound metals, a zinc 

and a copper.

The Asp 124-His 71-Asp 83 triad located in the structure is illustrated in 

Figure 5.13, with the triad residues shaded in red. The Asp 124-His 71 forms a 

diad in a similar manner to the His-Asp acid/base diad of the serine proteinases, 

except that the His hydrogen bonded to the Asp, rather than the

In this case. Asp 124 increases the ligand strength of His 71, enabling stronger 

binding of the catalytic Zn. The Zn 155 metal is in the ideal hydrogen bonding 

position relative to the His 71 this is the position occupied by the Asp 0^^
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Asp 124
His 71

Asp 83Zn 15

His 63 His 80

Figure 5.13; A 3D representation of the Asp 124-His 71-Asp 83 triad found in 
superoxide dismutase (Parge et 1992). The triad residues are shaded in red.
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in the catalytic Asp-His-Asp triad of haloalkane dehalogenase and explains the 

relatively high 7'ms distance of 1.51Â. When the Isos sequence is parsed against 

the SWISS-PROT database (March 1995 release), it is found tha t the Asp-His-Asp 

triad is conserved in all species present.

This structural and sequence information shows tha t the Asp-His-Asp triad 

found in this enzyme has a similar ligand binding function to the triad located 

in ribonuclease reductase and tha t noted by Christianson & Alexander (1990).

5.5.7 D—glycera lyd eh yd e—3—p h osp h ate  deh ydrogen ase  

E .C .1.2.1.12

PDB code Igdl  - rms  distance 1.72Â

D-glyceralydehyde-3-phosphate dehydrogenase catalyses the oxidative phos­

phorylation of glyceraldehyde-3-phosphate to 1,3-biphosphoglycerate, yielding 

NADH in the process. The enzyme is part of the glycolytic pathway whereby 

glucose is metabolised to pyruvate and its X-ray structure has been determined 

to 3.0Â resolution, PDB code Igdl (Buehner et a/., 1974). It is a tetram er, with 

each subunit having two domains; a coenzyme binding domain which has the 

same a/l3  Rossmann- fold of the nucleotide binding domains of lactate dehy­

drogenase, m alate dehydrogenase and liver alcohol dehydrogenase. There is also 

the substrate binding domain which has an a  (3 fold. These domains can be 

seen in Figure 5.14, also shown is the NADH molecule, the Asp-His-Asp triad 

(red bonds) and two catalytic residues, Cys 149 and His 176 (black bonds). The 

Asp-His-Asp triad lies between the two domains; the Asp 47 and His 50 occur 

in the nucleotide binding domain whereas Asp 312 lies in the binding domain.

Table 5.9 lists the results of a BLAST search of the Igdl sequence against the 

SWISS-PROT database (March 1995 release). There are various sequences from
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substrate binding 
domain

NADH binding 
domain

NADH

Asp-His-Asp
triad

Figure 5.14: A 3D representation of the Asp 47-His 50 Asp 312 triad (red bonds) 
located in glyceraldehyde-3-phospliate dehydrogenase (Buehner et ai, 1974). 
Also shown are the two catalytic residues of Cys 149 and His 176 (black bonds) 
and the N A D H  coenzvme.
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S w i s s - P r o t A sp  47  0 * 2 -  N ' 2  His  50  N * i -  A sp  31 2  0 * 1
en try

G 3 P - B A C S U D H D
G 3 P - B A C M E D H D
G 3 P - T H E M A D H D
G 3 P 2 -A N A V A D L D
G 3 P - T H E A Q D Y D

G 3 P B - P E A D L D
G 3 P B - T O B A C D L D
G 3 P B - A R A T H D L D
G 3 P B - 3 P I O L D L D
G 3 P - C O R G L D M D
G 3 P 1 - E C O L I D H D

G 3 P A - C H O C R D L D
G 3 P C - T R Y B B D H D
G 3 P C - L E I M E D H D
G 3 P - Z Y M M O D H D
G 3 P 1 -A N A V A D H D
G 3 P - K L U L A D H D

G 3 P 3 -A N A V A D H D
G 3 P - E M E N I D H D

G 3 P C - P I N S Y D H D

Table 5.9: Results of a BLAST search on the O-chain of glyceraldehyde-3- 
phosphate dehydrogenase to see if the D-H-D catalytic triad from Igdl (Buehner 
et a/., 1974) is conserved.

different species yet they all have a sequence identity of over 60%. The Asp 

residues of the triad are conserved, yet the His is replaced by a Met, Tyr or the 

hydrophobic residue Leu.

5.6 T he S er-H is pair

In Chapter 3 we saw that the Ser 0^  nucleophilic group of the catalytic triad is 

not in a position to form an ideal hydrogen bond with the His the Ser O'^’s 

role is to cleave a peptide bond, not to induce structural stability in the protein.

W ith this in mind, it would be interesting to see if the Ser 0^ s distribu­

tion around the His differs in catalytic and ordinary Ser-His interactions. To 

investigate this, the consensus Ser 0^-H is-A sp 0^ tem plate, without the Asp 0^ 

atom, was parsed against the representative 95% by sequence non-identical PDB 

dataset. Figure 5.15 shows the distribution of Ser 0^ atoms for non-catalytic 

(red) and catalytic (blue) atoms relative to the His sidechain. The catalytic 

atoms cluster in a non-ideal hydrogen bonding position whereas there is a cluster
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catalytic Ser Oy atoms 
non-catalytic Ser Oy atoms

Figure 5.15: A 3D diagram showing the distribution of catalytic (blue) and non- 
catalytic (red) Ser 0^ atoms with respect to the His sidechain found in the 95% 
by sequence non-identical protein dataset.
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of non-catalytic atoms in a position to form a strong hydrogen bond with the His 

There are however other non-catalytic Ser 0^  atoms in non-ideal hydrogen 

bonding positions. This shows tha t, though the catalytic Ser 0^  is in a distinct 

position with respect to the His sidechain, other factors determine whether it 

is catalytic. These include: the accessibility to ligands, the orientation of the 

Ser sidechain and the presence of an electrostatic group, such as the Asp in the 

His-Asp pair.

5.7 C onclusion

Having studied all the enzym es in the PDB with the catalytic residues of type Nu:- 

His-ELEC, it is striking how conserved in structure these triads are. Though the  

residue types of the Nu: and ELEC groups can vary according to enzym e type we 

find that the positions of the functional atom s in the triads are conserved. W ith  

the exception of the cysteine proteinases, one tem plate is able to define the active  

site of all the serine proteinases, acetylcholinesterase and haloalkane dehalogenase. 

This suggests that convergent evolution has drawn the functional atom s into 

optim al catalytic positions. In addition, these triads are confined to the active  

sites of enzym es though we did find several exam ples of other unidentified Nu:- 

His-ELEC triads which may have biological relevance. This indicates that as the 

num ber of protein structures deposited in the PDB increases other com m on 3D 

tem plates, functional in more than one enzym e type, will occur.
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Chapter 6

Catalytic residues and ligand 

binding sites

6.1 Introduction

In chapter 5 we saw that one 3D consensus tem plate is able to describe the ac­

tive site of the serine-proteinases, lipases and the a//^-hydrolase enzymes. This 

indicates that a common geometry can occur in the catalytic residues of enzymes 

of diverse function and fold. The tem plate consisted of just the catalytic Nu: 

atom, ELEC atom and the His sidechain; it did not take into account the relative 

orientation of the Nu: and ELEC sidechains with respect to the His for the differ­

ent enzymes in the group. In fact, as Figure 6.1 shows, these sidechain groups 

originate from different orientations.

We now wish to see if the orientation of the catalytic sidechain residues of 

these enzymes is determined by the relative position of the ligands. Actually, 

we would only expect the orientation of the Nu: sidechain to be influenced as it 

needs to be in the ideal geometry to interact directly with the substrate.

199
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trypsin-like fold 
proteinases

subtilisin-like fold 
proteinases

Nu;

serine-type
carboxypeptidase

Nu:

lipase

haloalkane
dehalogenase

f »
Nu:

acetylcholinesterase

Figure 6 .1 ; A 31) representation of the catalytic triads of the serine-proteinases, 
lipases and o//3-hydrolase fold enzymes.
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6.1.1 Identification of ligands bound in active site

For a given protein structure, we identified the ligands bound to the active site 

as this will give us a good indication of the position of the ligand binding site. 

This is a far from straightforward process, but it is possible because we know the 

location of the active site in our protein structures from the consensus templates. 

For this study, we defined a ligand atom by two criteria: firstly, it was within 15Â 

of the catalytic residues and secondly, it was not part of the same polypeptide 

chain as any of the catalytic residues.

The ligands located for each of the enzymes are summarised in Table 6.1. 

Analysis of the Ser-His-Asp catalytic triad in chapter 3 indicated tha t those 

triad ’s with an I'rns deviation greater than 1.4Â from the Nu:-His-ELEC consensus 

tem plate had non-native inhibitors bound to their active site tha t perturbed the 

catalytic triads geometry. Conversely, those triads with an n n s  less than 1.4Â 

have either peptide inhibitors or are the apo-form of the enzyme. For this reason 

we have divided the ligands according to whether the catalytic triad they are 

associated with in the protein structure has an rrns greater to or less than 1.4Â 

from the mean Nu:-His-ELEC consensus template.

6.1.2 M ethod to compare ligand binding site conforma­

tion

In chapters 3 and 5 we saw that for each of the serine-proteinase, lipase and 

a/f.1 hydrolase fold enzymes, a si dechain consensus tem plate {e.g. for the serine 

proteinases, Ser C", Ser C^, Ser 0^ , Asp C^, Asp C^, Asp Asp 0^^ and 

the His sidechain) was constructed that could identify every sidechain Nu:-His- 

ELEC catalytic triad of each enzyme group member. We now wish to compare 

the ligand orientations around the sidechain triads of each of these enzymes.
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Group Number Ligands Ligands
PDB chains < 1.4Â >  1.4Â

trypsin-like fold proteinases 167 117 22

subtilisin-like fold proteinases 35 15 6

serine type carboxypeptidase 7 2 0

lipases 13 2 0

a//?-hydrolase enzyme: haloalkane dehalogenase 9 7 0

a//?-hydrolase enzyme: acetylcholinesterase 7 4 0

Table 6.1: A summary of the number of ligands found in the dataset of serine- 
proteinases, lipases and «//^-hydrolase fold enzymes. The ligands are divided 
according to those whose sidechain catalytic triads are greater or less than 1.4Â 
from the Nu:-His-ELEC consensus template.

Taking each enzyme group in turn, every member had its catalytic Ser-His- 

Asp sidechains transformed onto that group’s sidechain Ser-His-Asp consensus 

tem plate using the TESS program described in chapter 4. In addition, the trans­

formation m atrix was applied to the ligand (if any) for that structure. This 

means tha t the catalytic triad for every member of tha t enzyme group will be 

superimposed and will allow us to compare the relative orientation of the ligands.

6.1.3 Comparing the ligand binding sites 

T he try p sin -lik e  fold proteinases

This is the largest group with 167 peptide chains. Figure 6.2 is a 3D representa­

tion of the distribution of inhibitors around the Ser-His-Asp sidechain consensus 

tem plate. The position of the inhibitors is represented by contours generated 

by the program SURFNET (Laskowski, 1995); these are the positions where the
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Figure 6.2: A 3D representation showing the distribution of ligands around the 
Ser-His-Asp consensus template for the trypsin-like proteinases. The grid-like 
contours in blue represent the ligands from those structures whose triads are more 
than 1.4À from the consensus template whereas the solid contours are ligands 
from triads whose rma deviation is less than 1.4A from the consensus template
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inhibitor atoms cluster around the catalytic triad. The grid-like contours are 

the position of the inhibitors for structures whose Nu:-His-ELEC triads are above 

1.4Â rrns distance whereas the solid contours are less than this value. Clearly, 

the low rrns contours cluster in a tight position directly above the nuoleophilic 

Ser 0^ , whereas high rnns inhibitors are dispersed in a large volume around the 

Ser-His-Asp triad.

T h e su b tilis in -lik e  fold proteinases

Table 6.1 shows tha t this group has 35 ligands with triads less than the 1.4Â 

deviation cut-off; this should give us a good indication of the position of the 

ligand binding site. Figure 6.3 shows the relative position of the inhibitors for 

this group of proteinases. The ligand binding sites lie directly above the Ser 

sidechain and suggests that the sidechain of the nucleophilic Ser is orientated so 

its 0 ^ atom is in close proximity to the scissile peptide bond of the substrate. 

Note also that these ligands are in approximately the same position as those for 

the trypsin-like proteinases.

T he ser in e -ty p e  carb oxypep tid ase

The serine-type carboxypeptidase group has only 2 ligands both of which are 

non-protein benzylsuccinate from Iwhs  and Iwht  (Liao et a i,  1992). This type 

of inhibitor does not appear to affect the conformation of the Ser-His-Asp triad 

as they are only 0.68Â and 0.80Â respectively from the Nu:-His-ELEC consensus 

tem plate. This is reflected in the inhibitor contours in Figure 6.4; though not 

directly above the Ser 0^  electrostatic group, they are in its vicinity.
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Figure 6.3: A 3D representation of the position of the inhibitors relative to the 
sidechain consensus templates for the subtilisin-like proteinases. The inhibitors 
were extracted from structures whose triads had an rfiis less than 1.4À from the 
Nu:-His-ELEC consensus template.
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Serine type 
carboxypeptidase

lipase

Figure 6.4: A 3D representation of the position of the inhibitors relative to the 
sidechain consensus templates of serine-type carboxypeptidase and lipase.
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Lipase

There are only two lipase structures complexed with inhibitors: llpa  and llpb 

both with an 11-carbon alkyl phosphonate (Van Tilbergh et aL, 1993). This 

inhibitor does not alter the conformation of the catalytic triad in the structure 

as it is only 0.53Â and 0.83Â respectively from the Nu:-His-ELEC consensus 

tem plate. Figure 6.4 shows it binds in the vicinity of the nucleophilic Ser sidechain 

and is in a good position to interact with the Ser 0^ atom.

T he a /^ -h y d r o la se  fold enzym es

There are two members of the «//^-hydrolase fold family: acetylcholinesterase 

with a Ser-His-Glu catalytic triad and haloalkane dehalogenase with an Asp- 

His-Asp triad (chapter 5). Figure 6.1 shows that the nucleophilic Asp and Ser 

sidechains are pointing in different directions when compared to the trypsin-like 

fold catalytic Ser. We would therefore expect the ligand binding sites to be in 

different positions also.

For haloalkane dehalogenase, 7 of the 9 structures have inhibitors bound to 

them; of these, 2dhd and 2dhc (Verschueren et ai, 1993) are structures with the 

substrate, dichloroethane, and the acyl-enzyme interm ediate bound to the active 

site. The other 5 structures have either Cl or I atoms as ligands.

Figure 6.5 clearly shows the contours representing the ligands sitting directly 

below the nucleophilic Asp residue. In addition, they are placed below the plane 

of the His ring whereas the inhibitors of the serine-proteinases in Figure 6.2 and 

6.3 are above it.

There are 4 inhibitors present in the acetlylcholinesterase structures (Sussman 

et a/., 1991); Figure 6.5 shows them  to be in close proximity to the Ser nucleophilic 

sidechain indicating the importance of the orientation of the nucleophilic sidechain 

with respect to the ligand binding site.
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acetylcholinesterase

haloalkane 
dehalogenase

Figure 6.5: A 3D representation of the of the position of the inhibitors relative 
to the sidechain consensus templates for haloalkane dehalogenase and acetyl­
cholinesterase (Sussman et al.  ̂ 1991).
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6.1.4 Superposition of all ligand binding sites

Figure 6 .6  shows all ligand contours described above superimposed and it sum­

marises the heterogeneity in the conformation of these sites with respect to the 

catalytic triad. It is also worth noting tha t the binding site is orientated in such 

a way that neither the His nor ELEC group interacts directly with the ligand. 

Obviously, such an interaction would compromise the roles these residues have as 

the acid/base catalyst.

6.1.5 Conclusion

There is a clear relationship between the orientation of the Nu: sidechain of the 

catalytic triad and the ligand binding site; this group is always orientated so its 

nucleophilic atom is able to interact with the substrate. In addition, the ligand 

binding site is identifiable automatically with prior knowledge of the catalytic 

residues. Therefore, as the database of 3D enzyme active site tem plates increases, 

it will also be possible to produce a database of ligand binding sites automatically.
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trypsin-like fold 
subtilisin-like fold
s e r i n e - t y p e  c a r b o x y p e p t i d a s e  
lipase
acetylcholinesterase 
haloalkane dehalogenase

Nu

Figure 6 .6 : A 3D representation of the distribution of the ligands from the serine 
proteinases, lipases and o//:^-hydrolase fold enzymes with respect to the Asp and 
His sidechain and the Nu: atom.
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Chapter 7

The role of His in m etal binding

sites

7.1 In troduction

Metals are ubiquitous in all organisms and have a diverse range of functions. 

These include metabolic regulation, nerve transmission, muscle contraction and 

cell motility, cell division, growth, secretion and membrane permeability.

One of the ways metals induce these physiological effects is to bind to pro­

teins. They can stabilise protein structure, for example Ca '̂*' has binding sites 

in both elastase (Li De La et a/., 1990) and trypsin (M arquart et a/., 1983). 

Secondly, metals can modulate protein action; calmodulin (Babu et a/, 1985) is 

Ca^"  ̂ m odulated in its biological interactions with other proteins. Thirdly, metals 

can be directly involved in the enzymatic activity of proteins, for example the 

m atrix metalloproteinases collagenase (Borkakoti et al., 1994), stromelysin and 

gelatinase (Murphy et aL, 1991; Docherty et ai, 1992) all have a bound zinc in 

the enzyme active site which is directly involved in catalysis.

W hen a m etal binds to a protein it ligates to several groups in the protein

2 1 2
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(JIassification Cation Ligand

Hard H+
Mg2+
Co^+

Li+
Ca^+

Na+
Mn^+

K+
Cr^+

H2O
co|-

OH- ROH 
RCOQ-

NH3

Soft Cu+
Pd2+

Ag+
Pt2+

Â U +

Cd2+
T1+
Hg+

RSH
H-

RS“ R2S 
I-

ON-

Borderline Zn^+
Fe^+
Pb2+

Cu^+
Co^+
Rh^+

Ni2+
Sn2+
I r 3 +

Fe2+
Pb2+
Ru^+

Pyridine RNH2 Imidazole

Table 7.1: The ’hard’ and ’soft’ classification of the Lewis acids and bases.

structure and acts as a Lewis acid, accepting a lone pair of electrons from the 

Lewis base amino acid atoms. The major metal binding amino acids in proteins 

(Gurd & Wilcox, 1956; Voet &: Voet, 1990) are carboxyl (aspartate and gluta­

m ate), imidiazole (histidine), indole (tryptophan), thiol (cysteine), thioester (me­

thionine) and hydroxyl (serine, threonine, and tyrosine). The number of atoms 

tha t are packed around the metal (the coordination number) is dependent on the 

size, charge and polarisability of the metal and ligand.

Some metals are polarisable, tha t is, when they are placed in an electric 

field, there tends to be charge separation. The amount of polarisability leads 

to the concept of soft and hard metals, these are summarised in Table 7.1. In 

general ’hard’ metals coordinate to ’hard’ ligands and vice versa. Most metals 

and ligands of biochemical interest are hard or borderline, the exception being 

thiols and hydride ions. Zinc is a metal of borderline hardness and accommodates 

nitrogen, oxygen and sulfur in its coordination polyhedra whereas divalent ions 

of calcium or magnesium are hard and in general only ligate to oxygen atoms 

in protein structures. Table 7.2 summarises the preferred complexes made by 

metals. Vallee & Auld (1990) have shown that catalytic zinc sites have a binding
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Property Na+,K+ Mg2+,Ca2+ Zn^+,Cd^+,Co^+ 
Cn^+,Fe^+,Mo^+

Complex formation 
Preferred ligand atom

Weak
0

Moderate
0

Strong 
N and S

Table 7.2: Complex formation properties of metals in biochemistry.

frequency of His > >  Glu > Asp =  Cys. Cys is a soft ligand; its outer orbital 

electrons are polarised toward the Zn m etal forming a partial 7r-bond, thereby 

reducing the polarisation and catalytic strength of the Zn metal. The His residue 

is the most suitable because it is a hard ligand and not easily polarisable; it may 

aid Zn in promoting the nucleophilicity of a bound solvent molecule.

The amino acid sidechains which ligate the zinc in metalloproteins are densely 

packed within the protein structure and often make hydrogen bond contacts with 

other residues. Argos et ai, 1978 pointed out that such interactions may both 

orientate and enhance the electrostatic force between the m etal ions and its lig­

ands. An example of this type of interaction is the m etal-histidine-carboxylate 

triad. This is found in the active sites of several enzymes. Figure 7.1 is a dia­

gram m atic representation of the two possible tautom eric forms of this triad. The 

conformations depend on which His nitrogen atom or N'^ )̂ interacts with the 

metal; in this chapter tautom er e is defined as His interacting with metal and 

tautom er ^ is a His -m etal interaction. The sidechains of Asp, Asn, Glu, or 

Gin hydrogen bonded to a His increases its pK^ by 2 units (Carver & Bradbury, 

1984) and therefore also its ligand strength; if a His makes a hydrogen bond with 

a carbonyl the ApK^ is about half as much (Perutz et a i,  1985). The histidine- 

carboxylate hydrogen bond also reduces the entropie barrier to the organisation 

of the metal binding site, since the hydrogen bond orientates the His into the
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m etal

V NÔ1
0 Ô1

Ne2
052

Asp

081

081

/

m etal

Figure 7.1: The two possible tautomeric forms of the rnetal-His-ELEC triad. The 
triad with green bonds is taken from the catalytic centre of therm olysin, I tm n  
(Monzingo & M atthews, 1984); here the His interacts with the Zn metal 
(tautom er e). The other triad in red bonds originates from Cu, Zn-superoxide 
dismutase 2sod (Tainer et ai,  1982) and here the Zn metal interacts with the 
(tautomer ^).
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proper conformation to interact with the metal (Argos et ai, 1978).

In chapter 5 we saw that the His-ELEC diad acts as an acid /base catalyst as 

part of the catalytic Nu:-His-ELEC catalytic triad. Similarly, the m eta l-h istid in e-  

carboxylate triads discussed above can be thought of as m etal-His-ELEC. Chris­

tianson & Alexander (1990) first noted the sim ilarity in the H is-A sp diad of the  

serine proteinases and the diad that ligates Zn in carboxypeptidase, therm olysin  

and carbonic anhydrase.

This chapter can be divided into two main sections. Firstly, all metals that 

interact with at least one His residue are extracted and classified. We find that 

all these interactions originate from functional regions of proteins.

Secondly, the types of electrostatic groups, ELEC, hydrogen bonded to the 

His residue are studied in term s of their structure and function. There are a 

number of factors that determ ine the geom etry of these triads but we find that 

they adopt an ’ideal’ conform ation in catalytic m etal binding sites. There are, 

however, exam ples where this is not the case: in the Fe:S catalytic centre of 

aconitase (E.C.4.2.1.1) a metal-His-ELEC triad has been located with non-ideal 

geometry.

Using the coordinates of the metal-His-ELEC consensus tem plate, it finds 

functional m etal binding sites autom atically; however, it is not possible to sepa­

rate non-cata ly tic  functional from catalytic triads.

7.2 M etal b inding sites in th e  PDB

Figure 7.2 is a flow diagram sum m arising how the m etal-His-ELEC triads were 

extracted from the PDB. The dataset used was all proteins in the PDB with m etal 

binding sites; these were extracted sim ply by searching for a m etal in every PDB 

structure. Tables 7.3 shows that we located 79 unique enzym es by E.G. number
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PDB structures

t
Extract all metals 

Enzymes ^Non-enzymesi
Identify all metal < 3.2A from a His NÔ1 or Ne2

♦
Non-homologous dataset of His-metal 

interactions

t
Identify all metal-His-ELEC triads

t
Analysis

Figure 7.2: The m ethod used to extract the m etal-His-ELEC triads from the PDB.

(Bielka et ai, 1992) though some of these enzymes are homologues e.g tryspin 

and chymotrypsin.

There also were 40 unique non-enzyme proteins found (Table 7.4); these were 

classified according to their name in the PDB, however, due to the inherent inac­

curacies in these files (Hooft et a i,  1996) some proteins of the same function may 

have a different name.

For each of the unique enzyme or proteins, the number of PDB structures 

and associated metals are listed. In addition, we calculated the number of these 

metals th a t are coordinated to a His; th a t is, if either of the His or atoms 

are within 3.3Â of the metal. We chose this cut-off based on the analysis of 

Einsphar & Bugg (1984); they found the m etal-ligand bond length depended on 

more than one factor and could be anywhere between 1.2 and 3.3Â.

For example. Table 7.3 indicates th a t there are 13 alcohol dehydrogenase
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E.C.1.1.1.1 structures in the PDB; in these structures there are a total of 2 coppers, 

both of which are liganded to a His, as well as 40 Zn metals, 19 of which have a 

His liganded to them.

The next procedure was to create a non-homologous dataset; this gives us 

only one unique example of each enzyme or non-enzym e protein with a m etal- 

His interaction. In total, 39 of the 79 unique enzymes and 23 of the 40 unique 

proteins have at least one m etal ligated to a His; Tables 7.5 and 7.6 summarise 

these matches. In fact, we extracted all m etal-ligand interactions at a given 

m etal-H is binding site as this helps us to classify them  in terms of function. For 

the non-enzyme proteins, a problem arose because these proteins were extracted 

from the PDB according to their name. After checking these man all y it was 

found tha t ’electron transport’ and ’oxygen transport proteins’ could represent 

more than one different protein. This factor was taken into account when the 

His-metal interactions were classified; there are two representatives of ’oxygen 

transport proteins’, the Fe hemoglobins/ myoglobins as well as Cu containing 

hemocyanin. ’Electron transport proteins’ was found to represent either the Fe 

containing cytochrome B and C or Cu containing amicyanin.

The 40 enzymes without a m etal-H is interaction are mostly non-catalytic 

structural metal sites. However there are catalytic sites such as the Câ "*" metal 

site in phospholipase A2 . In addition, some have arisen as a result of protein 

engineering experiments; for example, in the lysozyme structure 3//im (Inaka et 

ai, 1991) a Ca binding site has been introduced by m utation experiments.

There are a few unusual enzyme His-m etal interactions. Tissue kallikrein 

(tonin) F.C.3.4.21.35 (Fujinaga et a/., 1987) is a serine-proteinase with a Ser 

195-His 57-Asp 102 catalytic triad typical of this group of enzymes. In fact. 

Table 7.5 indicates that a Zn is ligated to the His 57 residue; it is thought that 

Zn inhibits this enzyme under physiological conditions and this is most prob-
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n a m e no.  P D B  
s t r u c t u r e s

AU GA C D GO GU F E HG LI MG M N N A NI ZN

Oxidoreductases E.C.l
A L C O H O L  D E H Y D R O G E N A S E  E . C .1 .1 .1 .1 13 2

2
19
4 0

L - I D I T O L  2 - D E H Y D R O G E N A S E  E . G . 1 .1 .1 .1 4 1 1
1

I S O C I T R A T E  D E H Y D R O G E N A S E  (NA D P-H )  E . G . 1 .1 .1 .4 2 4 0
2

0
2

L - L A C T A T E  D E H Y D R O G E N A S E  ( C Y T O C H R O M E )  E . G . 1 .1 .2 .3 2 2
2

G A L A C T O S E  O X I D A S E  E . G . 1 .1 .3 .9 3 2
2

0
8

A L C O H O L  D E H Y D R O G E N A S E  ( A C C E P T O R )  E . G . 1 .1 .9 9 .8 1 0
2

P Y R U V A T E  O X I D A S E  E . G . 1 .2 .3 .3 2 0
4

0
2

D E H Y D R O G E N A S E  E . G . 1 .4 .9 9 .3 2 3
8

1
1

D I H Y D R O F O L A T E  R E D U C T A S E  E . G . 1 .5 .1 .3 16 0
1 6

T R I M E T H Y L A M I N E  D E H Y D R O G E N A S E  E . G . 1 .5 .9 9 .7 1 0
8

N I T R I T E  R E D U C T A S E  E . G . 1 .7 .9 9 .3 1 6
0

L - A S C O R B A T E  O X I D A S E  E . G . 1 .1 0 .3 .3 4 36
3 0

C Y T O C H R O M E - C  P E R O X I D A S E  E . G . 1 .1 1 .1 .5 23 26
2 8

G A T A L A S E  E . G . 1 .11 .1 .6 2 0
8

P E R O X I D A S E  E . G . 1 .1 1 .1 .7 2 0
4

3
8

P R O T O  C A T E C H U  A T E  3 , 4 - D I O X Y G E N A S E  E . G . 1 .1 3 .1 1 .3 1 6
0

U N S P E C I F I C  M O N O O X Y G E N A S E  E . G . 1 .14 .1 4 .1 2 0
4

C A M P H O R  5 - M O N O O X Y G E N A S E  E . G . 1 .14 .15.1 18 0
1 8

S U P E R O X I D E  D I S M U T A S E  E . G . 1 .15.1 .1 15 2
2

31
81

10
1 0

6
0

29
2 9

R I B O N U G L E O S I D E - D I P H O S P H A T E  R E D U C T A S E  E . G . 1. 17 .4 .1 3 8
8

0
2 7

4
4

N I T R O G E N A S E  E . G . 1 .18.6 .1 1 0
4

0
2

Transferases E.C.2
A S P A R T A T E  G A R B A M O Y L T R A N S F E R A S E  E . G . 2 .1 .3 .2 20 0

8 9
T R A N S K E T O L A S E  E .G .2 .2 .1 .1 4 0

8
C H L O R A M P H E N I C O L  0 - A G E T Y L T R A N S F E R A 3 E  E . G . 2 .3 .1 .2 8 5 5

1 0
G Y G L O M A L T O D E X T R I N  G L U G A N O T R A N S F E R A S E  E .G .2 .4 .1 .1 9 2 2

4
L A C T O S E  S Y N T H A S E  E .G .2 . 4 .1 .2 2 1 0

1
A M I D O P H O S P H O R I B O S Y L T R A N S F E R A S E  E .G .2 .4 .2 .1 4 1 0

1 0
6 - P H O S P H O F R U G T O K I N A S E  E . G . 2 .7 .1 .1 1 2 0

0
P R O T E I N  K I N A S E  E .G .2 .7 .1 .3 7 1 0

2
P R O T E I N - N ( P I ) - P H O S P H O H I S T I D I N E - S U G A R  P H O  E .G .2 .7 .1 .6 9 2 0

1
0
1

1
1

P R O T E I N - T Y R O S I N E  K I N A S E  E . G . 2 .7 .1 .1 1 2 2 0
0

2
2

P H O S P H O G L Y G E R A T E  K I N A S E  E . G . 2 .7 .2 .3 2 0
2

N U G L E O S I D E - D I P H O S P H A T E  K I N A S E  E . G . 2 .7 .4 .6 3 0
4

D N A - D I R E G T E D  D N A  P O L Y M E R A S E  E . G . 2 .7 .7 .7 5 0
8

0
1

0
2

Hydrolases E C.3
T R I A G Y L G L Y G E R O L  L I P A S E  E . G . 3 . 1.1.3 4 0

8
P H O S P H O L I P A S E  A2  E .G .3 .1 .1 .4 10 0

1 8
A L K A L I N E  P H O S P H A T A S E  E . G . 3 .1 .3 .1 1 0

2
4
4

F R U G T O S E - B I S P H O S P H A T A S E  E .G .3 .1 .3 .11 7 0
0

0
0

0
0

D E O X Y R I B O N U C L E A S E  I E .G .3 .1 .2 1 .1 2 0
6
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n a m e no. P D B  
s t r u c t u r e s

AU GA GD GO GU F E HG LI M G M N NA NI ZN

R I B Û N U C L E A 3 E  H E .G .3 .1 .2 6 .4 1 0
1

R I B 0 N U C L E A 3 E  T 1  E .G .3 .1 .2 7 .3 16 0
1 8

0
1

0
1

P A N G R E A T I G  R I B O N U G L E A 3 E  E . G . 3 . 1 .2 7 .5 1 0
4

M I G R O G O G G A L  N U G L E A 3 E  E .G .3 .1 .3 1 .1 11 0
11

A L P H A - A M Y L A 3 E  E .G .3.2 .1 .1 5 3
9

0 L I G 0 - 1 , 6 - G L U G 0 3 I D A 3 E  E . G . 3 .2 . 1 .1 0 6 24
2 4

L Y 3 0 Z Y M E  E .G .3 .2 .1 .1 7 2 0
1

0
1

E X O - A L P H A - 3 I A L I D A S E  E .G .3 .2 .1 .1 8 16 0
2 2

L I G H E N I N A 3 E  E . G . 3 .2 .1 .7 3 4 0
4

G E L L U L 0 3 E  l , 4 - B E T A - G E L L O B I O S I D A 3 E  E . G . 3 .2 .1 .9 1 1 0
1

L E U G Y L  A M I N O P E P T I D A 3 E  E .G .3 .4 .1 1 .1 4 0
1

0
7

B A G T E R I A L  L E U G Y L  A M I N O P E P T I D A 3 E  E .G .3 . 4 .1 1 . 1 0 1 2
2

M E T H I O N Y L  A M I N O P E P T I D A 3 E  E .G .3 .4 .1 1 .1 8 1 1
2

D I P E P T I D Y L - P E P T I D A 3 E  I E .G .3 .4 .1 4 .1 1 0
7

G A R B O X Y P E P T I D A 3 E  A E .G .3.4 .1 7 .1 11 0
1 0

11
11

T R Y P 3 I N  E .G .3 .4 .2 1 .4 36 0
3 7

T H R O M B I N  E .G .3 .4 .2 1 .5 1 0
7

T I 3 3 U E  K A L L I K R E I N  E .G .3 .4 .2 1 .3 5 1 1
1

P A N G R E A T I G  E L A S T A 3 E  E .G .3 .4 .2 1 .3 6 14 0
1 3

3 U B T I L I 3 I N  E .G ,3 .4 .2 1 .6 2 21 3
4 1

0
2

E N D O P E P T I D A 3 E  K E . G . 3 .4 .2 1 .6 4 4 0
4

1
1

0
1

T H E R M I T A 3 E  E .G .3 .4 .2 1 .6 6 4 0
9

0
3

P R O T E I N  G ( A G T I V A T E D )  E .G .3 . 4 .2 1 .6 9 4 0
2

S T R E P T O G R I S I N  B E .G .3 .4 .2 1 .81 1 0
1

G A R I G A I N  E . G . 3 .4 .2 2 .3 0 1 1
1

R H I Z O P U 3 P E P 3 I N  E .G .3 .4 .2 3 .21 2 0
2

M E P R I N  A E .G .3 . 4 .2 4 .1 8 1 1
1

A 3 T A G I N  E . G . 3 .4 .2 4 .2 1 5 1
1

1
1

1
1

1
1

1
1

P 3 E U D O L Y 3 I N  E .G .3 . 4 .2 4 .2 6 1 0
1

1
1

T H E R M O L Y 3 I N  E .G .3 .4 .2 4 .2 7 14 0
6 6

13
1 3

A D A M A L Y 3 I N  E .G .3 .4 .2 4 .4 6 1 0
1

1
1

N - A G E T Y L M U R A M O Y L - L - A L A N I N E  A M I D A 3 E  E .G .3 . 5 .1 .2 8 1 1
1

A D E N 0 3 I N E  D E A M I N A 3 E  E . G . 3 .5 .4 .4 1 1
1

A D E N 0 3 I N E T R I P H 0 3 P H A T A 3 E  E .G .3 .6 .1 .3 7 0
1

0
6

Lyases E.C.4
R I B U L 0 3 E - B I 3 P H O S P H A T E  G A R B 0 X Y L A 3 E  E .G .4 . 1 .1 .3 9 5 2

1 0
2 , 2 - D I A L K Y L G L Y G I N E  D E G A R B O X Y L A 3 E  ( P Y R U V A  E . G . 4 .1 .1 .6 4 3 0

1
0
4

G A R B O N A T E  D E H Y D R A T A S E  E . G . 4 .2 .1 .1 62 0
4

3
3

1
2

3
3 0

1
1

0
1

1
1

54
5 6

A G O N I T A T E  H Y D R A T A S E  E .G .4 .2 .1 .3 7 0
2 7

P H O S P H O P Y R U V A T E  H Y D R A T A S E  E .G .4 .2 .1 .1 1 6 0
1

0
2

0
2

0
2

D N A - ( A P U R I N I G  O R  A P Y R I M I D I N I G  S I T E )  LYAS E .G .4 .2 .9 9 .1 8 1 0
4
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n a m e no. P D B  
s t r u c t u r e s

A U GA GD GO GU F E HG LI M G M N N A NI ZN

Isomerases E.G.5
M A N D E L A T E  R A C E M A S E  E . G . 5 .1 .2 .2 3 0

2
0
1

X Y L O S E  I S O M E R A S E  E .G .5 .3 .1 .5 46 16
3 2

24
7 0

25
6 6

2
4

M U G O N A T E  G Y G L O I S G M E R A S E  E . G . 5 .5 .1 .1 1 0
1

G H L O R O M U G O N A T E  G Y G L O I S G M E R A S E  E . G . 5 . 5 .1 .7 1 0
2

Ligases E.G.6

M E T H I O N I N E - T R N A  L I G A S E  E .G .6 .1 .1 .1 0 2 0
2

G L U T A M A T E - A M M O N I A  L I G A S E  E . G . 6 .3 .1 .2 2 2
4

Table 7.3: List of all the enzymes in the January 1995 release of the PDB which 
have bound metals. For each enzyme, the number of PDB structures are given. 
For each m etal type there are two numbers in each box, the bottom  number is the 
total number of metals in the PDB structures for tha t enzyme. The top number 
is the number of these metals liganded to a His.

ably its mechanism of inhibition. The serine-proteinase endopeptidase K and 

the cysteine-proteinase caricain have the heavy metal Hg ligated to their active 

sites. These are the result of heavy-m etal derivative experiments during the 

detem ination of the X-ray structure of these proteins. Methylamine dehydroge­

nase Irnda (Chen et al̂  1992), E.G .1.4.99.3 has a Cu, however, this enzyme is 

complexed with amicyanin which is a Cu-containg electron transport protein. 

Two enzymes, cv-amylase (M atsura et ai, 1984) and cyclomaltodextrin glucan- 

otransferase E.C.2.4.1.19 (Klein & Schulz, 1991) have Ca bound to the surface of 

their structures; both these metals are thought to stabilise their bound protein’s 

structure. These are unusual because Ca is a hard m etal and prefers to ligate 

to oxygen atoms; in fact, the Ca-His distances in these enzymes are 2.34Â and 

2.37Â respectively which are quite long for these types of ligand-m et al bonds.
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n a m e no. P D B  
s t r u c t u r e s

AU CA C D CO C U F E HG LI M G M N NA NI ZN

A D H E S I O N  P R O T E I N 1 0
8

A I D S - R E L A T E D  V I R U S  G A G  P O L Y P R O T E I N 1 1
1

A M Y L O I D  P R O T E I N 1 0
1 0

A P O P R O T E I N 1 0
1

B I N D I N G  P R O T E I N 8 0
1 4

1
7

0
8

0
1

C A L C I U M / P H O S P H O L I P I D  B I N D I N G 36 2
1 4 0

0
2

0
8

0
8

C A R B O X Y L I C  E S T E R  H Y D R O L A S E 2 0
4

C E L L U L A R  L I P O P H I L I C  T R A N S P O R T  P R O T E I N 1 0
2

C H A P E R O N E  P R O T E I N 2 0
2

C O N T R A C T I L E  S Y S T E M  P R O T E I N S 4 0
1 0

D N A - B I N D I N G  R E G U L A T O R Y  P R O T E I N 3 2
2

2
4

E L E C T R O N  T R A N S P O R T 105 0
1

4
4

24
2 8

67
2 8 7

1
1

E L O N G A T I O N  F A C T O R 2 0
2

E X C I T A T I O N  E N E R G Y  T R A N S F E R 1 5
7

F I N G E R  D N A  B I N D I N G  D O M A I N 3 3
8

G A L A C T O S E - B I N D I N G  P R O T E I N 3 0
8

G E N E - R E G U L A T I N G  P R O T E I N 2 0
2

G L U C O C O R T I C O I D  R E C E P T O R 3 0
8

H O R M O N E 13 0
4

19
1 9

H Y D R O L A S E  I N H I B I T O R ( S E R I N E  P R O T E I N A S E ) 5 2
1 2

I M M U N O G L O B U L I N 2 0
1

0
1

I N T E G R A L  M E M B R A N E  P R O T E I N  P O R I N 1 0
8

L E C T I N (  A G G L U T I N I N ) 25 0
5 8

1
2

43
4 4

1
1

M E T A L L O T H I O N E I N 7 0
2 0

0
1

0
2

M U S C L E  P R O T E I N 2 0
4

N U C L E O C A P S I D  P R O T E I N 4 6
6

O N C O G E N E  P R O T E I N 18 0
2 1

O X Y G E N  T R A N S P O R T 138 2
2

16
1 6

243
2 4 5

0
1

2
2

P A N C R E A T I C  H O R M O N E 14 0
1

P E R I P L A S M I C  B I N D I N G  P R O T E I N 2 0
2

P H E R O M O N E - B I N D I N G 1 1
4

P H O T O S Y N T H E T I C  R E A C T I O N  C E N T E R 5 9
0

18
1 9

P L A T E L E T  F A C T O R 1 0
1

P R O T E I N  (V I R A L ) 4 0
1 8

4
4

1
2

S I G N A L  T R A N S D U C T I O N  P R O T E I N 3 0
8

S T O R A G E 3 0
2

0
2

1
2

4
4

T O X I N 1 0
8

T R A N S C R I P T I O N  R E G U L A T I O N 8 0
2

4
7

T R A N S F E R R I N 1 2
2

T R A N S P O R T 7 4
4

3
4

0
1

Table 7.4: List of all the non-enzyme proteins in the January 1995 release of the 
P D B  which have bound metals. For each enzyme, the number of P D B  structures 
are given. For each metal type there are two numbers in each box, the bottom  
number is the total number of metals in the P D B  structures for tha t unique 
protein. The top number is the number of these metals liganded to a His.
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P D B
code

m etal in teracting  residues

Oxidoreductases E.C.l

2oxi

I s d g

I fc b

Ig o f

la fn  
1 afn

l a r p

2 p c d

l id s

1 a b m

1 rub 
1 rib

ZN ZN A 1

ZN ZN 375

F E  H E M  A 56 0

C U  C U  7 00

C U  C U  A 0

C U  C U  A 501  
C U  C U  A 5 02

C U  C U  A 701  
C U 2  C 2 0  A 7 02  
C U 3  C 2 0  A 7 02  
C U 4  C I O  A 7 03  

C U  C U  8 12

F E  H E M  1

F E  H E M  3 45

F E  F E  M 600

CU  C U  A 152  
ZN ZN 2 62

F E  F E  A 200

M N  A 199

F B I  F E D  401  
F E 2  F E O  401

N ‘ 2 HIS A 67

S^ C Y S  46

N ‘ 2 HIS A 43

OH T V R  272

N * l  HIS A 53

N**! HIS A 95 
N ‘ 2 HIS A 100

N * l  HIS A 445  
N ‘ 2 HIS A 106 
N ^ i  HIS A 62 
N ' 2  HIS A 60  

N ‘ 2 HIS A 286

N ‘ 2 HIS 175

N ' 2  HIS 184

OH T V R  M 408

N * l  HIS O 44 
N ‘ 2 HIS 94

N ‘ 2 HIS A 28

N ' 2  HIS A 26

O i l  A S P  A 84 
0 ‘ l G LU A 115

A L C O H O L  D E H Y D R O G E N A S E  E . C . 1 .1 . 1 .1  
S'>' C Y S  A 174

L - I D I T O L  2 - D E H Y D R O G E N A S E  B . C . 1 .1 .1 .14  
N ' 2  HIS 67  0 ' 2  g l u  174 C l  S O R  3 76

L - L A C T A T E  D E H Y D R O G E N A S E  ( C Y T O C H R O M E )  B . C . 1 .1 .2 .3  
N ‘ 2 HIS A 66

G A L A C T O S E  O X I D A S E  B . C . 1 .1 .3 .9  
OH  T Y R  495 N"2 HIS  49 6 N ‘ 2 HIS 581

D E H Y D R O G E N A S E  B . C . 1 .4 .9 9 .3  
ST C Y S  A 92  N ^ l  HIS A 95  s '  M E T  A 98

N I T R I T E  R E D U C T A S E  B . C . 1 .7 .9 9 .3  
ST C Y S  A 136 N ^ l  HIS A 145  s '  M E T  A 150
N ‘ 2 HIS A 135 O H O H  A 503 N ‘ 2 HIS B 306

L - A S C O R B A T E  O X I D A S E  B . C . 1 .1 0 .3 .3

C A C Y  703

ST C Y S  A 5 07  
N ‘ 2 HIS A 450  
N ‘ 2 HIS A 104 
N ‘ 2 HIS A 448  
N ‘ 2 HIS B 286

HIS A 512  
HIS A 50 6  
HIS A 50 8

S '  M E T  A 51 7

O H O H  605
C Y T O C H R O M E - C  P E R O X I D A S E  B . C . 1 .1 1 .1 .5  

O H O H  313
P E R O X I D A S E  E . C . l . 11 .1 .7

Û H O H  415
P R O T O C A T E C H U A T E  3 .4 - D I O X Y G E N A S E  B . C . 1 .1 3 .1 1 .3  

OH  T Y R  M 44 7  N ' 2  HIS M 460 N ‘ 2 HIS M 4 6 2  O H O H  M 801
C u , Z n - S U P E R O X I D E  D I S M U T A S E  B . C . 1 .15 .1 .1  

N ‘ 2 HIS O 46  HIS O 61 N*^2 HIS O 118  O H O H  191
N ‘ 2 HIS 96  N * i  HIS 119 O H O H  263

F  E - S U P E R O X I D E  D I S M U T A S E  B . C . 1 .15 .1 .1  
N ' 2  HIS A 76 0 ^ 2  A S P  A 160 N ‘ 2 HIS A 164 O H O H  1001

M N - S U P E R O X I D E  D I S M U T A S E  B . C . 1.15 .1 .1  
N ‘ 2 HIS A 74 0 ^ 2  A S P  A 159 N ‘ 2 HIS A 163 O H O H  A 200
R I B O N U C L E O S I D E - D I P H O S P H A T E  R E D U C T A S E  B . C . 1. 17 .4 .1

O H O H  M 827

G ' 2  A S P  A 84 
0 ‘ 2 g l u  a  115

G L U  A 115 
G L U  A 204

N"*! HIS A 118  
0 ‘ 2 g l u  a  23 8

O H O H  522  
N ^ l  HIS A 241

O H O H  749  
O H O H  522

Lyases E.C.2

I c g t

Iglc

6ins

CO CO  22 2

C A  CA  6 85

ZN ZN 4

ZN ZN 1 
ZN ZN 2

C H L O R A M P H E N I C O L  0 - A C E T Y L T R A N S F E R A S E  B . C . 2 . 3 .1 .2 8  
0 ‘ i G L U  23 0 ' 2  g l u  23 N" î HIS 27

C Y C L O M A L T O D E X T R I N  G L U C A N O T R A N S F E R A S E  E .C . 2 .4 . 1 .1 9  
O i l  A S N  139 O ILE 190 O i i  A S P  199 0 ^ 2  A S P  199 O HIS 23 3  O H O H  738

P R O T E I N - N ( P I ) - P H O S P H O H I S T I D  IN E - S U G A R  P H O S P H A T A S E  E . G . 2 .7 .1 .6 9  
N ‘ 2 HIS F 75 N ' 2  HIS F 90 O ' l  G L U  G 4 78  0 ' 2  G L U  G 4 78  O H O H  1

P R O T E I N - T Y R O S I N E  K I N A S E  B . C . 2 .7 .1 .1 1 2  
N"2 HIS F  lOD O H O H  119
N ‘ 2 HIS E lOB O H O H  1

Hydrolases E C.3

l a lk
la lk

I c d g

I m a t

Icbx

Ip tk  

I p p o  

1 i a f  

l i a b

I n p c  

l i a g  

1 Iba 

ladd

ZN ZN A 4 50  
ZN ZN A 451

C A  C A  6 92

CU  C U  A 2 00

ZN ZN 501 
ZN ZN 5 02

C O  CO 401

ZN ZN 309

ZN ZN 200

C A  C A  403

HG HG 73

HG HG 2 1 7

ZN ZN 999

CO CO  999

ZN ZN 300

ZN ZN 323

ZN ZN 999

ZN ZN 151

ZN ZN 400

O i l  A S P  A 327  
O i l  A S P  A 51

O i l  a s n  139

O GLY A 45

O i l  A S P  117 
N ‘ 2 HIS 97

0 ^ 2  A S P  108

N '* l  HIS 69

N ' 2  HIS 57

O A L A  37

O i l  A S P  39

ST C Y S  25

N ‘ 2 HIS 92

N ‘ 2 HIS 92

N ‘ 2 HIS 140

N ‘ 2 HIS 143

N ‘ 2 HIS 142

N ^ l  HIS 17

N ‘ 2 HIS 15

0 '2
0 ^ 2

A L K A L I N E  P H O S P H A T A S E  B . C . 3 .1 .3 .1  
A S P  A 3 2 7  N ‘ 2 HIS A 331 N^2 HIS A 4 1 2  P P 0 4  A 453
A S P  A 51 O G  S E R  A 102 O i i  A S P  A 369

A L P H A - A M Y L A S E  B . C . 3 .2 .1 .1  
O ILE 190 O i l  A S P  199 0 * 2  A S P  199  O HIS 2 33

O L I G O - l , 6 - G L U C O S I D A S E  B . C . 3 .2 .1 .1 0  
N * i  HIS A 46 ST C Y S  A 112 N * i  HIS A 117  S* M E T  A 121

B A C T E R I A L  L E U C Y L  A M I N O P E P T I D A S E  E . C . 3 . 4 . 11.10  
0 * 2  A S P  117  O ' l  G L U  152 0 ' 2  G L U  152  N ' 2  HIS 256
O i l  A S P  117 O i l  A S P  179 0 * 2  A S P  179 O H O H  934

M E T H I O N Y L  A M I N O P E P T I D A S E  E . C . 3 . 4 . 11 .18  
N ' 2  HIS  171 O ' l  G L U  204 0 ' 2  G L U  204  0 ‘ 2 G L U  23 5

C A R B O X Y P E P T I D A S E  A E . C . 3 . 4 . 17.1 
0 ‘ l G L U  72  0 ' 2  g l u  72  N * l  HIS 196 C l  BZS 500

T I S S U E  K A L L I K R E I N  E C . 3 .4 .2 1 .3 5  
N*^2 HIS 97  N ' 2  HIS 99

S U B T I L I S I N  B . C . 3 . 4 .2 1 .6 2  
O HIS 39  O L E U  42

E N D O P E P T I D A S E  K B . C . 3 .4 .2 1 .6 4  
0 * 2  A S P  39 O HIS 69 N * l  HIS 69 ST C Y S  73

C A R I C A I N  B . C . 3 .4 .2 2 .3 0  
N*1 HIS 159 O H O H  229

M E P R I N  A B . C . 3 .4 .2 4 .1 8  
N ‘ 2 HIS 96 N ‘ 2 HIS 102 OH T Y R  149  O H O H  300

A S T A C I N  E C . 3 .4 .2 4 .2 1  
N"2 HIS 96 N"2 HIS 102 OH T Y R  149  O H O H  300

P 3 E U D O L Y S I N  E . C . 3 . 4 . 2 4 .26  
N ‘ 2 HIS 144 0 ^ 1  G L U  164 0 ' 2  G L U  164 O H O H  14

T H E R M O L Y S I N  B . C . 3 .4 .2 4 .2 7  
N ' 2  HIS 147 0 ‘ 1 G L U  167 0 ‘ 2 G L U  167  O H O H  326

A D A M A L Y S I N  B . C . 3 . 4 .2 4 .4 6  
N ' 2  HIS 146 N ‘ 2 HIS 152 O H O H  30 0

N - A C E T Y L M U R A M O Y L - L - A L A N I N B  A M I D A S E  B . C . 3 . 5 .1 .2 8  
N * l  HIS 122 ST C Y S  130 O H O H  199

A D E N O S I N E  D E A M I N A S E  B . C . 3 .5 .4 .4  
N ' 2  HIS  17 N"=2 H IS 214  O i i  A S P  2 95  O H O H  461

0 * 2  A S P  A 3 69  N ' 2  HIS A 370

O H O H  24

O H O H  935  
O H O H  935
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P D B
code

m etal in teracting  residues

Lyases E.C.4

Ic a h

M G  M G  A 491 

CO CO  262

R I B U L 0 3 E - B I 3 P H O S P H A T E  C A R B O X Y L A 3 E  E . C . 4 . 1.1 .3 9  
0<5j A 3 P  A 2 03  0 ‘ 1 G L U  A 204 N ' 2  HIS A 294 CZ C B X  A 201  C 2  C A P  A 49 0  

C A R B O N A T E  D E H Y D R A T A S E  E . C .4 .2 .1 .1  
N ‘ 2 HIS 94 N'^2 HIS 96  N ^ i  HIS  119 C B C T  50 0  O H O H  263

Isomerases E C.5

I x im C O  CO A 396
X Y L O S E  I S O M E R A S E  E . C . 5 .3 . 1 .5  

0 * 2  g l u  a  2 1 7  N*2  HIS A 22 0  06% A S P  A 2 65  0 * 2  A S P  A 2 55  O d ,  A S P  A 2 57

Ligases E.C.6

llgr M N  M N  470
G L U T A M A T E - A M M O N I A  L I G A S E  E . G . 6 .3 .1 .2  

0 * 1  G L U  129 0 * 2  G L U  129 N * i  HIS 2 69  0 * 1  G L U  3 5 7  0 * 2  G L U  357

Table 7.5: A list of all the enzyme structures in the January 1995 release of the 
PDB which have a m etal ligated by one or more His residues.

7.3 T he structure o f m eta l-H is  in teractions in  

th e  P D B

In this section, the structure of the m etal-H is interactions found in the non- 

homologous dataset (Tables 7.5 and 7.6) are analysed. In fact, it was mentioned 

in the introduction that a third element, the ELEC group, is often found hydrogen 

bonded to His, forming the metal-His-ELEC triad as shown in Figure 7.1.

We now investigate the types of metal-His-ELEC triads found in these metal 

binding sites. In order to extract all the metal-His-ELEC triads, the TESS program 

was run, firstly using the tautom er c seed triad  from tonin Iton  (Asp 102 0^^, His 

57 sidechain, Zn 200) (Fujinaga & James, 1987) and then the tautom er 6 triad 

from superoxide dismutase I5 0 5  (Asp 122 0^^, Zn 155, His 69 sidechain) (Parge 

et al., 1992), both with a distance cut-off of 3.0Â. In both cases we searched 

for any m etal atom at the coordinate position of the seed metals and any non­

carbon amino acid atom at the position of the seed tem plates’ ELEC atom; the
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P D B m etal in teracting  residues
code

A I D S - R E L A T E D  V I R U S  G A G  P O L Y P R O T E I N
2 z n f ZN ZN 19 ST C Y S  3 ST C Y S  6 N ‘ 2 HIS 11 ST C Y S  16 

B I N D I N G  P R O T E I N
Ihsl C D  C D  756 N'^l HIS  A 129 O H O H  261 O H O H  263

C A L C I U M - B I N D I N G  P R O T E I N
Ic lm C A  C A  152 0<5i A S P  129 0(5,  A S P  131 0(5] A S P  133 0  HIS 135 0 ‘ l  G L U  140 0 ‘ 2 G L U 140

C O M P L E X  ( T R A N S C R I P T I O N  R E G U L A T I O N / D N  A)
2d rp ZN ZN A 171 ST CYS A 113 ST C Y S  A 116 N ‘ 2 HIS A 129 N ‘ 2 HIS  A  134
2d rp ZN ZN A 172 ST C Y S  A 143 ST C Y S  A 146 N ‘ 2 HIS A 159 N ‘ 2 HIS A 164 

D N A - B I N D I N G  P R O T E I N
I c m c M G  M G  A 106 N ‘ 2 HIS A 14 0 ‘ 2 G L U  A 19 O T Y R  A 104 O X T  T Y R  A 104
1 bbo ZN ZN 60 ST C Y S  4 ST C Y S  7 N ‘ 2 HIS 20  N ‘ 2 HIS  24
I b b o ZN ZN 61 ST C Y S  32 ST C Y S  35 N ‘ 2 HIS  48  N ‘ 2 HIS  54 .

E L E C T R O N  T R A N S P O R T  P R O T E I N  ( A M I C Y A N I N )
C D  C D  188 N D l  HIS  B 75 0  H O H  1 O H O H  15

l a a z C D  C D  189 N E 2  HIS B 12 O H O H  16 O H O H  17 0  H O H  18
1 a,a,n C U  C U  200 N ^ l  HIS 53 ST C Y S  92 N * i  HIS 95 S^ M E T  98

E L E C T R O N  T R A N S P O R T  P R O T E I N  ( C Y T O C H R O M E  C)
Ib b h F E  H E M  A 132 N ' 2  HIS A 125

E X C I T A T I O N  E N E R G Y  T R A N S F E R
3bcl M G  B C D  1 N E 2  HIS 105
3 b c i M G  B C L  3 N E 2  HIS 290
3 b c l M G  B C L  4 N E 2  HIS 282
3 b c l M G  B C L  6 N E 2  HIS 140
3bcl M G  B C L  7 N D l  HIS 289

F I N G E R  D N A  B I N D I N G  D O M A I N
3 z n f ZN ZN  31 ST C Y S  5 ST C Y S  8 N ‘ 2 HIS 21 N ‘ 2 HIS 27  

H O R M O N E
1 izb ZN ZN 101 N ' 2  HIS B 10 O HOH 64
1 izb ZN ZN 102 N ‘ 2 HIS D 10

L E C T I N
C D  C D  1 0 ‘ 2 G L U  A 8 0 ' 2  A S P  A 10 0(5] A S P  A 19 N ‘ 2 HIS A 24 0  H O H  2 0 HOH 3
CO  CO  1 0 ‘ 2 g l u  8 0 ‘*2 A S P  10 0(5] A S P  19 N ‘ 2 HIS 24 0  H O H  11 o H OH 12

5 c n a M N  M N A 239 0 ‘ 2 g l u  a  8 0 ^ 2  A S P  A 10 0(5] A S P  A 19 N ‘ 2 HIS A 24 O H OH  5 o HOH 6
I lec M N  M N  250 0 ' 2  g l u  129 o ' 2  A S P  131 0(5] A S P  140 N ‘ 2 HIS 145 O H O H  305 o HOH 332
U c r NI NI  1 0 ‘ 2 g l u  8 0 ^ 2  A S P  10 0(5] A S P  19 N ‘ 2 HIS  24 O H O H  15 

N U C L E O C A P S I D  P R O T E I N
o H OH 16

l a a f ZN ZN 56 ST C Y S  15 ST C Y S  18 N ‘ 2 HIS 23  ST C Y S  28
l a a f ZN ZN 57 ST C Y S  36 ST C Y S  39 N ‘ 2 HIS 44 ST C Y S  49

O X Y G E N  T R A N S P O R T  ( C O P P E R )
Icoh CO  C O H  B 1 Ic o b N E 2  HIS B 92
Icoh C O  C O H  D  1 Ic o b N E 2  HIS D 92
I h c l C U  C U  665 N ‘ 2 HIS 194 N ‘ 2 HIS 198 N ‘ 2 HIS 224
I h c l C U  C U  666 N ‘ 2 HIS 344 N ‘ 2 HIS 348 N ‘ 2 HIS 384

O X Y G E N  T R A N S P O R T  (F E )
1 ba b F E  H E M  A 143 N ‘ 2 HIS A 88
1 nib NI H N I  A 1 Inib N E 2  HIS A 87
1 nib NI H N I  C 1 1 nib N E 2  HIS C 87

P H E R O M O N E - B I N D I N G
I m u p C D  C D  201 N ‘ 2 HIS 108 0 ‘ i G L N  119 N ‘ 2 G L N  119 N"*! HIS 145

P H O T O S Y N T H E T I C  R E A C T I O N  C E N T E R
1 prc F E  F E  607 N E 2  HIS L 190 N E 2  HIS L 230 N E 2  HIS M 2 17  O E l  G L U  M 2 3 2  0 E 2  G L U  M  232 N E 2 HIS M 264
1 prc F E  H E M  609 S D  M E T  C 74 N E 2  HIS C 91
I prc F E  H E M  610 S D  M E T  C 110 N E 2  HIS C 136
Iprc F E  H E M  611 S D  M E T  C 233 N E 2  HIS C 248
1 prc F E  H E M  612 N E 2  HIS C 124 N E 2  HIS C 309
1 prc M G  B C L  601 N ‘ 2 HIS M 180
Iprc M G  B C L  602 N ‘ 2 HIS  L 173 C B B  B C L  603
Iprc M G  B C L  603 N ‘ 2 HIS M 200
1 prc M G  B C L  604 N ‘ 2 HIS L 153

P R O T E I N  O F  E L E C T R O N  T R A N S P O R T
2cd V F E  H E M  1 N ‘ 2 HIS 70 N ‘ 2 HIS 106
2 c d v F E  H E M  2 N ‘ 2 HIS 35 N ‘ 2 HIS 52
2 c d v F E  H E M  3 N ‘ 2 HIS 22 N ‘ 2 HIS 34
2cd  V F E  H E M  4 N ‘ 2 HIS 25 N ‘ 2 HIS 83

S T O R A G E  A N D  E L E C T R O N  T R A N S P O R T
I fb a F E  F E  200 Û ‘ l G L U  27 0 ‘ i G L U  62 0 ‘ 2 G L U  62 N * i  HIS 65 O H O H  12 O H OH 13
1 b c f M N  M N  A 600 0 ‘ 2 G L U  A 51 0 ‘ i G L U  A 94 0 ‘ 2 G L U  A 94 0 ‘ i G L U  A 127  N ^ i  HIS A 130
1 b c f M N  M N  A 601 0 ‘ l G L U  A 18 0 ‘2 G L U  A 18 0 ‘ i G L U  A 51 N ^ i  HIS A 54 0 ‘ 2 G L U  A 127 

T R A N S C R I P T I O N  R E G U L A T I O N
l a rd ZN ZN 1 ST C Y S  106 N C Y S  109 ST C Y S  109 N ‘ 2 HIS 122 N ‘ 2 HIS 126 

T R A N S F E R R I N
l i f g F E  F E  693 0<5i A S P  60 OH T Y R  92 OH T Y R  192 N ‘ 2 HIS 25 3 C C 0 3  69 5
l i f g F E  F E  694 0<5i A S P  395 OH T Y R  435 OH T Y R  52 8  N ‘ 2 HIS 5 9 7  C C 0 3  696

V I R U S
l l c f ZN ZN 70 ST C Y S  24 N * l  HIS 26 ST C Y S  43 ST C Y S  46

Table 7.6: A non-homologous list of all the non-enzyme protein structures in the 
January 1995 release of the PDB which have a m etal ligated by one or more His. 
In several instances there are more than one PDB code for each protein group. 
This occurs because the proteins were classified according to name and sometimes 
this refers to more than one protein by function.
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Atom X y z

metal-His 0.4 -3.1 0.2
ELEC 0.8 -3.9 0.3

metal-His 3.8 1.8 0.1
ELEC 4.1 2.4 0.2

His -1.5 -0.1 -0.0
His 0.0 0.0 0.0
His 0.8 -1.1 0.0
His 0.8 1.1 0.0
His C': 2.1 -0.7 -0.0
His 2.1 0.6 -0.0

Table 7.7: Coordinates of the two m etal-His-ELEC conform ations with respect 
to the His sidechain residue.

coordinates of the resultant consensus tem plates are given in Table 7.7. Table 

7.8 shows the number and type of E L E C  groups located for each of the metals in 

the dataset. In general, there is a predominance of carbonyl groups; this is not 

surprising considering that there is one per amino acid in the protein. Asp, Asn, 

Gin and Glu are also common E L E C  groups; in the introduction we saw that these 

groups are thought to faciliate the activation of active site metals.

Figure 7.3 is a diagram m atic representation of the distribution of the m etal 

and ELEC groups around the His for both tautom ers S and e. The atom s are 

widely distributed indicating that there is stuctural distortion in the m eta l-H is-  

ELEC triads. This distortion m ay be more com m on in a particular m etal type. To 

check this we measured the distance of all m etals for both triad tautom er S and e 

from the relevant sidechain N atom; Figure 7.4 shows the results. There is a clear 

peak around 2.2Â and it is comprised of more than one m etal type, indicating  

that the structural heterogeneity of the m etal-His-ELEC triad does not depend  

on the m etal type.

Similarly, Figure 7.5 is a histogram of the number of hits against distance of
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Tautomer 8

metal

metal Tautomer Ô

ELEC

Figure 7.3: A diagram showing the distribution of the metal and E L E C  atoms 
around the His sidechain for both tautomer S and t.
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Figure 7.4: A histogram of the number of hits against distance of the m etal from
the sidechain N atom  for both tautom ers S  and e.



chapter 7: The role o f His in m etal binding sites 229
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Figure 7.5: A histogram of the num ber of hits against distance of the m etal from
the sidechain N atom  for both tautom ers S and e.
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M e t a l ELEC g r o u p

ARG ASN ASP CYS GLN GLU HIS LYS MET SER THR TYR m a in c h a in

c a r b o n y l

n o  ELEC 

g r o u p

CA 2
CD 3
CO 1 1 1 1 1 8
CU 3 5 1 8 4 2 1 2 26
FE 3 1 1 1 20 5
HG 1 1 1 4
MG 6
MN 1 3 1 1 1 1 5
NI 1 1 1 6
ZN 2 6 1 1 1 18 15

Table 7.8: The type of ELEC group associated with each m etal as part of the 
metal-His-ELEC triad,

the ELEC group from the sidechain N atom  for both tautom ers S and e. Again, 

there is a peak of atom s around 1.8Â distance and all ELEC types occupy this 

position.

7 . 4  T h e  s t r u c t u r a l  h e t e r o g e n e i t y  o f  t h e  m e t a l -  

H is - E L E C  t r i a d

The previous sections have shown that the structure of the metal-His-ELEC triad 

is not uniform. In this section the reasons for this heterogeneity will be discussed 

with reference to specific examples taken from both tautom ers 6 and e of the 

metal-His-ELEC triad.
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7.4.1 Zn-H is interactions 

C arbonic anhydrase E C .4 .2 .1 .1  

- a m eta l center w ith  op tim al g eom etry

Most of the carbon dioxide produced during respiration requires transport out 

of the cell. Carbonic anhydrase hydrates CO2 to  carbonate, H C O |“ . It is one 

of the most eflBcient biological catalysts known and its ra te  reaches the lim it of 

diffusion control. The crystal structure of this enzyme has been solved to 2.0Â  

by Eriksson et al. (1986). Im portant active site residues include Thr 199, Thr 20, 

Glu 106, His 64, Trp 209, Val 143, the Zn ion (liganded to His 94, His 96 and His 

119) and the zinc bound hydroxide ion. The hydration of CO2 occurs through 

chemically independent steps. The first step involves association of the substrate 

with enzyme and the chemical conversion of substrate into product. This involves 

Zn polarising its bound 0H ~ which then nucleophilically attacks CO2 , producing 

Zn bound HCO3 . Prior to the reaction, CO2 is thought to lie close to Trp 209 

and Val 143. Thr 109 and Glu 106 are involved in a hydrogen bonding network 

tha t facilitates proton transfer away from the active site; His 64 is thought to 

act as a proton buffer to the surface of the protein. The second step involves 

product dissociation and regeneration of the catalytically active nucleophile zinc 

hydroxide.

There are two m etal-His-ELEC residues that have a sidechain ELEC group, 

a tautom er e Zn 261-N^^ His 94 N^^-Gln 92 0^  ̂ and tautom er S Zn 261-N^^ 

His 119 N^^-Glu 117 0^^. A schem atic view  of the active site is shown in Figure 

7.6. These two triads are different tautom eric forms but both have conform ations 

near to the ideal and are 0.53Â and 0.57Â respectively from the m ean consensus 

tem plate. The third His 94 ligand has a m ainchain ELEC group and this also 

adopts the ideal triad conform ation.
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Asn 244 O

Thr 220

T h r 199

His 96

His 94
Glu 106

Glu 117

Gin 92
His 119

Trp 209

Val 143

Figure 7.6: A scheinatic view of the active site of carbonic anhydrase (Eriksson 
et al., 1986), showing the main catalytic residues and the zinc coordinated to 3 
His residues.
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T he m eta llop rotein ases E C .3 .4 .21.x

Table 7.5 indicates tha t there are several metalloproteinases in the PDB that 

have a His coordinated active site Zn. These enzymes are astacin E.C.3.4.21.21, 

pseudolysin E.C.3.4.24.26, thermolysin E.C.3.4.24.27, adamalysin E.C.3.4.24.46 

and carboxypeptidase A E.C.3.4.17.1. In general these enzymes all use Zn to 

activate water tha t then acts as a nucleophile, attacking the carbonyl bond of the 

peptide substrate.

Thermolysin has been studied extensively in solution and in the crystal (Cap- 

palonga et al, 1992; Hausrath & Matthews, 1984). It displays specificity toward 

Pi sidechains of the substrate such as phenylalanine or leucine. Figure 7.7 is a 

diagrammatic representation of its active sites taken from the thermolysin struc­

ture Itrjin (Monzingo & Matthews, 1984). There are three triads located, all of 

tautom er e; Zn 805-N'^^ His 142 N'^^-Asp 170 0'^’ , Zn 805-N'^^ His 146 N^’-Asn 

226 0'^  ̂ and Zn 805-N^^ His 231 N' ’̂-Asp 226 0^^ The first two of these are seen 

coordinating to the active site zinc and are around 1 Â from the mean consensus 

tem plate. The third triad has an rm s deviation around 2Â from the mean con­

sensus tem plate. In fact, the Asp 226 His 231 diad acts an acid/base

catalyst and is not involved in binding the Zn at all. This suggests tha t our 

cut-off of 3.0Â was too large, it is, however an interesting example showing the 

His-Asp pair has more than one function depending on its immediate chemical 

environment.

7.4.2 Fe—His interactions

- m u lti centered  com p lexes w ith  d istorted  geom etry

The m ajority of the Fe-His m etal interactions originate from Fe-bound heme or 

cytochromes and the ELEC groups are generally mainchain carbonyls. Non-heme
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Asp 170
Glu 143

His 142

Asn 165

Glu 166 His 231

Asp 226

Figure 7.7: A representation of the active sites of the metalloproteina.se ther­
molysin Itîiiîî (Monzingo & Matthews, 1984)
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proteins with mononuclear iron have a diversity of roles including several types of 

oxygen reactions, iron transport, and water insertion. There are two non-hem e 

proteins in the PDB whose structures have been solved and have a m etal-H is- 

ELEC triad, R2 subunit of ribonucleotide reductase (r n r ) (Rosenzweig et ai ,  

1993) and hem erythrin (Stenkamp et al.  ̂ 1985).

H em erythrill (Hr) is an oxygen transporting protein found in invertebrates. 

Diferrous Hr (deoxy-Hr) binds one O 2 and is sim ultaneously oxidised to the diferric 

state (oxy-H r). Figure 7.8 is a diagram of the active site Fe; there are three 

m etal-His-ELEC triads, all of tautom er e. Two of these tautom ers, Fe l-N^^ His 

54 N^'-G ln 24 and Fe l-N^^ His 25 N'^^-Asp 22 0*̂  ̂ have high r m s  deviations 

of around 2.0Â. The reason for these high r m s  distances is that the Asp ELEC 

groups are distorted away from their ideal hydrogen bonding position.

The R2 subunit of ribonucleotide reductase (RNR) (Rosenzweig et a i ,  1993) 

catalyses the conversion of ribonucleotides to deoxyribonucleotides. Figure 7.9 is 

a 3D representation of the active site Fe atom s and interacting residues of RNR. 

RNR has two water bound irons in the active b 2 subunit of the protein and despite  

the irons having octahedral coordination, the bidentate Asp ligand distorts the  

octahedron towards trigonal bipyramidal. There are two m etal-His-ELEC triads 

both with tautom er and these are both near the ideal geometry.

Therefore, unlike Hr, the coordinating residues of RNR are not dominated by 

His. In addition, the Fe atoms of RNR are only bridging twice whereas Hr has 3 

bridging species.

These factors contribute to the differing chemical behaviour of the RNR and 

Hr centers.
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Asp 22

His 25
Glu 24

His 54

Asp 111

His 106

Glu 58

His 77

His 73Gin 59

P igure 7.8; A diagram of the active site of hemerythrin (Stenkamp et al., 1985). 
The Clii 59 (which is hydrogen bonded to His 77 the diagram) is
wrongly assigned and should be swapped with Gin 59 0* '̂.
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His 118

Asp 84

NON

'  V ^#hoh

Glu 238Asp 237

Gin 43
His 241

Figure 7.9: A diagrammatic representation of the diferric centre of the oxygen 
binding protein ribonuclease reductase subunit R2 (Rosenzweig et al., 1993)
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7.4.3 Cu—His interactions

-form ing th ree  d istin ct fu nctional groups

Most of the Cu containing proteins in the PDB originate from blue oxidases. These 

form a sub-group of copper proteins whose metal ions are classified according to 

their distinct spectroscopic properties: Type I absorbs in the visible region, type 

II has an undetectable absorption and type III absorbs in the U.V. region.

T yp e I Cu

The type I copper proteins, azurin from Pseudomonas aeroginosa (Adman, 

1979), Alcaligenes den itr ificans  (Norris et al., 1983) and poplar plastocyanin 

(Cuss & Freeman, 1983) both have a /3-fold and are electron transfer proteins. 

Both also have tautom er S m etal binding sites with the ELEC groups being non­

carbon mainchain atoms.

T ype II Cu

Cu, Zn-superoxide dismutase (Tainer et ai, 1982) protects the cell against dam­

age by converting the toxic superoxide radical (0 ^) to hydrogen peroxide and 

molecular oxygen. The Zn in the active site is buried and is 6.3Â from the sol­

vent accessible type II Cu. The Cu has four His residues ligated in a distorted 

quadratic arrangement. Figure 7.10 is a diagram of the type II Cu center taken 

from the superoxide dismutase structure lco6 (Djinovic et ai, 1992); there is also 

a water molecule ligated to the Cu centre. The Cu and Zn of Cu,Zn-superoxide 

dismutase are both ligated to His 61 in the active site. His 61 and the Zn increase 

the redox potential and thus catalytic activity of the superoxide bound Cu. The 

triads identified for this enzyme are His 69 His 61 N^^-Cu 810 and Arg

141 N̂ '̂ -N"̂  ̂ His 46 N^^-Cu 810. The first triad is unusual because the His 61 

is contacting the His 69 via the Zn, these two residues are not directly hydrogen
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His 118

Arg 141 His 46

Asp 122

His 69
His 44

His 61

Asp 89

Asp 78

Figure 7.10; A representation of the active site Cu and Zn metals from superoxide 
dismutase, lco6 (Djinovic et al., 1992)
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bonded to each other. T he second triad has a high rm s  distance because the  

Arg is out of the plane of the His 46 residue (Figure 7.10); though Arg 144 

is sequentially conserved and im portant electrostatically and m echanistically it 

does not have the role of an ELEC in the ELEC-His diad. The third triad of Asp 

122 His 69 N'̂ ’-Z n  is an authentic m etal-His-ELEC triad and is 1.02Â

deviation from the m ean consensus tem plate.

T yp e III Cu

Hemocyanin from Panulirus interruptus  (Volbeda & Hoi, 1989) has type III 

copper; this consists of a pair of copper atoms ligated by 6  His residues at their 

N '̂ 2 atoms. It has an a  fold (Gaykema et ai, 1984) and the same function as the 

Type I Cu proteins. Figure 7.11 is a diagram of the metal centre of this protein; 

there is one tautom er e triad formed but this is distorted having a typical rm s  

value around 1.8Â from the mean tem plate and the sidechain of the Glu is pointing 

away from the His 348 The other His residues surrounding the Cu metals 

have either mainchain oxygen atoms making up their triad or their hydrogen 

bonding potential is unsatisfied.

7 . 5  C o m p a r i s o n  o f  t h e  N u : —H i s —ELEC a n d  m e t a l -  

H is - E L E C  t r i a d s

We saw in chapter 5 that a Nu:-His-ELEC tem plate could be defined that is able 

to identify all serine proteinase, lipase and a f  (d hydrolase fold enzym es w ithin the  

PDB with the exclusion of all other non-cata ly tic  interactions. This triad has the  

nu oleophilic Nu: group interacting with the His atom  and is therefore equiv­

alent to the tautom er e conform ation in the m etal-His-ELEC triad. In addition, 

we found the cysteine proteinases have the other, tautom er 5 conform ation and
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His 348

His 384

Cu666

His 224

Cu665

His 914

His 198

Figure 7.11: A diagrammatic representation of the type III Cu centre taken from 
the hemocyanin structure Ihcl  (Volbeda & Hoi, 1989)
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a consenus tem plate has been constructed for this enzym e.

The His-ELEC diad, in concert with either a nucleophilic or m etal group, forms 

triads of different function. In addition, these triads are always in functional 

regions of the protein and are clearly a result of convergent evolution as they  

occur in enzym es and proteins of diverse tertiary fold and functional type.

We have now defined two tem plates for each of the Nu:-His-ELEC and m eta l-  

His-ELEC triads (tautom er S and e). It would be interesting to compare the 

conform ation of these triads. In this comparison the coordinates of the triads for 

the m etal-His-ELEC group are used when the ELEC group is a sidechain atom . 

Figure 7.12, is a 3d representation of the consensus tem plates. The top triad is 

tautom er e which is equivalent to the Group 1 -2 -3  tem plate in Chapter 5. The 

r m s  distance between these two tem plates is 1.08Â. T he m etal atom  (black) is 

in an ideal position to interact with the His and the nucleophilic Nu: atom  is 

1.25Â from the m etal atom . This illustrates the difference between the m echanism  

of action of the two triads; the nucleophilic atom  is positioned to attack the 

substrate, not to form a stable hydrogen bond with the His Indeed, if this 

hydrogen bond were stable then the role of the His-ELEC diad as an acid /base  

catalyst would be hindered.

The electrostatic atom s, ELEC, of the two triads are 0.76Â from each other 

despite performing the sam e functional role. This is above the atom ic resolution  

of an atom  in a well resolved X-ray structure and illustrates the distortion that 

occurs in the m etal binding site His-ELEC diad.

The other consensus tem plate conform ations, tautom er 6, are shown in the  

bottom  triad in Figure 7.12. The only Nu:-His-ELEC triad of this conform ation is 

from the cysteine proteinases. The m etal atom  is in an ideal position to interact 

with the His atom  and the nucleophilic S'̂  atom  from the enzym e lies 2.1Â  

below the m etal atom . The positions of these atom s are, like the tautom er e
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:

Figure 7.12; A 3d representation of the consensus tem plates of the catalytic 
triads of type metal-His-ELEC and Nu:-His-ELEC for the tautomers S (bottom ) 
and e (top). Metal atoms are black; ELEC group for the metal-His-ELEC triad 
are green; ELEC group for the Nu:-His-ELEC triad are blue; red atoms are Nu: 
groups.
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conformation mentioned above, a reflection of their functional differences. The 

electrostatic atoms are only 0.44Â from each other indicating their similar func­

tional role.

7.6 C onclusion

The analysis of m etal-His-ELEC triads in the PDB reveals that they occur in a 

wide range of catalytic and functional m etal centres yet there are no cases where 

this triad is found as part of a structural m etal center. This occurs because His is 

a hard ligand and is m ost suitable for activating bound m etals for their functional 

role.

In general, metal-His-ELEC triads found in enzym e active sites are in an ideal 

conform ation and this triad functions to activate the bound m etal. For exam ple, 

in carbonic anhydrase which has a single m etal ligated to several triads of type  

m etal-His-ELEC, the triads are found to be conserved in a geom etry that allows 

ideal interactions to occur.

When the ELEC group is a sidechain atom it usually originates from Asp, Asn, 

Glu and Gin. In addition, these triads are usually found in enzyme active site 

metal centres. We have already noted tha t the ApK^ for the ligated His sidechain 

atom is greater when the ELEC group is one of these species. This enables the 

pKa of the His ligand to be ’fine-tuned’ therefore optimising the electrostatic 

properties of the catalytic metal.

Conversely, non-enzym atic m etal centres have m any m ainchain ELEC groups. 

This reflects the different function of these sites such as ligand binding and elec­

tron transport. Due to the heterogeneity of the m etal binding sites in proteins it 

is not possible to identify catalytic m etal-His-ELEC triads w ith the exclusion of 

all other interactions. In reality, these sites should be first compared with more
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accurate crystal structures of m etal-protein interactions such as those deposited 

in the Cambridge Structural Database (Allen et ai, 1979).

Furthermore, the TESS program could be modified to make the m etal part 

of the reference frame (chapter 4), this would allow a more direct comparison 

of m etal centers and we could include all m etal interactions rather than just 

metal-His.
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Chapter 8

Creating a database of 3D  

enzym e active site tem plates

8.1 Introduction

This chapter describes the work performed so far to create a database of 3D 

tem plates for enzyme active sites. It is clear that creating over 200 tem plates to 

describe all the enzymes in the P D B  would be very tim e consuming so, ideally, 

we would like an autom atic method. There are various options available, such 

as extracting the functional sequence motifs from databases such as P R O S I T E  

(Bairoch & Bucher, 1994), however in practice, this provides only a few potential 

tem plates (see below).

In addition, there are other problems encountered when a new consensus tem ­

plate is defined. To illustrate this, the derivation of 3D consensus tem plates from 

two different enzymes, ribonuclease and lysozyme, are described. It becomes 

clear tha t more than one tem plate may been needed to describe the active site of 

more than one enzyme. Convergent evolution can result in functionally similar 

enzymes from different species tha t have catalytic residues in different conforma­
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tions. Ill addition, there may be more than one conformation of the catalytic 

residues depending on the types of inhibitors bound to the active site. Further­

more, the lysozyme active site is known to undergo considerable conformational 

change during catalysis; since the structures of these enzymes are generally for 

the ground state, so is the consensus template.

An option tha t could overcome these problems would be to use the world wide 

web (www). An interface could be set up tha t enables experts on a given enzyme 

to deposit the 3D tem plates in the database.

8.2 D efin ing 3D  tem p lates autom atica lly

Ideally, a m ethod is needed tha t automatically defines the 3D enzyme active site 

tem plates. To do this, we need to identify the catalytic residues and atoms that 

are directly involved in the chemical catalysis reactions. For example, the serine 

proteinase has Ser, His and Asp as catalytic residues, yet the consensus tem plate 

consists of only Asp 0^, Ser 0^  and the His si dechain.

8.2.1 Autom atically identifying catalytic residues

There are several possibilities available tha t may autom atically identify catalytic 

residues. Firstly, the P R O S I T E  (Bairoch & Bucher, 1994) sequence database has 

some active site sequence motifs. Table 8.1 summarises this information. There 

are only 8 enzymes in this database tha t have 2 or more active site residue motifs. 

Three of these, <a-lytic proteinase, subtilisin and carboxypeptidase C are serine 

proteinases and only subtilisin has all 3 His, Asp and Ser residues documented. 

Therefore this is not a viable option.

The second strategy could be to extract the site record information directly 

from the P D B  files. Table 8.2 is a summary of the site records for all the enzymes
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O XIDO  R E D U C T A SE S  

m alate
dehydrogenase E .G .1.1.1.37

Leu 157 Asn 160

H Y D R O L A SE S

phospholipase  
a2 E .C .3.1 .1 .4

His 48 Asp 99

/̂ —am ylase E C .3 .2.1.2
Asp 101 Glu 186

carboxypeptidase c E C .3 .4 .16.5
His 397 Ser 146

a—ly tic  protein ase E C .3 .4 .21 .12
His 57 Ser 195

actin id in  E C .3 .4 .21.14
His 162 Cys 25 Asn 182

su btilisin  E C .3.4 .21.62
His 62 Ser 215 Asp 32

ISO M ER A SES

xylose  
isom erase E C .5.3.1.5

Lys 182 His 53

Table 8.1: Enzymes in the P R O S I T E  database (Bairoch & Bucher, 1994) which 
have catalytic residues listed in the site records. Only those enzymes with more 
than 1 catalytic residue in the records are listed.
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in the P D B .  It is not possible to tell from these site records whether the residues 

are catalytic or constitute the ligand binding site. However, this appears to be 

the most extensive list available.

Another approach is by Lichtarge et ai ,  1996. They have used an evolutionary 

trace method tha t predicts active site and functionally im portant residues from 

sequence conservation patterns in homologous proteins. These are mapped onto 

protein surfaces to generate clusters identifying functional interfaces. They have 

successfully identified the binding sites for the SH2 and SH3 modular signalling 

domains and DMA binding domains of the nuclear hormone receptors.

Zvelebil & Sternberg, 1988 tried to predict the location of key catalytic 

residues in proteins by performing an analysis of the structural environment of 

17 enzymes whose active site residues were already identified. They found, in 

general, tha t the environment of catalytic residues is similar to that of polar 

si dechains that have low accessibility to solvent. They developed two algorithms 

based on this data which, with limited success, was able to identify catalytic 

residues in other enzyme active sites.

Peters et ai,  1996 have developed a program based purely on geometric criteria 

tha t searches for clefts on the protein surface, they locate more than 95% of 

ligand binding sites in the P D B ;  this could be used as a starting point for the 

identification of the active site residues.

Laskowski et al ,  1996 have found tha t the largest cleft in a representative 

dataset of protein structures in the P D B  is in fact its ligand binding site in more 

than 80% of the proteins.
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O X ID O R E D U C T A SE S
a l d e h y d e  r e d u c t a s e  E . C . 1 . 1 . 1 . 2 1 His 110 T y r  48 L y s  77 C y s  298
a l d e h y d e  r e d u c t a s e  E . C . 1 . 1 . 1 . 3 7 A rg  81 A rg  87 A s p  150 Arg  153 His 177

T R A N SF E R A SE S
a s p a r t a t e  a m i n o t r a n s f e r a s e  E . C . 2 . 6 . 1 . 1 L y s  258

H Y D R O L A SE S
t r i a c y l g l y c e r o l  l i p a s e  E . C . 3 . 1 . 1 . 3 Se r  20 9 Glu 341 His  449
d e o x y r i b o n u c l e a s e  I E . C . 3 . 1 . 2 1 . 1 Glu 39 Gly  78 His 134 A sp  212 His  252

r i b o n u c l e a s e  T l  E . C . 3 . 1 . 2 7 . 3 T y r  38 L y s  40 G lu  58 Arg 77
p a n c r e a t i c  r i b o n u c l e a s e  E . C . 3 . 1 . 2 7 . 5 His 12 Lys  41 Val 43 T h r  45

His 119 P h e  120 A s p  121 Ser  123
m i c r o c o c c a l  n u c l e a s e  E . C . 3 . 1 . 3 1 . 1 Arg 35 Glu 43 A r g  87

or—a m y l a s e  E . C . 3 . 2 . 1 . 1 A s p  229 Glu 2 57 A s p  32 8
g l u c a n  1 , 4 —a —g l u c o s i d a s e  E . C . 3 . 2 . 1 . 3 A sp  55 A rg  305 Leu 177 A rg  54

c e l l u l o s e  E . C . 3 . 2 . 1 . 4 A s p  338 His  397 Ser  146 Glu 145
l y s o z y m e  E . C . 3 . 2 . 1 . 1 7 Glu 35 A sp  52

e x o - a - s i a l i d a s e  E . C . 3 . 2 . 1 . 1 8 Arg 37 A rg  56 A s p  62 M e t  99 A s p  100
T rp 121 T rp 128 Leu 175 Glu 231 A r g  246
A rg  309 T y r  34 2 G lu  361

m e t h i o n y l  a m i  n o p e p t i d a s e  E . C . 3 . 4 . 1 1 . 1 8 A sp  97 A sp  108 His 171 Glu 204 Glu 235
Ala  2

c h y m o t r y p s i n  E . C . 3 . 4 . 2 1 . 1 His 57 A sp  102 Ser  195 Leu  45
t r y p s i n  E . C . 3 . 4 . 2 1 . 4 His 57 A sp  102 Ser  195

t h r o m b i n  E . C . 3 . 4 . 2 1 . 6 His 57 A sp  102 Ser  195
p a n c r e a t i c  e l a s t a s e  E . C . 3 . 4 . 2 1 . 3 6 A sp  108 His60 Se r  20 3

s u b t i l i s i n  E . C . 3 . 4 . 2 1 . 6 2 A sp  32 His 64 Ser  221
e n d o p e p t i d a s e  k  E . C . 3 . 4 . 2 1 . 6 4 A sp 39 His 69 Ser  224

t h e r m i t a s e  E . C . 3 . 4 . 2 1 . 6 6 A sp  38 His 71 Ser  2 25
p r o t e i n  c  E . C . 3 . 4 . 2 1 . 6 9 His 211 A sp  257 Ser  3 60

p a p a i n  E . C . 3 . 4 . 2 2 . 2 C y s  25 His 159 A sn  175
a c t i n i d a i n  E . C . 3 . 4 . 2 1 . 1 4 C y s  25 His 162 Asn 182 Gin 19 T r p  184

c a r i c a i n  E . C . 3 . 4 . 2 2 . 3 0 C y s  25 His 159 A sn  179
p e p s i n  A E . C . 3 . 4 . 2 3 . 1 A sp  32 A s p  215

r e n i n  E . C . 3 . 4 . 2 8 . 1 6 A sp  32 A sp  215
r h i z o p e p s i n  E . C . 3 . 4 . 2 3 . 2 1 A sp  35 A sp  218

e n d o t h i a p e p s i n  E . C . 3 . 4 . 2 3 . 2 2 A sp  32 A sp  215
m u c o r o p e p s i n  E . C . 3 . 4 . 2 3 . 2 3 A sp  32 A sp  215

a s t a c i n  E . C . 3 . 4 . 2 4 . 2 1 His 92 His 96 His  102 T y r  149

LYASES
r i b u l o s e  b i s p h o s p h a t e  c a r b o x y l a s e  E . C . 4 . 1 . 1 . 3 9 Ly s  201 A sp  203 Glu 204

2 , 2 - d i  a l k y l  g l y c i n e  d e c a r b o x y l a s e  ( p y r u v a t e )  E . C . 4 . 1 . 1 . 6 4 Gin 52 M e t  53 P h e  79 T h r  110 Gly  111
Asn  115 Ser 137 T r p  138 M e t  141 Glu 210
Ser 214 Ser 215 A s p  243 A la  245 Gin 246
Ly s  272 T y r  301 T h r  303 A sn  394 Arg  406

c a r b o n a t e  d e h y d r o g e n a s e  E . C . 4 . 2 . 1 . 1 T y r  7 Val 63 His 64 Ser  65 His 67
Asn 69 Gin 92 Glu 106 Glu 117 T h r  199
His 200 P h e  91 A la  121 Leu 131 A la  135
Leu 141 Val 143 Leu  198 Pro 201 Pro 202
T y r  204 Ser  20 6 Val 2 07 Trp 209

a c o n i t a t e  h y d r a t a s e  E . C . 4 . 2 . 1 . 3 Gin 72 A sp  100 His 101 His 147 A s p  165
Ser  166 His 167 A sn  170 A sn  258 Gin 26 2

p h o s p h o p y r u v a t e  h y d r a t a s e  E . C . 4 . 2 . 1 . 1 1 Glu 168 Glu 211 lys  34 5 His 37 3 L y s  396
m a n d e l a t e  r a c e m a s e  E . C . 5 . 1 . 1 . 2 L y s  166 His 297

t r i o s e p h o s p h a t e  i s o m e r a s e  E . C . 5 . 3 . 1 . 1 Glu 165 His 95 S e r  96 Ly s  13

LIGASES
g l u t a m a t e —a m m o n i a  l i g a s e  E . C . 6 . 3 . 1 . 2 Glu 129 Glu 131 His 269 Glu 212 Glu 220

Glu 3 57 Arg  321 Gly  265 A r g  339 A r g  359
A s p  50

b i o t i n - ( a c e t y l - C o A - c a r b o x y l a s e )  l i g a s e  E . C . 6 . 3 . 4 . 1 5 Se r  89 T h r  90 A s n  91 Gin 112 Gly 115
T y r  132 Lys  183 He 187 Leu 188 Gly 204
A la  205

Table 8.2: Potential catalytic residues extracted from the site records of the P D B  

files.
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8.2.2 Identifying the atoms of the catalytic residues in­

volved in catalysis

A method is also needed to identify the atoms of the catalytic residues tha t are 

involved in the chemical catalysis.

One approach would be to search for ligands in the P D B  files to identify the 

atoms which are contacting the ligand; this is not a trivial problem due to the 

heterogeneity of the ligand entries in these files. This has been made easier 

because there is now a database of all ligands present in the P D B  which is freely 

available from Brookhaven. This could be used in concert with the L I G P L O T  

(Wallace et al., 1995) program to identify the atoms that contact the inhibitors 

in the enzyme active sites.

In general, however, it is necessary to define the tem plate by manual tech­

niques, usually by scanning the available literature describing the structure of the 

enzyme under investigation. Once the relevant catalytic atoms and residues have 

been identified, further complications can arise. To illustrate this, the derivation 

of consensus tem plates for two enzymes, ribonuclease and lysozyme is described.

8.3 R ibonuclease

Ribonucleases are found in both prokaryotes and eukaryotes (Beintema, 1990); 

they catalyse the hydrolysis of phosphodiester bonds in R N A  chains. Structurally, 

the best understood ribonucleases are bovine pancreatic ribonuclease (RNase 

A E.C .3.4.27.5) and ribonuclease T i  (RNase T i  E.C.3.4.27.3) from the fungus 

Aspergillus oryzae. The crystal structures of ribonuclease H and barnase have 

also been solved.
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8.3.1 Ribonuclease A

T h is is a p yrim id in e-sp ecific  ribonuclease o f 124 am ino acids and is a m em b er o f  

a large superfam ily  o f hom ologous b ov in e RNases (B e in tem a  et ai,  1988). T he  

su perfam ily  has been d iv id ed  in to  tw o classes: secretory  ribonucleases w hich are 

found in th e pancreas, and n o n -secreto ry  ribonucleases w hich  are found in th e  

liver, lung, sp leen  and leu cocytes. Its fu n ction  is th e  degradation  o f m icrobial 

RNA. In other vertebrates, includ ing  m an , RNase is found at very low levels and  

its fu n ction  is unclear but m ay involve th e breakdow n o f d ietary  RNA.

RNase A is a m onomer with an a-\-f3 fold and four intra-chain disulphides. 

Ribonuclease S (RNase s) is a product of the cleavage of RNase A by subtilisin  

between residues 20 and 21. A lthough RNase S is less stable than the parent 

enzym e, its enzym atic activity and general tertiary fold (e.g. Ir6c, Varadarajan 

& Richards, 1992) is the same. There is also another isoform, RNase B, which 

has covalently attached carbohydrate at A sn-X -T hr/Ser attachm ent sites on the 

surface of the m olecule.

S p ecific ity  and ca ta ly tic  m echanism

RNase A is specific for th e p yrim id ines uridine and cytid in e; th is sp ecificity  is 

ach ieved  by hydrogen bonding from  th e  backbone NH and -OH atom s o f th e  

seq u en tia lly  conserved residue T hr 45.

Chemical modification studies (Crestfield et ai,  1963; Hirs et al, 1965) and 

analysis of the pH dependence of the enzymatic activity (Findlay et ai,  1962) 

have shown that the residues His 12, His 119 and Lys 41 are involved in the 

catalytic mechanism (Blackburn & Moore, 1982). The mechanism is a two step 

process, firstly the trans-esterification occurs whereby the P—o 5 ’ bond at the 3’ 

end of a pyrimidine is cleaved and a 2’,3’ cyclic nucleotide is formed which is then 

hydrolysed. Figure 8.1 is a 3D representation of the inhibitor deoxycytidyl-3’,5’-
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Thr 45

His 12

O yI \
Lys 41

His 119

Figure 8.1: A 31) representation of the active site of ribonuclease A complexed  
with D ( c p a ) (Zegers et al.., 1994). The catalytic residues are His 119, His 12 and 
Lvs 41.
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deoxyadenosine, d(cpa) bound to ribonuclease A Irpg (Zegers et ai, 1994). The 

His 12 interacts with the 2’-oxygen (equivalent to CO5 ’ in the inhibitor in Figure 

8.1) and Lys 41 is in the vicinity. On the basis of NMR and crystallographic 

data, Roberts et al. (1969) proposed a model in which His 12 abstracts a proton 

from the 2’-oxygen which becomes a nucleophile and attacks the phosphorus (p), 

forming a penta-coordinated transition state. The 5’ (a o 5 ’) leaving group is 

protonated by His 119, which acts as a general acid. Lys 41 forms a salt bridge 

with the charged oxygens on the phosphorus and thereby stabilises the transition 

state.

Borkakoti et a i  (1982) noticed that in a phosphate com plex of RNase A there 

are two distinct conform ations of His 119 (a and b) . These two conform ations 

are related by a 180° rotation about the His 119 (%2) bond. Santoro et al.

(1993) described the sam e two RNase A conform ations of His 119 in NMR solution  

studies of RNase A. Depending on the inhibitor com plexes of RNase A, His 119 

will adopt the A (e.g. o 8 - 2 ’o-CMP, Borkakoti, 1983) or the B conform ation (e.g. 

o 3 - 2 ’-CMP, Borkakoti, 1983). It appears that in the absence of substrate His 

119 is relatively m obile and can adopt either the A or B conform ation. Borkakoti 

et al. (1982) suggested that the two conform ations reflected the two different 

reactions i.e. the transestérification and hydrolysis reactions. deM el et al. (1992) 

suggest that His 119 is active in position B and inactive in position A, whereas 

Zegers et ai,  1994 suggest the A conform ation is active and B inactive.

T he consensus tem p la tes

Since there is ambiguity as to the catalytically active conformation of the His 119 

residue, two consensus tem plates have been created describing both the A and B 

conformations. The atoms chosen for the consensus tem plates were the si dechain 

atoms of His 12, His 119 and Lys 41 N*’. The ’seed’ tem plate was taken
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T em plate conform er A coordinates

Residue Number Atom x y z
Lys 41 5.3 -1.1 -2.8
His 119 6.2 3.2 3.8

T em plate conform er B coordinates

Residue Number Atom X y z

Lys 41 N^ 5.1 -1.4 -2.9
His 119 N ^ i 5.8 5.8 2.0

R eference fram e atom s

Residue Number Atom X y z

His 12 C'y 0.0 0.0 0.0
His 12 N< î 0.8 -1.1 0.0
His 12 0.8 1.1 0.0
His 12 2.1 -0.7 0.0
His 12 NÊ2 2.1 0.6 0.0

Table 8.3: Coordinates of the consensus tem plates tha t describe the two conform- 
ers, A and B, for the active site of ribonuclease A,

from 3rn3 (Borkakoti et al., 1982) which has coordinates for both the A and B 

His 119 conformations and the dataset used was all RNase A structures in the 

.January 1995 PDB. The 3rn3 PDB structure has coordinates for both the A and 

B conformations of the His 119 residue; therefore two consensus tem plates have 

been constructed, one for each conformation and Table 8.3 gives their resultant 

coordinates. Figure 8.2 is a 3D representation of the distribution of the His 119 

atoms relative to His 12 for all structures in the ribonuclease A and ribonu­

clease S dataset. There are two distinct clusters of atoms (in blue) representing 

the A and B conformations. Also shown is the distribution the Lys N*’ atoms 

(in red). Table 8.4 lists the PDB structures responsible for these clusters; there 

are no structures, other than PDB structures with alternate conformations, that 

have a hit in both groups A and B. To illustrate the distinct clustering of the 

A and B forms, the mean consensus tem plate of the B conformation was used to
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His 12

His119NÔ1 
conformation A

His 119 NÔ1 
conformation B

Lys 41 NC

Figure 8.2: A 31) representation of the distribution of the His 119 active site 
atom conformations A and B for all the RNase A and RNase S structures in the 
P D B .  Also shown is the sidechain of His 12 and the distribution of the Lys 41 
atoms.
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BS A conformation 

■  B conformation

RMS deviation

Figure 8.3: A histogram  of the number of hits against rm s  distance from the  
B conform ation of the RNase A consensus tem plate. It shows that the A and B 
conform ations of the His 119 residues are in distinct positions.

search through the RNase A dataset using a 5.0Â distance cut-off. The histogram  

in Figure 8.3 shows that the A and B conform ations cluster at distinct distances 

from the B conform ation consensus tem plate.

T em p late  search through th e  PDB

The 95% by sequence non-identical protein dataset was used to search for other 

proteins with residues and atom s in a sim ilar conform ation to the RNase A con­

sensus tem plate. This was in fact done tw ice, once for each of the tem plate  

conform ations A and B; in both cases an rm s  d istance cu t-o ff o f 5Â was used.

Figure 8.4 is a histogram  of the number of hits against rm s  deviation from the  

A conform ation of the RNase A consensus tem plate. A ll the hits located, other 

than the RNase structure in this dataset, have rm s  deviations greater than 2.5Â; 

they can therefore be discounted as having RNase A catalytic  activity.

Figure 8.5 is a histogram  of the  num ber of h its against rm s  deviation when
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TEM PL A T E  C O N FO R M E R  A: ribonuclease E .C .3 .1 .27.5

ribonucleeise A

Ib srB  0.45 3rii3 1.16 Iras 1.50 Irat 0.90 2rat 0.74 3rat 0.92 4rat 0.79
5rat 0.31 6rat 0.43 7rat 0.48 Srat 0.44 9rat 0.41 Irbn 0.62 Iron E 0.71
Irnc 0.35 Irnd 0.46 Irar 1.03 Irob 0.49 Irpg 0.33 Irph 0.53 Irtb 1.56
5rsa 0.34 6rsa 0.53 7rsa 0.48 Irtb 1.56

TEM PL A T E  C O N FO R M E R  B: ribonuclease E .C .3 .1 .27.5

ribonuclease A

Ib sr B 0.64 Irbn 0.97 3rn3 1.05 Irpf 1.29 Irph 0.78 9rsa B 0.71 Isrn A 0.65
3srn A 0.49 4srn A 0.32 Issa A 0.78 Issb A 0.50

ribonuclease S

Irbc S 1.00 Irbd S 0.30 Irbe S 0.74 Irbf S 1.50 Irbg S 0.49 Irbh S 0.44 Irbi S 0.40
2rln S 0.29 Irnu 1.36 Irnv 0.54 2rns 1.38

Table 8.4: A summary of the ribonuclease PDB structures and their rrns devi­
ations from their respective consensus tem plates, that adopt either the A or B 
conformation of their active site His 119 residue. Those PDB codes in bold have 
coordinates describing both conformations.
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RMS deviation

Figure 8.4: A histogram of the number of hits against rrns distance when the A 
conformation of the RNase A consensus tem plate was searched through the 95% 
by sequence non-identical protein dataset.

a
I 2

■ catalytic 

□  Non-cataytic

2 3 4
RMS deviation

Figure 8.5: A histogram of the number of hits against rm s  distance when the B 
conformation of the RNase A consensus tem plate was searched through the 95% 
by sequence non-identical protein dataset.
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the B conformation consensus tem plate was used to search through the 95% non­

identical PDB dataset. There are several hits from proteins other than RNase A, 

however most of these are of relatively high rm s  distance, and can be discounted 

as potentially catalytic. There are however, two hits with rm s  distance com­

parable to the RNase A catalytic atoms (black bars). These are in fact from the 

residues His 285, His 321 and Lys 191 from the A and B chains of the same enzyme 

RUBISCO, ribulose-1,5-bisphosphate carboxylase E.C.4.1.1.39 (5rub, Schneider et 

ai,  1990) with an rrns distance of 1.51Â and 1.86Â respectively.

RUBISCO, which is the most abundant naturally occurring enzyme catalyses 

the initial steps of two opposing metabolic pathways in plants: firstly, the initial 

step in photosynthetic carbon dioxide fixation, the carboxylation of ribulose-1,5- 

bisphosphate and secondly, oxygenation of ribulose-1,5-bisphosphate, the first 

step in photorespiration. RUBISCO contains eight large chains (l ) and eight small 

chains (s )  forming an LgSg complex. The large L subunit consists of two domains; 

the N-terminal domain is folded into a central p-slieet with helices on each side 

and the C-terminal domain consists of a (3/ a  barrel. The active site is located at 

the carboxy side of the strands in the barrel, with residues from the N-terminal 

domain coming into close proximity. Figure 8.6 is a 3d representation of the 

active site of RUBISCO from 9rub (Lundqvist & Schneider, 1991) with substrate 

ribulose-1,5-bisphosphate. Also shown is the active site Mg that is coordinated 

to Asp 193 (yellow bonds) and the substrate. The residues located. His 285, His 

321 and Lys 191 (red bonds) are found in the large L chain and are also part of the 

active site. In addition, they are all conserved in the RUBISCO sequence (Schneider 

et ai, 1990). The Lys 191 is the site of carbamylation during activation and His 

321 is involved in binding the phosphate group of the substrate (Lundqvist et al.  ̂

1989). There is no clear functional role assigned to His 285.

W hen com pared to ribonuclease A (Figure 8.1), the  position of the active site
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Lys 191

ribulose-1.5- 
bisphosphate

Mg 500

Asp 193

Figure 8.6: A 3d representation of the active site of RUBISCO (Lundqvist & 
Schneider, 1991) showing the 3 residues His 285, His 321 and Lys 191 (red bonds) 
that have the same conformation as the active site residues of ribonuclease A.
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residues with respect to the substrate is different. The equivalent residues also 

have different roles; His 12 and His 119 in ribonuclease A are both acid/base 

catalysts and Lys 41 stabilises the transition state. This is interesting as it shows 

tha t catalytic residues can have different roles depending on their structural and 

chemical environments.

8.3.2 Ribonuclease Ti

RNase Tl is isolated from the fungus Aspergillus oryzae. The enzyme has 2 

isoforms containing Lys or Gin at position 25 of the polypeptide chain, denoted 

Lys^^-RNase T% and Cln^^-RNase Ti.

S p ecificity  and ca ta ly tic  m echanism

RNase Tl is specific for the purine nucleotide guanosine (as opposed to pyrimidines 

in RNase a ) and is strictly limited to hydrolysis at 3^-phosphate groups in RNA. 

The reason for this specificity is not fully understood.

The reaction mechanism is analogous to tha t of RNase A; firstly, the transes­

térification of RNA to yield oligonucleotides with term inal guanosine 2’,3’-cyclic 

bisphosphate, and secondly, the hydrolysis of the 2’,3’-cyclic bisphosphate to 

yield guanosine 3^-monophosphate. The X-ray crystal structure of RNase Ti has 

been solved to 1.8Â resolution by Koepke et al. (1989) and a 3D representation 

of its active site complexed with the inhibitor guanylyl-2’5’-guanosine is shown 

in Figure 8.7. The catalytic residues shown are His 4 0 /Glu 58, which takes a 

proton from H2O in the first step and His 92 which donates a proton to the leav­

ing group and activates the water molecule used in hydrolysis. The guanosine 

specific recognition occurs in the loop Tyr 42-Asn 43-Asn 44-Tyr 45-Glu 48.
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2’.5’-GpG

His 40

Glu 58
M s 92

Arg 77

Figure 8.7: A 3D representation of the active site residues of RNase Ti (Koepke 
et al., 1989) with the inhibitor guanylyl-2’5’-guanosine.
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Ifus 1.08 Ifut 1.28 Irga 1.28 IrgcB 1.40 IrgcA 1.92 Irgk 1.78 Irgl 0.66 Iris 1.71 Irms 1.56
IrnlA 1.53 IrnlB 1.53 IrnlC 0.62 Irnt 0.99 2rnt 0.47 3rnt 0.76 6rnt 0.41 7rnt 0.90 8rnt 1.78
9rnt 1.77 ItrpA 0.85 ItrpB 1.00 ItrqA 0.87 ItrqB 0.83 2aae 5rnt

Table 8.5: A summary of the ribonuclease T% PDB structures and their rnns 
deviations from the ribonuclease Ti consensus tem plate. Those PDB codes in 
bold are missed by the RNase T% tem plate using a 3.0Â distance cut-off.

Residue Res. Number Atom X y z

His 92 9.7 2.5 - 2 . 1

Glu 58 3.4 2.8 -2.6
Glu 58 0 ^ 3.6 3.3 -1.5
Glu 58 O': 4.3 2.3 -3.2
His 40 -1.5 - 0 . 1 0.0
His 40 (P 0.0 0.0 0.0
His 40 N<5i 0.8 - 1 . 1 0.0
His 40 0.8 1 . 1 0.0
His 40 O': 2 . 1 -0.7 0.0
His 40 N̂ 2 2 . 1 0.6 0.0

Table 8.6: The coordinates of the functional consensus tem plates of ribonuclease 
RNase T%

T he consensus tem p la te

The atoms used to generate a consensus tem plate were the sidechain of His 40, His 

92 N '̂ 2 an(l Glu 58 0^^ taken from the RNase T% X-ray crystal structure

I rn l  (Arni et a/., 1992); the distance cut-off was set at 3.0Â. Table 8.5 gives 

the dataset of RNase T% PDB codes and their rm s  deviations from the resultant 

consensus tem plate whose coordinates are given in Table 8.6. There are two 

structures in the ribonuclease T% dataset, 2aae (Zegers et ai, 1992) and brnt 

(Lenz et 1991), whose active site residues are not identified by the consensus 

tem plate. 2aae has its His 40 m utated to a lysine, such a m utant will not be found
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using this approach, b rn fs  structure is refined to the relatively low resolution of 

3.2Â and has the inhibitor guanosine-3’,5’-bisphosphate bound to its active site.

T em p late  search through th e  PDB

There are two potential ribonuclease active sites found when the ribonuclease Ti 

was m atched against the 95% non-identical by sequence dataset of PDB struc­

tures. These are narbonin from V id a  narbonesis, Inar  (Hennig et ai, 1992; 

Hennig et a i,  1995) and hem erythrin 2hmq  (Holmes & Stenkamp, 1991).

Narbonin is a storage globulin found in all legume plant seeds. It is a member 

of a family of plant seed proteins of different size and structural organisation. 

The protein has a TIM-barrel like fold with an eight stranded parallel ^-barrel 

surrounded by a ring of seven cv-helices. The majority of TIM-barrel proteins in 

the PDB are enzymes; narbonin is an exception because there has been no enzyme 

activity found. Divergent evolution may have led narbonin to lose its enzymatic 

activity but retain the TIM-barrel fold.

Figure 8.8 is a 3D representation of the structure of narbonin, showing the 

location of ribonuclease T% like catalytic residues of His 133, Glu 132 and His 

234; these have an rm s  deviation of 1.9Â from the ribonuclease Ti consensus 

tem plate. The residues are at the C-terminal of the /3-harre\ and this is the 

position of the active site in other TIM-barrel proteins. In fact, Hennig et al, 

1995 have implicated Glu 132 as part of a salt bridge complex tha t protects the 

potential ligand binding site, yet salt bridges are found in other structurally and 

functionally im portant areas of TIM-barrel enzymes.

W hen BLAST was used to search of the SWISS-PROT sequence database there 

were no narbonin sequences located, however Table 8.7 gives a list of narbonin 

like sequences present in the OWL (B leas by et a/., 1994) database. It also gives 

the equivalent residues to Glu 132, His 133 and His 234 in Inar. There is little
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Glu 132

His 133

His 234

Figure 8.8: A 3D representation of the plant seed protein narbonin Inar (Hennig 
et al., 1992; Hennig et ai, 1995). Also shown are the Glu 132, His 133 and His 
234 residues which adopt a similar conformation to the catalytic residues found 
in ribonuclease Ti.
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sequence
identification

code

species Glu 132 His 133 His 234

S49848 probable narbonin - jack bean E H N
849878 probable narbonin - soybean E H A
849897 hypothetical narbonin-like 28 protein (clone pVFNA4) - fava bean E Y N
849880 hypothetical narbonin-like 28 protein - fava bean G N N
844031 narbonin (clone pNaG2) - Vicia narbonensis E H T
844032 narbonin (clone pNaN21/pNaC18) - Vicia narbonensis E H T
844033 narbonin - Vicia pannonica E H T
850159 narbonin - Vicia pannonica E H I

VFND8A1 V.faba mRNA for nodulin homologous to narbonin. - fava bean. G N N
VFND8A2 Vicia faba mRNA for nodulin homologous to narbonin. - fava bean. E H H

Table 8.7: A list of narbonin sequences found in the OWL database (Bleasby et 
al.  ̂ 1994) with the residues found at the equivalent positions of the Glu 132, His 
133 and His 234 residues in In a r (Hennig et a/., 1992; Hennig et al, 1995).

conservation of these residues in these sequences and this, along with the relatively 

high rm.s deviation of the narbonin residues from the ribonuclease Ti consensus 

tem plate, indicate tha t the potential catalytic residues probably do not have any 

functional importance. Of course, the possibility exists tha t narbonin is related 

by divergent evolution to an enzyme of ribonuclease activity.

Hemerythrin and myohemerythrin are oxygen-binding proteins found in ma­

rine invertebrate phyla. Hemerythrin and myohemerythrin subunits consist of 

four parallel a-helices and this provides the amino acid sidechain ligands for the 

binuclear iron oxygen bridged m etal centre. The structure of hem erythrin has 

been solved to 1.66Â resolution {2hmq) by Holmes & Stenkamp, 1991. Figure 

8.9 is a 3D representation of hem erythrin showing the potential catalytic residues 

and the two hem erythrin bound irons; its rm s  distance from the RNase Ti is 

1.66Â. In fact, all three residues are involved in coordinating the iron atoms; Glu 

58 and His 73 to Pel and His 25 to Fe2.

A search of the SW IS S -P R O T  (M arch 1995) database w ith the  sequence of
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His 25

Glu 58

His 73

Figure 8.9: A 3D representation of the oxygen binding protein hemerythrin. Both 
the hemerythrin bound iron and the His 25, Glu 58 and His 73 residues which 
adopt a similar conformation to the catalytic residues found in ribonuclease Ti 
are shown. Also shown is the bound oxygen.
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2hmq  gives 10 hem erytlirin/m yohem erythrin sequences with sequence identity 

ranging from 40-90% with 2hmq. The His, Glu, His residues are conserved in all 

cases except one where the Glu is m utated to a Gin.

The role of His 25, Glu 58 and His 73 in hem erythrin is to coordinate the func­

tional iron atoms; the ribonuclease like architecture of these conserved residues 

has probably occurred by chance and is not some form of divergent evolution.

8.3.3 Comparison of ribonuclease A and T i active sites

Having created two templates for RNase A, T% it is interesting to compare them. 

Figure 8.10 is a 3D representation of the two consensus tem plates and the atoms 

have been superimposed according to their proposed role in the catalytic mech­

anism. The general bases. His 12 and Glu 58; the electrostatic stabilising groups 

Lys 41 and His 40 and the general acid catalysts His 12 and His 92 of RNase A 

and RNase Ti respectively all superimpose indicating convergent evolution.

8.3.4 Ribonuclease H

This is a unique ribonuclease that is specific for the RNA strand of a DNA/r n a  

com plex. The crystal structure of RNase H from Escherichia coli has been deter­

m ined to 1.48Â resolution by K at ay an agi et a i  (1992); it has an a / (3 like tertiary  

fold. Though its function is yet to be elucidated, RNase H activ ity  has been found 

in prokaryotes and eukaryotes.

Site directed mutagenesis experiments have im plicated various residues in the 

binding of the substrate. However, as yet, no clear picture of the catalytic residues 

and mechanism is available.
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RNase T 

RNase A

His 92 Ne2

His 119 Ne2
conformation A

His 12

Glu 58

His 119 Ne2
conformation B

His 40

Lys 41 N;

Figure 8.10: A diagram showing the relative conformations of the consensus 
template atoms of RNase A, T%. The residues and atoms of the templates have 
been superimposed according to their proposed chemical role in the catalytic 
mechanism.
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8.3.5 Barnase

Barnase is an endonuclease produced and excreted by Bacillus  

amyloliquefaciens] it has an a-\-(3 tertiary fold. It is believed to have the 

sam e chem ical m echanism  as pancreatic RNase A: a 2 ’,3 ’ cyclic interm ediate is 

formed by transestérification and then it is hydrolysed.

T he consensus tem p la te

Two residues have been implicated in the catalytic mechanism, the acid/base 

catalyst Glu 73 (equivalent to Glu 58 in RNase Ti) for the transesterhcation and 

His 102 for hydrolysis. These two residues were used to create the consensus 

tem plate. In fact, it was necessary to create two tem plates, using the sidechain of 

His 102 and Glu 73 C^, 0 ' ’ , 0*̂  ̂ with the seed tem plates from 16.se (Buckle ei ai, 

1993) and Ibaii (Serrano et 1992) and a distance cut-off of 3Â; the coordinates 

and j'ms deviations of each of the structures from their respective tem plates are 

given in Table 8.8 and Table 8.9. Figure 8.11 is a diagram illustrating the 

distirbution of the Glu 73 residue with respect to the His 102 residue for all the 

barnase structures in Table 8.9. There are two distinct clusters which occurs 

because structures in the 16.se group have the natural barnase inhibitor barstar 

bound to the active site. This conformational change that barstar induces may 

also be its mechanism of inhibition.

T em p late search through th e  PDB

There were over 100 hits located when the barnase consensus tem plates were 

parsed against the representative structures in the PDB. This has occured because 

there are only two residues in the consensus tem plates, increasing the chance 

that the relatively common His and Glu residues will occur in these positions. In 

addition, these residues lie around 9Â apart in the active site and are bisected by
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Residue Res. Number Atom X y z

16se template

Glu 73 3.4 7.1 -5.0
Glu 73 0^ 2.8 6.7 -4.1
Glu 73 0 1̂ 4.0 6.5 -5.5

I6ari template

Glu 73 2.0 8.7 4.0
Glu 73 0^ 2.3 7.5 4.1
Glu 73 O': -1.5 9.2 2.9

His template residue

His 40 -1.5 -0.1 -0.0
His 40 ÇiJ 0.0 0.0 0.0
His 40 N<5i 0.8 -1.1 0.0
His 40 0.8 1.1 0.0
His 40 C': 2.1 -0.7 0.0
His 40 2.1 0.6 0.0

Table 8.8: The coordinates of the consensus tem plates created for barnase using 
the seed coordinates of Ibse (Buckle et ai, 1993) and Ibgs (Guillet et ai, 1993).

Ibgs A 0.71 IbgsB 0.90

Ib se  template 

IbgsC 0.58 IbrsA 1.30 IbrsB 1.09 IbrsC 0.72 lone 1.66

IbanA 1.01 IbaoA 0.94

Ib an  template 

IbnsA 0.69 IbsbA 0.62 IbscA 0.91 IbscB 1.14 Ibse A 0.92

Table 8.9: The PDB codes for the barnase structures tha t are represented by the 
16.se and 16an templates.
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His 102

Iban Glu 73

Ibse Glu 73

Figure 8.11: A diagram showing the distribution of all the barnase Glu 73 residues 
with respect to the His 102 residue for barnase. The I6.se Glu 73 residues 
(green bonds) all originate from structures that have the natural barnase in­
hibitor barstar bound to their active site. The 16rm Glu 73 structures have no 
inhibitors in their active sites.
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the substrate. In non-catalytic regions of proteins, this space would be occupied 

by other residues.

8.4 L ysozym e

The second group of enzymes considered in this chapter are lysozymes. Lysozyme 

kills certain bacteria by cleaving the polysaccharide component of their cell 

wall (Imoto et ai, 1972). This polysaccharide is made of two components: N- 

acetylglucosamine (NAG) and N-acetylmuramate (NAM). The PDB has lysozyme 

structures originating from both prokaryotes and eukaryotes and, though they 

have low sequence identity, they all have a similar 0 ;+/? tertiary  fold (Remington 

& Matthews, 1978) and may have evolved from a common precursor. They can, 

however, be divided into eukaryotic and prokaryotic groups on the basis of the 

geometry of their catalytic residues.

The crystal structure of chicken hen white lysozyme was first determined by 

Blake et al (1965) to 2Â resolution; it was then refined further over the following 

years. These data were used to aid identification of the catalytic residues and 

propose a catalytic mechanism for the hydrolysis of the substrate. There are 

six binding sites for the NAG-NAM polymer in the active site of the enzyme, 

identified by the letters A to F. The cleavage site lies between the D and E sites 

(Figure 8.12). There are two catalytic residues located here, Glu 35 and Asp 52 

in mammalian and avian lysozyme and Glu 11 and Asp 20 in the prokaryotic 

lysozyme from bacteriophage t4 .  Figure 8.13 is a 3D representation of the active 

site of the bacteriophage t 4  lysozyme 148/ (Kuroki et a/., 1993) with a bound 

substrate cleaved from the cell wall of E. coli. The catalytic residues, about 7A 

apart, are bisected by the substrate and the bond cleaved would be at the N2 

atom. Glu 11 and Asp 20 are seen in the vicinity of this bond. Glu 11 is an
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NAG NAM NAG NAM NAG NAM

CHgOHCE^OH

F H,OH
.OHOHOH

CHgOHCHgOH
A

BOND
CLEAVAGE

Figure 8.12: A diagram of the NAG-NAM substrate of lysozyme; 6 sugars fit into 
the binding sites A-F. Cleavage is between subsites D and E

acid/base catalyst, it donates a proton to the glycosidic oxygen atom  linking the 

NAM and NAG in sites D and E, producing a carbonium ion interm ediate. This 

interm ediate is stabilised by Asp 20. In addition, the NAG sugar unit in site 

D is also distorted into a half chair form which promotes the formation of the 

carbonium ion intermediate. The sugars in sites E and F then diffuse away from 

the active site and a water molecule hydrolyses the carbonium ion intermediate.

8.4.1 Eukaryotic: Mammalian and avian lysozym e

There are 76 lysozyme structures in the PDB from several eukaryotic species. 

These can be divided into two main groups, avian and mammalian. Figure 8.14 

is a 3D representation of the conformation of the Glu 35 and Asp 52 catalytic 

residues from all the members of these groups. The diagram has been divided 

into mammalian and avian lysozymes for clarity. In all cases the Glu residues 

have been superimposed so the relative conformation of the Asp sidechain can be 

compared. Although the conformation of the Asp sidechains are similar, there
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Asp 20 Glu 11

Oe2

Figure 8.13: A 3D diagram showing the relative orientation of the catalytic 
residues Glu 11 and Asp 20 with respect to a substrate analogue bound to the 
active site of 148/ (Kuroki et a/., 1993). The bond cleaved would be at the N2 
atom shown in the diagram.
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A s p  52
Quail
Guinea Fowl 
Hen 
Turkey 
Pheasant

AVIAN Glu 35

A s p  52 Mouse
Horse
Human

MAMMALIAN Glu 35

Figure 8.14: The relative conformations of the eukaryotic lysozyme catalytic 
residues Asp 52 and Glu 35. They are divided into two main groups, avian 
and mammalian. In all cases the Glu residues have been superimposed so the 
relative conformation of the Asp can be compared.
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Residue Residue
Number

Atom X y z

Asp 52 C'y 4.0 -4.3 4.1
Asp 52 0<5i 4.4 -3.8 5.1
Asp 52 0^3 4.4 -4.3 3.1
Glu 35 -2.2 -1.3 -0.3
Glu 35 C'y -1.5 0.1 -0.0
Glu 35 0.0 0.0 0.0
Glu 35 0^1 0.6 -1.0 0.0
Glu 35 0«2 0.6 1.1 0.0

Table 8.10: Coordinates of the consensus tem plate describing the active site of 
mammalian lysozymes present in the PDB.

is no obvious clustering of the functional Asp 0^ atoms. W ithout performing a 

comprehensive analysis of the individual PDB structures, it is not clear whether 

the structural differences occur because of an inherent difference in the active site 

structures of the lysozymes or the types of inhibitors bound to the active site.

Of the members of these groups hen and human lysozymes have 44 and 17 

PDB structures respectively available. A consensus tem plate was constructed for 

the hen lysosyme dataset using the seed tem plate atoms of the Glu 35 sidechain 

and Asp 52 C^, 0" '̂ and 0^^ from 135/ (H arata et ai, 1993). This hen consensus 

tem plate was then used to search for the Glu 35 and Asp 52 catalytic residues 

in all the avian and mammalian PDB codes with a cut-off of 2.0Â, resulting in a 

consensus tem plate which describes both the avian and mammalian lysozymes; 

the coordinates are given in Table 8.10. Table 8.11 is a summary of the results. 

Those PDB codes in bold type are not picked out by the consensus tem plate, in 

fact 14 of these originate from hen lysozymes. These structure are either NMR 

structures (Smith et ai, 1992) or structures by Diamond et a/., 1975. A separate 

consensus tem plate was constructed using the seed tem plate of blyt (Diamond 

et a i,  1975) and Figure 8.15 shows tha t these catalytic residues cluster at a
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A vian  lysozym es

Hen
1321
l ls f

Ih e l

l l y m
llsn
l l y z

Ih en
lly s A
l l z t

Ih e o  Ih e p  
l ly s B  21ym  
2 h f l  2 1 y z

Ih e q  Ih e r  Ih e w  
31ym 41ym  41ytA  
S l y t  3 1 y z  41 y  z

Pheasant

41ytB
6 1 y z

l is a
51yt
6 1 y z

l ls b
61yt
7 1 y z

U se  l lsd  
21zt Ircm A  
8 1 y z  l l a a

U se
Ir cm B

Ig h lA Ig h lB

Quail
2ih l

Turkey
1351 llz 2 l lz 3 21z2 3 1 zl2

Guinea Fowl
Ih h l

M am m alian lysozym es

Human
1331
I tc y

1341
I td y

llh h llh i llh j  l lh k l lh l  l lh m  21hm

Mouse

31hm l l z l l lz 4 lIzS  I ta y I tb y

I f d l 2 h f in 3 h f m 2iff

Horse
l e q l 2 e q l

Table 8.11: Summary of the eukaryotic lysozyme structures found in the PDB. 
The PDB codes in bold are those lysozymes whose catalytic residues are not 
identified by the tem plate using a distance cut-off of 2.0Â.
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Asp 52 template B

Asp 52 template A
Glu 35

Figure 8.15: The two Asp 52 conformations with respect to the catalytic Glu 35 
found for hen lysozyme. Template A is that in Table 8.10 while template B was 
derived from the structures of Diamond et al. (1975).

different position with respect to the main group. In fact the Diamond et at., 

1975 structures are refinement models of the original Blake et al (1965) lysozyme 

structures. These had substrate analogs and inhibitors bound and this indicates 

that the active site conformation changes upon binding of inhibitors to lysozyme. 

In addition there may be differences in the crystallisation conditions for these 

structures and this would affect the molecular packing in the crystal form.

The catalytic residues from horse (Tsiige et al., 1992) are also not located; 

Figure 8.14 shows the relative position of the Asp 35 is shifted with respect to 

the other mammalian Asp residues. Finally, 3 structures from mouse lysozyme 

are also not picked out by the consensus template search. In fact these lysozymes 

have been crystallised in a complex with an immunoglobulin molecule (Fischmann 

et al., 1991) suggesting there was a conformation change around the active site 

of lysozyme in this Ig-lysozyme complex.
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Residue Residue
Number

Atom X y z

Asp 20 0 7 7.5 -3.6 1.5
Asp 20 0«5i 4.4 -3.8 5.1
Asp 20 0^3 4.4 -4.3 3.1
Glu 11 -2.2 -1.3 -0.3
Glu 11 -1.5 0.1 -0.0
Glu 11 0.0 0.0 0.0
Glu 11 O': 0.6 -1.0 0.0
Glu 11 0^2 0.6 1.1 0.0

Table 8.12: Coordinates of the consensus tem plate describing the active site of 
the prokaryotic t 4 lysozymes present in the PDB.

8.4.2 Prokaryotic: Bacteriophage t 4 lysozym e

t 4 lysozyme is produced late in the infection of Escherichia coli by t 4 bacte­

riophage. The structure was first determined by Matthews & Remington (1974), 

This enzyme has been used as a model to study the effects of m utations on protein 

stability and function and there are over 150 different m utant forms deposited in 

the PDB (e.g. Weaver & Matthews, 1987; Alber et ai, 1987).

A consensus tem plate was constructed from the t 4 structure 2lzm  (Alber et 

ai, 1987) using the same atoms as the mammalian tem plate; the distance cut-off 

was set at 3.0Â. The coordinates of the resultant complex are given in Table 8.12.

Of the 165 t 4  structures in the PDB, 20 are not located by the consensus 

tem plate; these are listed in Table 8.13. All ’missed’ structures have m utations 

of the active site residues or of regions around the active site, perturbing the 

conformation of the catalytic residues.
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2011A 1021 1031 1041A 1071 1081 1091 1101 n i l 1121 1131 1141 1151 2171 1181
1191 1201 2211 1221 1231 2241 1251 1261 1271 1281 1291 1301 1311 1371A 1381
1391 1401 1411 1421 1431 1441 1451 1461 1471 1481E 1551 1561 1581 1591 1601
1611 1621 1631 1641 1651 1661 Id y b I d y c Id y d Id y e Id y f I d y g 1100 1103 1104
1107 1108 1110 n i l 1112 1115 1116 1117 1118 1119 1120 1121 1122 1123 1124
1125 1127 1128 1130 1132 1133 1134 1137 1138 1139 1140 1141 1142 1143 1144
1145 1146 1147 1148 1149 1150 1151 1152 1155 1156 1157 1158 1159 1160 1163
1169 1171 1172 1173 1174 1175 1176 1177 1179 1180 1182 1183 1185 1186 1187
1188 1189 1190 1191 1192 1193 1194 1195 1196 1198 1199 11yd l ly e l ly f i iy g
l ly h lly i lly j 21ztn 41zm 61ztn 71zm 1521 1571 Id y a 1101 1102 1105
1106 1109 1113 1114 1126 1129 1131 1153 1154 1181 1184 n 9 7 2051 2161

Table 8.13: The prokaryotic bacteriophage t 4 lysozyme structures in the PDB. 
The two structures underlined were not identified by the t 4 consensus tem plate.

8.4.3 Comparison o f prokaryotic and eukaryotic 

lysozym es

Due to the similarity of the tertiary fold of both the prokaryotic and eukaryotic 

lysozyme structures and since they both have a Glu and Asp residue as their 

catalytic residues, it would not be surprising if the conformation of the catalytic 

residues is also the same. Figure 8.16 is a 3D representation of the consensus 

tem plates from the prokarotic t 4 lysozyme and eukaryotic lysozymes. The Glu 

residues have been superimposed and the Asp residues lie around 4.5Â apart. It 

is proposed tha t the general mechanism of catalysis of these two lysozymes is 

the same. The crystal structures represent the ground state conformation of the 

enzyme; there is known to be considerable distortion of the substrate and active 

site during the reaction course. This suggests tha t the catalytic residues of these 

two lysozymes may move into similar positions during the transition state of the 

reaction.

8.4.4 Template search through the PDB

When the prokaryotic and eukaryotic lysozyme consensus tem plates are searched 

through the representative structures of the PDB, there are about 100 hits for each 

of the templates. This large number of hits occurs for several reasons. Firstly
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4.5A — ' Asp 20
prokaryotic

Asp 52 eukaryotic

Glu 11 prokaryotic 

Glu 35 eukaryotic

PI g u re 8.16: A 3D representation comparing the active site geometry of the cat­
alytic residues from prokaryotic t 4 lysozyme and eukaryotic lysozymes. The 
(ilu residues of the two consensus templates have been superimposed allowing 
comparison of the catalytic Asp residues.

and most importantly, the consensus templates represent the ground state form 

of the active site. It is apparent that there is a conformational change of the 

catalytic residues in the transition state and there is no representation of this 

movement in the consensus templates. Secondly, in the active site of lysozyme, 

the substrate bisects the catalytic Glu and Asp residues. In non-catalytic regions 

of a protein, this space could easily be replaced by a residue, rendering the Glu and 

Asp residues non-catalytic. Thirdly, there are only two residues in the consensus 

templates, increasing the chance that the relatively common Glu and Asp residues 

will occur in these positions.
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8 . 5  I s  t h e  c o n f o r m a t i o n  o f  c a t a l y t i c  r e s i d u e s  

u n i q u e  t o  e n z y m e  a c t i v e  s i t e s ?

In this chapter as well as chapters 3 and 5, after deriving an enzyme active site 

consensus tem plate, we searched through a representative dataset of structures 

to see if this tem plate was found in any other proteins in the PDB. We found 

th a t there were only a few hits located for those consensus tem plates with three 

or more residues or atoms (e.g the catalytic triad) but as expected there were far 

more for tem plates with only 2 residues or atoms (e.g lysozyme Asp 52-GIu 35).

This may occur simply because there is greater chance of two rather than three 

residues being located randomly in the same conformation in a given dataset of 

protein structures. To investigate this, we have taken 3 randomly picked non- 

catalytic Ser, His and Asp interactions and compared the number of hits located 

when these triads are used to search our representative dataset of PDB structures 

with those for the catalytic triad consensus tem plate derived in chapter 3. Figure 

8.17 shows the results of this test. The histogram in the top left represents the 

search with the catalytic triad consensus tem plate derived from the seed tem plate 

of llpr  (Bone et al., 1991) (chapter 3). The other 3 are non-catalytic interactions 

tha t have an rrns deviation between 3Â and 6Â from the llpr  consensus template; 

these are Ser 202 0^-H is 205 sidechain-Asp 172 0"̂  ̂ from chicken annexin lala  

(Bewley et al., 1993), Ser 13 0^-H is 503 sidechain-Asp 518 0*̂  ̂ from cylcodextrin 

glycosyltransferase Icdg (Lawson et ai, 1994) and Ser 104 O'^-His 108 sidechain- 

Asp 201 0" '̂ from a-am ylase 2aaa (Boel et ai, 1990). The bars shaded white in 

the histogram are hits located from the same protein family as the seed tem plate. 

There are generally more hits located for the non-catalytic triads, however, as for 

the catalytic triad, none of the non-catalytic triads have matches below 1Â rrns 

distance and very few are below 2Â. This suggests that any hits located when a
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RM5 devidlioh RM5 dev titoh

Ü 3

RM5 deviation RM5 dev iitoh

Figure 8.17: Histograms of the number of hits versus rrns deviation from the 
respective templates when 4 Ser-His-Asp triads are used to search through the 
95% by sequence non-homologous dataset. The lipr triad is the catalytic con­
sensus template for the serine proteinases and lipases. The other 3 are randomly 
chosen non-catalvtic triads.
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consensus tem plate is used to search a representative dataset of proteins should 

be treated with caution and may not be of functional significance.

A similar test was carried out on a tem plate consisting of only 2 residues; 

here we compared the 95% by-sequence non-homologous dataset search of the 

T4-lysozyme Asp 11-Glu 20 diad with 3 other randomly chosen non-catalytic 

Glu-Asp interactions. These diads were the sidechains of Glu 11-Asp 109 from 

cytochrome C550 155c (Timkovich & Dickerson, 1976), Glu 128-Asp 169 from 

foot-and-m outh virus Ibbt (Parry et ai, 1990) and Glu 172-189 from the elastase 

structure lezm  (Thayer et ai, 1991). Figure 8.18 shows the number of hits 

located for searches with these templates. There are around the same number 

of hits located for the catalytic as the non-catalytic diads. In addition, for all 4 

diads tested, the are no hits below 0.8Â from the respective consensus templates. 

Therefore if a hit is found below 1Â, it may well be significant.

This proves tha t as expected the number of hits located when searching a 

dataset of protein structures with a consensus tem plate depends on the number 

of atoms and residues in that tem plate. If hits are located below the chosen rm.s 

cut-off, it does not necessarily mean they are functionally significant but merely 

provides a possible starting point for further experimental investigation. Indeed, 

when such a hit is located, other factors should be considered, such as locality 

with respect to potential ligand binding site or accessibility to the protein surface.

These results are borne out by the tem plate searches through the non- 

homologous protein dataset in chapters 3, 5 and 7. Though there were always 

several hits below the defined rrns distance cut-off, there are no clear example of 

a hit revealing a new function for a protein. It should be noted tha t the functions 

of the vast m ajority of proteins in the PDB are understood and the PDB is by no 

means a representative dataset of all proteins in the genome. Only as the number 

of protein structures increases will we be able to appraise the power of such a
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Figure 8.18: Histograms of the number of hits versus rm s  deviation from the 
respective tem plates when 4 Asp-Glu diads are used to search through the 95% 
by sequence non-homologous dataset. The 2lzm  diad is the catalytic consensus 
tem plate for T4 lysozyme. The other 3 are randomly chosen non-catalytic A sp- 
Glu diads.
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search method.

8.6 C onclusion

We have shown that defining a 3D consensus tem plate can be a complex and time 

consuming process that requires comprehensive literature searches to identify the 

residues responsible for chemical catalysis. There is, as yet, no clear method for 

autom atically defining the catalytic residues and atoms involved in an enzyme’s 

catalytic machinery.

O ther factors also complicate m atters: we saw that the prokaryotic and eu­

karyotic lysozymes are related by either convergent or divergent evolution. This 

meant separate active site consensus tem plates were required for each of these 

groups. There are many types of ribonucleases depending on their origin, speci­

ficity for substrate and, in higher organisms, the organs from which they originate. 

These again are related by convergent evolution and lead to more than one ri­

bonuclease consensus tem plate. Furthermore, ribonuclease A exhibits more than 

one conformation of its catalytic His 119 residue. It is unclear which of these 

residue conformations is catalytically active so two tem plates were constructed, 

one for each conformer.

In addition, there is no clear way to validate a given consensus tem plate. 

Searching a dataset of representative protein structures gives an indication of a 

consensus tem plate’s occurrence in other proteins but, as we saw for lysozyme, 

this leads to a large number of hits due to the nature of the derived consensus 

tem plate.

There are at present over 200 distinct enzymes present in the January 1995 

release of the P D B  and this will rise around 5 fold by the turn of the century. Due 

to this, one way to create a database of 3D enzyme active site tem plates might
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b e to  m ake th e  TESS program  accessib le over th e  WWW to  en ab le exp erts on a 

p articu lar en zy m e to create and dep osit a consensus tem p la te  for a new  en zy m e  

structure.

This database would be useful for several reasons. Firstly, it will enable swift 

evaluation of new PDB structures as they are solved. Since the number of X-ray 

and NMR structures is expected to increase to around 50000 by the turn of the 

century, it is clear that the functions of these new structures need to be evaluated 

swiftly. As well as aiding structure based drug design, it would enable automatic 

searches for potential ligand binding sites in other proteins, possibly of unknown 

function. It would also give potential leads for protein engineering experiments, 

in designing novel enzymes, or enzymes which act on different substrates.

8.7 R eferences

Alber T., Dao-Pin S., Nye J.A ., Muchmore D.C. & Matthews B.W. (1987) t 4 

Tem perature sensitive mutations of bacteriophage t 4 lysozyme occur at 

sites with low mobility and low solvent accessibility in the folded protein 

Biochemistry 26 3754-3758

Arni R.K., Pal G.P., Ravichandran K.G., Tulinsky A., Walz F.G. h  M etcalf P. 

Jr. (1992) Three-dimensional structure of Gin 25-ribonuclease T l  at 1.84Â 

resolution: structural variations at the base recognition and catalytic sites 

Biochemistry 31 3126-3135

Bairoch A. & Bucher P. (1994) PROSITE: recent developments. Nucleic Acids 

Res. 22 3583-3589

Beintema J .J ., Schuller G., Masachika 1. & Garsana A. (1988) Molecular evo­

lution of the ribonuclease superfamily Prog. Biophys. molec. Biol. 51



chapter 8: Creating a database o f 3D templates 297

165-192

Beintema J .J ., Confalone E., Sasso M. P., & Furia A. (1990) In: (Juchillo M.C., 

Llorens R., Nogues M.V., & Pares X. (eds). Structure mechanism and 

function of ribonucleases. Gerona 275-281

Bewley M.C., Boustead C.M., Walker J.H., Waller D.A. h  Huber R. (1993) 

Structure of chicken annexin V at 2.25Â resolution Biochemistry 32 3923- 

3929

Blake C.C.F., Koenig D.F., Mair G.A., North A.C.T., Phillips D.C. &: Sarma 

V.R. (1965) Structure of hen egg-white lysozyme, a three-dimensional 

fourier synthesis at 2Â resolution Nature 206 757-780

Blackburn P. & Moore S. (1982) Pancreatic ribonuclease, In: Boyer P.D. ed.. 

The Enzymes New York: Academic Press 317-433

Bleasby, A,.I., Akrigg, D. & Attwood, T.K. (1994) OWL -  A non-redundant, 

composite protein sequence database Nucleic Acids Res. 22 3574-3577

Boel F., Brady L., Brzozowski A.M., Derewenda Z., Dodson G.G., Jensen V .J., 

Peterson S.B., Swift H., Thim L. & Woldike H.F. (1990) Calcium binding in 

a-am ylases: an X-ray diffraction study at 2.1Â resolution of two enzymes 

from Aspergillus Biochemistry 29 6244-6249

Bone R., Fujishige A., Kettner C.A. & Agard D.A. (1991) Structural basis for 

broad specificity in a -ly tic  protease m utants Biochemistry 30 10388-10398

Borkakoti N. (1983) The active site of ribonuclease A from the crystallographic 

studies of ribonuclease-A-inhibitor complexes Eur J. Biochem. 132 89-94

Borkakoti N., Moss D.S., Stanford M.J. & Palmer R.A. (1982) The refined struc­

ture of ribonuclease A at 1.45Â resolution J. Crystallogr. Spectros. Res.



chapter 8: Creating a database o f 3D templates 298

14 467-471

Buckle A.M., Hendrick K. & Fersht A.R. (1993) Crystal structural analysis of 

mutations in the hydrophobic cores of barnase J. Mol. Biol. 234 847-861

Crestheld A.M., Stein W.H. & Moore S. (1963) Alkylation and identification of 

the histidine residues at the active site of ribonuclease J. Biol. Chem. 238 

2413-2420

deMel V.S., M artin P.D., Dos cher M.S. & Edwards B.F. (1992) Structural 

changes tha t accompany the reduced catalytic efficiency of two semi syn­

thetic ribonuclease analogs J. Biol. Chem. 267 247-256

Findlay D., Berries D.G., M athias A.P., Rabin B.R. & Ross C.A. (1962) The 

active site and mechanism of action of bovine pancreatic ribonuclease 7. 

The catalytic mechanism Biochem. J. 85 152-153

Fischmann T.O., Bentley G.A., Bhat T.N., Boulot T.N., Mariuzza R.A. Phillips 

S.E.V., Tello D. & Poljak R.J. (1991) Crystallographic refinement of the 3- 

dimensional structure of the FABD1.3-lysozyme complex at 2.5Â resolution 

J. Biol. Chem. 266 12915-12920

Guillet V., Lapthorn A., Hartley R.W. & Maugen Y. (1993) Recognition between 

a bacterial ribonuclease, barnase, and its natural inhibitor, barstar Structure 

1 165-176

H arata K., Muraki M. h  Jigami Y. (1993) Role of Arg 115 in the catalytic action 

of human lysozyme -  X-ray structure of His 115 and Glu 115 m utants J. 

Mol. Biol. 233 524-535

Henni g M., Schlesier B., Dauter Z., Pfeiffer S., Betzel C., Hoehne W .E. & Wil­

son K.S. (1992) A TIM-barrel protein without enzymatic activity? Crystal 

structure of Narbonin at 1.8Â resolution Febs lett. 306 80-84



chapter 8: Creating a database o f 3D templates 299

Heniiig M., Pfeiffer S., Dauter Z., Wilson K.S., Schlesier B. & Hai Nong V. 

(1995) Crystal structure of narbonin at 1.8Â resolution Acta Cryst. D 51 

177-189

Holmes M.A. & Stemkamp R.E. (1992) Structures of m et and azidomet hemery­

thrin at 1.66Â resolution J. Mol. Biol. 220 723-737

Koepke J., Maslowska M., Heinemann U. & Saenger W. (1989) T hree- 

dimensional structure of ribonuclease T% complexed with guanylyl-2’5’-  

guanosine at 1.8Â resolution J. Mol. Biol 206 475-488

Imoto T., Johnson L.N., North A.C.T., Phillips D.C. & Rupley J.A. (1972) 

Vertebrate lysozyme. In Boyer P.D. (ed.) The E n zym es  edition) 7 

666-868 Academic Press.

Laskowski R.A., Luscombe N.M., Swindells M.B. & Thornton J.M. (1996) Pro­

tein clefts in molecular recognition and function Protein Science To be 

published.

Lawson C.L., Van Montfort R., Strokopytov B., Rozeboom H.J., Kalk K.H., 

De Vries G.E., Penninga D., Dijkhuizen L. & Dijkstra B.W. (1994) Nu­

cleotide sequence and X-ray structure of cyclodextrin glycosyltransferase 

from Bacillus circulans strain 251 in a m altose-dependent crystal form J. 

Mol. Biol. 236 590-600

Lenz A., Heinemann U., Maslowska M. & Saenger W. (1991) X-ray analy­

sis of cubic crystals of the complex formed between ribonuclease T l and 

guanosine-3’,5’-bisphosphate Acta. Crystallogr. B 47  521-527

Lichtarge 0 ., Bourne H.R. & Cohen F.E. (1996) An evolutionary trace method 

defines surfaces common to protein families J. Mol. Biol. 257 342-358



clmpter 8: Creating a database o f 3D templates 300

Lundqvist T. & Schneider G. (1989) Crystal structure of the complex of ribulose- 

1,5-bisphosphate carboxylase and a transition state analogue, 2-carboxy- 

D-arabinitol 1,5-bispbospbate J. Biol. Chem. 2 6 4  7078-7083

M atthews B.W. & Remington S.J. (1974) The three-dimensional structure of 

the lysozyme from bacteriophage t 4 Proa. Natl. Acad. Sci., U.S.A. 71  

4178-4182

Parry N., Fox 0 .,  Rowlands D., Brown F., Fry E., A chary a R., Logan D. & 

Stuart D. (1990) Structural and serological evidence for a novel mechanism 

of antigenic variation in foot-and-m outh disease virus Nature 3 4 7  569-572

Peters K.P., Fauck J. & Frommel C. (1996) The autom atic search for ligand 

binding sites in proteins of known three-dimensional structure using geo­

metric criteria. J. Mol. Biol. 2 5 6  201-213

Remington S.J. & Matthews B.W. (1978) Method to assess the similarity of 

protein structures, with applications to t 4 bacteriophage lysozyme Froc. 

Natl. Acad. Sci. USA 75 2180-2184

Santoro J., Gonzalez C., Bruix M., Neira J. L., Herranz J., & Rico M. (1993) 

High-resolution three-dimensional structure of ribonuclease A in solution 

by nuclear magnetic resonance spectroscopy J. Mol. Biol. 2 2 9  722-734

Schneider G., Lindqvist Y. & Lundqvist T. (1990) Crystallographic re­

finement and structure of ribulose-1,5-bisphosphate carboxylase from 

Rhodo spiv ilium  ruhrum  at 1.7Â resolution J. Mol. Biol. 211 989-1008

Smith L.J., Sutcliffe M .J., Redfield C. & Dobson C.M. (1993) Structure of hen 

lysozyme in solution J. Mol. Biol. 2 2 9  930-944



cîmpter 8: Creating a database o f 3D templates 301

Thayer M.M., Flaherty K.M., McKay D.B. (1991) Three-dimensional struc­

ture of the elastase of Pseudomonas aeroginosa at 1.5Â resolution J. Biol. 

Ghent. 266 2864-2871

Tsuge H., Ago H., Noma M., N itta K., Sugai S. & Miyano M. (1992) Lysozyme 

from equine milk at 2.5A resolution J. Biochem 111 141-143

Varadarajan R. & Richards P.M. (1992) Crystallographic structures of ribonu- 

clease S variants with nonpolar substitutions at position 12: packing and 

cavities Biochemistry 31 12315-12327

Wallace A.C., Laskowski R.A. & Thornton J.M. (1995) LIGPLOT: a program 

to generate schematic diagrams of protein-ligand interactions Protein En­

gineering 8 127-134

Verscheuren H.G., Seljee P., Rozeboom HJ., Kalk K.H & Dijkstra B.W. (1993) 

Crystallographic analysis of the catalytic mechanism of haloalkane dehalo- 

genase Nature 363 693-698

Weaver L.H. & Matthews B.W. (1987) Structure of bacteriophage t 4 lysozyme 

refined at 1.7Â resolution J. Mol. Biol. 193 189-199

Zegers I., Maes D., Dao-Thi M., Poortmans P., Palmer R. Sz Wyns L. (1994) 

The structures of RNase A complexed with 3’-C M P and d(CpA): Active 

site conformation and conserved water molecules Protein Science 3 2322- 

2339

Zegers I,, Verhelst P., Choe H.W., Steyaert J,, Heinemann U., Saenger W. & 

Wyns L. (1992) The role of histidine-40 in ribonuclease T l catalysis: 3- 

dimensional structures of the partially active His40Lys m utant Biochemistry 

31 11317-11325



Chapter 9

Summary

The following is a summary of the main achievements of this thesis:

• A fully autom ated computer program called LIGPLOT has been developed that

draws schematic diagrams of protein-ligand interactions.

• Using all serine-proteinase and lipase X-ray and NMR structures, we have

proved tha t it is possible to define a 3D consensus tem plate, in this case 

consisting of Ser, His and Asp, tha t is able to identify all catalytic Ser-H is- 

Asp triads in the PDB with the exclusion of all other non-catalytic Ser, His 

and Asp interactions.

• A computer program called TESS has been developed tha t allows the autom atic

production of 3D consensus tem plates for any enzyme active site as long as 

the catalytic residues are known.

• We have shown that one 3D consensus tem plate, consisting of Nu:-His-ELEC

is able to identify the active site residues of the serine proteinases, lipases 

and the a / (5 hydrolase enzymes, with the exclusion of all other interactions.

• The orientation of the ligand binding sites of the enzymes identified with the

Nu:-His-ELEC are varied. However, there is a clear relationship between the
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orientation of the sidechain if the Nu: group and the ligand binding site.

• Analysis of m etal-H is interactions in the PDB has revealed tha t they are usually

situated in functional sites. In addition, a triad of type metal-His-ELEC 

has been defined, however, unlike the Nu:-His-ELEC triad, it is structurally 

heterogeneous and we have been unable to separate catalytic m etal-H is- 

ELEC triads from other interactions. This illustrates the fact tha t m etal 

binding sites are often distorted in structure.

• Taking ribonuclease and lysozyme as examples, it is clear tha t defining a 3D

tem plate is not a straightforward process. There may need to be more than 

one tem plate defining an enzyme family; for example separate templates 

have been constructed for eukaryotic and prokaryotic lysozymes. Further­

more, residues can adopt more than one conformation and this may need 

to be taken into consideration. There is as yet no obvious way to fully 

autom ate the construction of 3D enzyme active site templates.


