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Abstract

Dihydrofolate reductase (DHFR) is an enzyme which is a target for a number of 

anticancer, antibacterial and antim alarial drugs. There are many unanswered ques

tions concerning the interactions between DHFR and its ligands, for example why 

some specifically bind to bacterial DHFRs rather than mammalian species. In order 

to a ttem pt to answer these questions it is necessary to obtain structural informa

tion about such complexes in solution. High resolution heteronuclear multidimen

sional Nuclear Magnetic Resonance (NMR) spectroscopy has been used to study 

the structure of the complex of Lactobacillus casei DHFR with the anti cancer drug, 

m ethotrexate.

Isotopic labelling and ^^N) of the protein has been combined with the appro

priate multidimensional method to provide the necessary spectral simplification to 

make assignments in the protein-ligand complex. Firstly the resonances according 

to residue type have been determined from -TOCSY and -COSY based techniques 

and secondly, NOESY-based experiments have provided the distance information 

which allows particular residues to be located within the protein molecules. As well 

as finding the global molecular folds of the protein, specific torsion angle informa

tion has been reported. The la tter data is im portant in assessing the local geometry 

of each residue.

Using the data from the above, structure calculations have been carried out 

using simulated annealing (molecular dynamics) techniques to generate a three- 

dimensional structure of the protein-ligand complex, in solution.



Abbreviations

Gly (G)- glycine Asn (N)- asparagine

Ala (A)- alanine Gln (Q)- glutam ine

Val (V)- valine Arg (R)- arginine

Leu (L)- leucine His (H)- histidine

Ile (I)- isoleucine Lys(K:)- lysine

Ser (S)- serine Met (M)- m ethionine

Thr (T)- threonine Phe (F)- phenylalanine

Asp (D)- aspartic acid Tyr (Y)- tyrosine

Glu (E)- glutamic acid Trp (W)- tryptophan

Pro (? )- proline

DHFR- dihydrofolate reductase

DHF- dihydrofolate

TM P- trim ethoprim

MTX- m ethotrexate

Pyr- pyrimethamine

N A D P + - oxidized NADPH

NADPH- nicotinamide adenine dinucleotide phosphate '



NMR-

FID-

2D-

3D-

NOE-

NOESY-

ROESY-

COSY-

TOCSY-

DQF-COSY-

INEPT-

HMQC-

HSQC-

GARP-

DIPSI-

PFG-

DANTE-

SCUBA-

nuclear magnetic resonance

free induction decay

two dimensional
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nuclear Overhauser enhancement

NOE spectroscopy

rotating frame NO ES Y

correlation spectroscopy

total correlation spectroscopy

double quantum  filter COSY

Insensitive Nuclei Enhanced by Polarization Transfer 

Heteronuclear M ultiple Quantum Coherence 

Heteronuclear Single Quantum Coherence 

Globally optimized Alternating-phase Rectangular Pulses 

(decoupling sequence)

Decoupling In the Presence of Scalar Interactions 

(decoupling and isotropic mixing pulse sequence)

Pulse Field Gradients

Delays Alternating with Nutation for Tailored Excitation 

(used for water suppression)

Stimulated Cross-peaks Under Bleached Alphas

(allows for alpha proton resonances to recover after water suppression)

11



Acknowledgements

My tim e spent in Molecular Structure has not always been easy. I have often run 

into difficulties but I ’ve always been able to find a helping hand. Everyone in the 

departm ent has provided what I would call ’technical assistance’, but i t ’s the way 

it was given which made all the difference!

Firstly, I would like to thank my supervisors Janet Thornton, Jim  Feeney and Tom 

Frenkiel for their continual support and encouragement throughout my PhD course. 

Many thanks also go to Tom for his incredible patience when it came to writing up 

about general NMR and the pulse sequences.

There are other members of the departm ent to whom I am extremely grateful to:

Angelo Gargaro, for all his help with the structural calculation side of my project. 

It was only through his detailed help in isolating problem areas th a t enabled me 

to generate decent structures. I also have to thank him for making me realize how 

much I’ve actually managed to learn during my tim e at the NIMR.

Chris Bauer, for all the software which he wrote for processing and displaying 

spectra. Also for his speed in fixing the little ’bugs’ that the departm ent and 

myself would find while testing the ’new’ versions. Many thanks, Chris, for all your 

help with the DTgX software used to write this thesis.

John McCormick and Gill Ostler, who taught me how to prepare and purify the 

protein samples. I ’d also like to take this opportunity to say a special Thank You 

for helping me though the bad times when nothing seemed to be going right. Thank 

you both for always listening and never judging.

Ill



Many thanks to the remainder of Molecular Structure, some of whom have since 

left the deparment:

Mark Carr (now at NIBSC), Gabriel Martorell (now back in Mallorca), Mike Grad- 

well, Berry Birdsall and Andrew Lane (and his departm ent).

I would like to acknowledge some of my fellow students and friends, not at the 

NIMR, whom without their friendship and encouragement I would have found things 

virtually impossible. I must apologize for only mentioning their names because they 

all helped in individual, as well as general ways. Special thanks to: Wee-lin Lim, 

Elizabeth Flynn, Mary Bassett, Megan Eisenbraun, Angus Sinclair, Roger Lewins, 

John Mackrill and Richard Johnson.

Finally, I would like to thank my Mum and Dad for all their love and support. 

I t ’s not the first time they’ve had to go though all the ups and downs of a PhD 

studen t’s life, but I know that sometimes it was just as hard as if it was.

IV



Contents

A b b rev ia tio n s .................................................................................................  i

A cknow ledgem ents.......................................................................................  iii

1 The Biochemical Importance Of Dihydrofolate Reductase 1

L I Inhibitors Of Dihydrofolate Reductase .................................................. 4

1.2 Amino Acid Sequences of Dihydrofolate R eductase .............................. 6

1.2.1 Bacterial D H F R s .............................................................................  7

1.3 The Mechanism Of R e d u c tio n ..................................................................  8

1.4 C o o p e ra tiv ity ................................................................................................  10

1.5 Crystal Structures Of Dihydrofolate Reductase C o m p le x e s ............. 12

1.6 Objectives of the S tu d y ................................................................................ 19

2 NM R Studies of Proteins in Solution 21

2.1 Introduction to N M R ...................................................................................  28

2.1.1 Two- and Three-Dimensional E x p e rim e n ts ..............................  30

2.2 The Basic Techniques................................................................................... 34

2.2.1 The TOCSY e x p e r im e n t.............................................................  34

2.2.2 The NOES Y e x p e r im e n t.............................................................  36

2.2.3 The COSY e x p e r im e n t................................................................. 39

2.2.4 The IN EPT e x p e r im e n t .............................................................  41

V



2.2.5 Multiple Quantum C o h e ren c e ........................................................ 46

2.3 NM R Techniques Used - Building Up Puise Sequences.......................... 51

2.3.1 The HCCH e x p e r im e n ts .................................................................  51

2.3.2 Triple Resonance Methods - The HNCA experi

m ent   55

2.3.3 The TOCSY-HMQC e x p e r im e n t...................................  57

2.3.4 The ROESY-HMQC e x p e r im e n t.................................... 58

2.3.5 The NOESY-HMQC e x p e r im e n t...................................  59

2.3.6 The NOESY-HSQC - using Pulse Field Gradients . . 60

2.3.7 The HNHA e x p e r im e n t....................................................  62

2.3.8 The HNHB e x p e r im e n t....................................................  64

2.3.9 Half-Filter NOESY e x p e r im e n t ....................................................  66

3 Materials and M ethods for Protein Isolation and Purification 68

3.1 M aterials ........................................................................................................  68

3.2 Biochemical Methods ................................................................................  69

3.2.1 Fermentation Procedure and Iso la tion ..........................................  69

3.2.2 Purification Using Methotrexate-aminohexyl-sepharose Resin 73

3.2.3 DEAE-23 cellulose chrom atography.............................................  74

3.3 Doubly Labelled (^^C, Material  ' . . . 75

3.4 Preparation of the Labelled NMR S a m p le .....................................  76

4 NM R Results and Spectral Analysis 78

4.1 In tro d u c tio n ..................................................................................................... 78

4.2 Spectral A n a ly s is ........................................................................................... 81

4.2.1 Chemical Shift A ssig n m en ts ........................................................... 81

vi



4.2.2 NOE Assignments - Making Spatial Connectivities ................. 88

4.2.3 NMR Information Used To Find Local G e o m e tr y .................... 95

4.2.4 NMR A ss ig n m e n ts ...........................................................................  97

4.2.5 Using A n g leS ea rch ...........................................................................  109

5 Structure Determination of the DHFR-M TX Complex 120

5.1 Secondary Structure D e te rm in a tio n .........................................................  120

5.1.1 In tro d u ctio n ........................................................................................  120

5.1.2 Secondary S t r u c t u r e .......................................................................  121

5.2 Structural C alcu la tions................................................................................  130

5.2.1 In tro d u ctio n ........................................................................................  130

5.2.2 Protocol for Structure C a lc u la tio n s ............................................. 134

5.2.3 The Calculations - Protein A lo n e ................................................  134

5.2.4 Calculations for Combined DHFR -f MTX C om plex .................  140

5.2.5 Calculations - Results ....................................................................  143

6 Discussion and Review 152

References 159

Appendix A 167

Appendix B 173

Appendix C 183

Publications 197

Vll



List of Figures

1.1 Metabolic cycle of tetrahydrofolate and its substrates..........................  3

1.2 M ethotrexate, M TX.......................................................................................  5

1.3 Trimethoprim, TM P (a) and pyrimethamine, Pyr (b)..........................  6

1.4 NADPH showing the Pro-R and Pro-S protons......................................  8

1.5 Reduction of folate and dihydrofolate......................................................... 9

1.6 Figure of the crystal structure of DHFR-MTX-NADPH using Molscript 

(atomic coordinates taken from the Brookhaven Protein D ata bank)

Bolin et al. 1982............................................................................................... 15

1.7 Figure of the m ethotrexate binding site in the crystal structure of

DHFR-M TX-NADPH..................................................................................... 17

2.1 Peptide segment showing NOEs between amide protons and alpha

protons................................................................................................................  22

2.2 Characteristic NOEs depicting secondary structure..............................  23

2.3 A 90" pulse.......................................................................................................  29

2.4 A general 2-dimensional pulse sequence...................................................  30

2.5 How 2-dimensional experiments are combined to create a 3-dimensional

pulse sequence. Taken from A Dictionary of Concepts in NMR by 

S.W. Homans. 1992......................................................................................... 32

Vlll



2.6 How a 3-dimensional experiment can be displayed for analysis. . . .  33

2.7 The TOCSY pulse sequence......................................................................... 34

2.8 After the first 90^ pulse................................................................................ 35

2.9 Spin locking...................................................................................................... 35

2.10 The NOESY pulse sequence......................................................................... 36

2.11 Precession after a time t i = t ......................................................................... 37

2.12 M agnetization being tipped partially into the Z axis............................  37

2.13 At the end of the mixing period and after the final read pulse. . . .  38

2.14 The COSY pulse sequence...........................................................................  39

2.15 Diagrammatic representation of a COSY spectrum  for a two spin 

system ................................................................................................................. 40

2.16 W hat occurs during population inversion................................................  41

2.17 The IN EPT pulse sequence.......................................................................... 42

2.18 The situation after the first r  =  period............................................  43

2.19 Applying the simultaneous 180° proton and carbon pulses.................  44

2.20 The second r  =  period and the effect after the 90y pulse. . . .  45

2.21 The 90°X read pulse applied to the carbon nuclei.................................  46

2.22 Zero, single and double quantum transitions........................................... 47

2.23 Energy levels of a two coupled spin system   • • • 48

2.24 A basic multiple quantum coherence pulse sequence............................. 48

2.25 The HMQC pulse sequence.......................................................................... 49

2.26 Precession during A ....................................................................................... 50

2.27 The ct-HCCH-COSY pulse sequence......................................................... 51

2.28 The HCCH-TOCSY pulse sequence..........................................................  53

2.29 The ct-HNCA pulse sequence...................................................................... 55

IX



2.30 The TOCSY-HMQC pulse sequence..........................................................  57

2.31 The ROESY-HMQC pulse sequence........................................................... 58

2.32 The NOESY-HMQC pulse sequence........................................................... 59

2.33 The NOESY-HSQC pulse sequence............................................................  61

2.34 The HNHA pulse sequence............................................................................ 63

2.35 The HNHB pulse sequence............................................................................ 64

2.36 The Half-filter NOESY pulse sequence......................................................  66

4.1 Slice taken from the HCCH-TOCSY at the isoleucine J-carbon chem

ical shift.............................................................................................................. 83

4.2 Diagrammatic representation of what is correlated in an HNCA ex

perim ent.............................................................................................................  84

4.3 A series of slices from the HNCA spectrum  showing inter- and intra

residue cross-peaks........................................................................................... 86

4.4 Slices taken from the ^H/^^C NOESY-HMQC spectrum ......................  90

4.5 Slice taken from the ^H/^^N NOESY-HSQC spectrum .........................  93

4.6 Section from the Half-filter-NOESY spectrum ......................................... 94

4.7 A polypeptide segment showing the torsion angles................................. 96

4.8 The three staggered rot amers which amino acid residues can adopt. 97

4.9 Sections from the TOCSY-HMQC spectrum displaying the resoilances

of Phe-3 and Asp-26........................................................................................ 99

4.10 Sections from the ROESY-HMQC spectrum displaying the resonances

of Phe-3 and Asp-25........................................................................................ 102

4.11 Section from the HNHB spectrum showing Asp-25 and Phe-3 H ^ 

resonances..........................................................................................................  104

X



4.12 Section from the HNHA spectrum ..............................................................  106

4.13 Section of DQF-COSY of the high field aliphatic region, showing the 

absence of signals from the deuterated leucine methyl groups. . . .  108

4.14 Spin diffusion.............................................................................................  I l l

5.1 Summary of the sequential and short range NOEs for the DHFR-

MTX complex. The height of the bar used to denote an NOE is an 

indication of its intensity....................................................................... 122

5.2 Chemical Shift Index plots derived from proton chemical shifts. . . 126

5.3 Chemical Shift Index plots derived from carbon chemical shifts. . . 127

5.4 A flow diagram depicting the SA procedure used to generate the

protein structure alone........................................................................... 136

5.5 Randomized protein and ligand before the docking process.......... 140

5.6 A Ram achandran plot of the averaged minimized structure using the

PROCHECK software............................................................................  145

5.7 Figure of 5 superimposed structures of DHFR-M TX........................146

5.8 The binding site within T.casez-DHFR-MTX...................................  149

5.9 Torsion angles of M ethotrexate............................................................  151

XI



List of Tables

1.1 Crystal structures of complexes of MTX, TMP, NADPH and folate 13

4.1 A summary of the param eters used for the acquisition and processing

of the NMR ex p erim en ts .............................................................................  80

4.2 Stereospecific assignments of leucine methyl protons for the DHFR-

MTX com plex .................................................................................................  109

5.1 Random coil chemical shift values (Hq and C a) used for chemical

shift index analysis (W ishart et al 1 9 9 2 ) ...............................................  124

5.2 A comparison of secondary structure elements from L.casei DHFR-

MTX from different studies ....................................................................... 128

5.3 Statistics for the structural calcu la tions...................................................  143

5.4 Root mean square deviations between the crystal structure of the 

ternary complex (with NADPH) and the NMR solution structure of

L.casei D H F R -M T X ....................................................................................  147

X I1



Chapter 1

The B iochem ical Im portance Of 

D ihydrofolate Reductase

Dihydrofolate reductase (5,6,7,8-tetrahydrofoIate:NADP'*" oxidoreductase, EC- 

(1.5.1.3) (DHFR)) is an enzyme found in all living cells and organisms. It catalyzes 

the reduction of 7,8-dihydrofolate (DHF) to 5,6,7,8-tetrahydrofolate (THF) by using 

NADPH as a coenzyme. DHFR has been isolated from a variety of sources, and is of 

considerable im portance because it reduces DHF to maintain intracellular pools of 

TH F which is a cofactor of great importance to cells. THF and its related cofactors 

are involved in a large num ber of biosynthetic reactions that are vital to cell growth 

(Hitchings 1973).

Many enzymic reactions require the methyl, formyl, methenyl, methylene, form- 

imino or hydroxymethyl derivatives of THF. All these substrates function as one- 

carbon fragment carriers and in most of the reactions the one-carbon moiety is trans

ferred to regenerate TH F and to form a product (figure 1.1). Such substrates are 

involved in the biosynthesis of ribonucleotides by a sequence of steps tha t involves
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two one-carbon additions. The amino acids serine and glycine are interconverted in 

a similar fashion.



NADPH DHF

j JD H F R  methionine homocysteine

N A D P + - # ^  T  J

senne

glycine V

dUMP

THF

ATP + H C O 2 H

ADP++P1 + H2O

10, fomiyl THF ————-
Formyl
methionine
t-RNA

5,10,methenyl THF - — punnes

5, 10, methylene THF

deoxyuridine
monophosphate

► dTMP -  
Thymidine 

5-phosphate 
4-DHF

Thymidylate — ►  DNA

Figure 1.1: Metabolic cycle of tetrahydrofolate and its substrates.



Thym idylate is also formed by a THF mediated reaction involving the insertion 

of a methyl group into the 5-position of deoxyuridylate with thym idylate synthetase 

acting as a catalyst. This reaction is exceptional since THF is reoxidized to DHF and 

must therefore be regenerated by DHFR (Hitchings 1973). The synthesis of purines, 

thym ine, serine and methionine are all reactions which require TH F substrates. 

One of the most im portant of these is the biosynthesis of thym idylate for which 

the enzymes, thym idylate synthetase and DHFR are essential. Thym idylate is also 

required for DNA synthesis and cell growth.

In principle, any enzyme that is vital to a metabolic pathway in an invasive cell 

can be a target for specific inhibitors. It is in this respect tha t DHFR is of great 

pharmacological importance. DHFR is the target of a number ' of so called ’anti

folate’ drugs, which inhibit its action in malignant or parasitic cells thus depleting 

the cell of TH F and consequently causing cell death.

1.1 Inhibitors Of Dihydrofolate Reductase

Many derivatives of 2,4-diaminopteridine are powerful inhibitors of DHFR. The 

first report of a folate antagonist being used as a treatm ent for leukaemia was 

am inopterin (Faber et al 1948). This drug has now largely been replaced in clinical 

use by an analogue, m ethotrexate (MTX) (figure 1.2).

MTX has been used to treat choriocarcinoma (Ross et al 1965) (a neoplastic 

disease of women tha t occurs after pregnancy) and Burkitts lymphona (B urkitt et 

al 1965). The m ajor drawback to the use of MTX and related compounds is their 

high toxicity in host cells. Another problem with folate analogues is the rapidly 

developed resistance of the target cells. The mechanism of resistance, in man, is still



CH

C  N — CH —  ('OjH

CO,H

Figure 1.2: M ethotrexate , MTX.

not certain , bu t  is thought to involve either elevated levels of D H F R  or the reduced 

ability of the tum our  cells to transport  the drug. M TX  has also been used for m any 

years in the t re a tm e n t  of non-neoplastic diseases such as psoriasis (W erkheiser 1971) 

and has had some success in the trea tm en t  of rheum ato id  a rthrit is  and psoriatic 

arthrit is .

Although M TX  and am inopterin  are the most potent inhibitors of D H F R  known, 

they show no species specificity in their in vivo inhibition of the  enzym e from 

different sources. Extensive investigations have revealed a class of com pounds based 

upon the  2,4-diaminopyrimidine structure , such as tr im e thoprim  (TM P, figure 1.3) 

which do show species specificity in their inhibition (Hitchings et ai  1948).

.Although T M P  and its analogues inhibit D H F R  more weakly than  M TX, they 

selectively inhibit bacterial enzymes. Several of these drugs have been found to be 

useful in the t re a tm e n t  of bacterial and protozoal diseases (Burchall & Hitchings 

1965). T M P  is in regular clinical use, in the t rea tm en t  of bacterial diseases.

.A related 2,4-diaminopyrimidine derivative, pyrim etham ine  (figure 1.3), inhibits 

protozoal parasites and is one of the most powerful antim alaria ls  known. It is also



NHî

OCH3NH-
C,H,

Figure 1.3: Trimethoprim , TM P (a) and pyrim ethamine, Pyr (b).

active against other protozoal diseaises such as toxoplasmosis.

Many analogues of the clinically useful ’anti-folate’ drugs are being synthesized 

with the aim of producing new reversible and irreversible analogues which readily 

enter the target cells and bind strongly to their DHFR but not to the enzyme in 

the host cells.

1.2 Am ino Acid Sequences of Dihydrofolate R e

ductase

Dihydrofolate reductase hcis been isolated and characterized from a number of differ

ent species and in most Cctses has been found to be a single polypeptide chain with a 

molecular weight in the range 15,000 to 25,000. These values are significantly lower 

tha t those found for other pyridine-nucleotide dependent dehydrogenases (Blakley 

1969). The enzyme isolated from protozoal sources has, however, been shown to be 

an order of m agnitude larger tha t this, falling in the range M^= 100,000 to 200,000. 

These enzymes are known to possess multiple domains tha t have other functions, 

such as thym idylate synthesis. The size of the DHFR domain (~250 amino acids)



is quite sim ilar to th a t of mammalian DHFR.

Detailed studies of the various types of DHFR have concentrated on bacterial 

derivatives. Hum an DHFR studies have been hindered due to its low abundance 

in both norm al tissues and in M TX-resistant, DHFR-overproducing human cell 

lines. The resistance of bacterial cell lines to MTX and TM P gives rise to the 

increased production of DHFR (Baccanari et al. 1982) enabling large quantities 

of pure enzyme to be isolated for extensive biochemical studies. Complete amino 

acid sequences have been determined for DHFR from a M TX-resistant strain of 

E.coli (B ennett 1974), a TM P-resistant strain of E.coli (Stone et al. 1979), a 

M TX -resistant strain of Streptococcus faecium  , and a MTX-resistant strain of Lac

tobacillus casei (Freisheim et al. 1978). Sequence information is also available for 

vertebrate  enzymes from an L1210 mouse lymphona cell line and chicken liver. Rel

atively recently, a recombinant system has been developed for generating human 

D H FR in E.coli (Prendergast et al. 1988). The amino acid sequence of the human 

protein was found on the basis of its complementary DNA sequence.

1.2.1 Bacterial DH FRs

The L.casei enzyme contains 162 amino acids residues giving a molecular weight 

of approxim ately 18,300. The E.coli enzyme has three residues fewer whereas tha t 

from 5. faecium  is three residues longer. Despite the similar size of these three bac

terial enzymes the sequence homology is relatively low, 27% for the E.coli/L.casei 

pair and 34% for the E.coli/S. faecium  pair. However, a comparison of the sequence 

from different strains of E.coli DHFR reveals tha t they are almost identical. The 

sequence from L1210 lymphona and human show a very close homology to each 

other. This homology does not correspond only to conservation of the binding sites
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of the protein but is present throughout the sequence.

1.3 The Mechanism Of Reduction

DHFR reduces folate to 7,8-dihydrofolate and then to 5,6,7,8-tetrahydrofolate. The 

first step is 100 times slower than the second for L.casei DHFR. The stereochemistry 

of folate and DHF reduction has been followed using a combination of x-ray and 

NMR work. Previous work had determined tha t the reduction of 7,8-DHF occurs 

at the C(6) atom  involved the transfer of the 4-pro-R proton of NADPH (Pastore 

& Friedkin 1962; Lorenson et al. 1967) (figure 1.4).

The stereochemistry of this protonation had been examined by following the 

reduction of folate to THF with L.casei DHFR and selectively deuteriated NADPH 

(the 4-pro-R proton wcis replaced with ^H). By comparing the NMR spectrum  of 

the resulting DHF and THF and it was found (from vicinal measurements)

that the 4-pro-R proton was transferred onto the C(6) and C(7) of the pterin ring 

and both protons were added onto the same face of the molecule (Charlton et al. 

1979; Fontecilla-Camps et al. 1979a; Fontecilla-Camps et al. 19796) (figure 1.5).

CONH

H

Figure 1.4: NADPH showing the Pro-R and Pro-S protons.
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NH

Folate

C — N CH-CO2H

COoH

NADPH

C — N C —N

Dihydrofolate

NADPH

CH-CO 2H

CH2

CHj

CO2H

NH,

O

N

N

H H

H

H

Tetrahydrofolate

C H -CO 2H

CH2

CH2

CO2H

Figure 1.5: Reduction of folate and. dihydrofolate.



However, in the x-ray structure of the ternary complex with MTX, the 4-pro- 

R proton of NADPH is nearer to the face of the pteridine ring opposite to that 

which receives the proton in folate reduction. This means tha t MTX binds in a 

different orientation to folate and subsequent x-ray and NMR data|have shown that 

the pterin ring in the human folate-DHFR complex is rotated by ~180° compared 

with its orientation in the MTX-DHFR complex (Charlton et al. 1979; Oefner et 

al. 1988; Cheung et al. 1993).

Although the stereochemistry has been understood, there are still unanswered 

questions relating to the enzymic mechanism which are not. NMR studies on ^^C(6) 

and ^^N(5) labelled bovine DHFR-folate and DHFR-dihydrofolate showed th a t N(5) 

was not protonated in the complexes (Selinsky et al. 1990). Mutagenesis work had 

suggested that the ionisable, conserved Asp may be indirectly involved in the proto

nation reaction, although it is quite far from N(8) or N(5) to be directly implicated. 

Studies of the human-DHFR-folate (x-ray) (Oefner et al. 1988) and of the L.casei 

DHFR-MTX-NADPH (NMR) shown a bound water molecule near N(5) (in the 

x-ray study) and near the indole NH of Trp-21 (in the NMR study) which suggest 

tha t N(5) protonation could be mediated by a water molecule (Gerothanassis et al. 

1992).

1.4 Cooperativity

An interesting aspect of DHFR biochemistry is tha t binding studies have revealed 

several examples of cooperative binding. This refers to a change in the binding 

ability of the drug in the presence and absence of the coenzyme (NADPH). Such an 

interdependence in the binding of two ligands to a protein can arise from a direct
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interaction between the ligands in the ternary complex, each ligand forming part 

of the binding site of the other, or it can be an effect transm itted between two 

spatially separate binding sites by some conformational change in the protein. It 

is thought tha t the la tte r explanation is more applicable to the DHFR complexes. 

This has been shown by a combination of kinetics (Dunn et al 1978), NMR (Birdsall 

et a i 1978) and x-ray crystallography studies (Champness et al 1986). The x-ray 

work was done on the E'.co/z-DHFR-TMP-NADPH complex and it was found tha t 

a marked difference was observed in the loop region between residues 15-21  [E.coli 

numbering). The change in conformation of the peptide chain in this region moved 

Met-20 (Leu-19 in L.casei) into contact with the inhibitor and with the nicotinamide 

moiety of the cofactor -factor. This so called ’flexible loop’ in the binary complex is 

involved in intermolecular packing, whereas in the ternary complex it is remote from 

adjacent molecules (Champness et al 1986). This difference had also been predicted 

by D. M atthews (1978) by a comparison of the E.coli binary complex to the L.casei 

ternary-M TX structures (between residues 13 - 22 in L.casei). In this complex such 

a conformational change brings the sidechain of Leu-19 into Van der Waals contact 

w ith the pteridine ring of m ethotrexate. Modeling of trim ethoprim  indicated tha t 

this movement would bring Leu-19 into the vicinity of the 4'-methoxy group of 

TM P in the ternary structure. Thus in the corresponding residue in E.coli (Met- 

20), this 4'-methoxy interaction could account for the cooperative effects observed 

(Baccanari et a l 1982).

There have been fewer cooperativity studies done on the m ethotrexate complex. 

However a kinetic study using ’fragments’ of MTX binding to L.casei DHFR alone 

and complexed with NADPH was reported (Birdsall et a l 1978). The fragments 

used were 2,4-diaminopyrimidine and p-aminobenzoyl-L-glutamate. They were
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both found to bind cooperatively to the L.casei enzyme. In fact the p-aminobenzoyl- 

L-glutamate bound 54 times more tightly to the enzyme-2,4-diaminopyrimidine 

complex than to the enzyme alone. The coenzyme (NADPH) also affected the 

binding constants of both 2,4-diaminopyrimidine and p-aminobenzoyl-L-glutamate 

without substantially altering the cooperativity between them  (Birdsall et a i 1978). 

Such cooperative effects have not been investigated in this present work, however 

future NMR studies will provide information about a series of L.casei DHFR com

plexes which will show the structural differences which could give rise to these 

effects.

1.5 Crystal Structures Of Dihydrofolate R educ

tase Complexes

Crystal structure data have been reported for a number of inhibitor complexes of 

dihydrofolate reductases from different species. The reason for this interest is to 

try  to explain the species specificity of binding of certain inhibitors. The crystal 

structures for the complexes of DHFR with the inhibitor MTX and TM P with and 

without NADPH have provided information on the geometry of the bound inhibitor 

and the cofactor. Such information provides the basis for the design of inhibitor 

analogues tha t are more effective inhibitors and which might have potential as 

improved drugs (Kuyper et al. 1982).

X-ray structures have been reported for a number of complexes of dihydrofolate 

reductases and are summarized in the following table:
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Species Complex Resolution (nm) Reference

E. coli DHFR-MTX 0.17 refined (Bolin et al. 1982)

E. coli DHFR-TM P 0.23 refined (Matthews et al. 1985)

E. coli DHFR-MTX-NADPH 0.30 (Champness et al. 1986)

L.casei DHFR-MTX-NADPH 0.17 (Bolin et al. 1982)

Chicken DHFR-TM P-NADPH 0,22 refined (Matthews et al. 1985)

Chicken DHFR-NADPH 0.20 refined (Matthews et al. 1985)

Mouse DHFR-TM P-NADPH 0.20 refined (Stammers et al. 1987)

Mouse DHFR-MTX-NADPH 0.20 refined (Stammers et al. 1987)

Human DHFR-Folate 0.20 refined (Oefner et al. 1988)

Human DHFR-M TX 0.35 (Oefner et al. 1988)

Human DHFR-MTX 0.35 (Oefner et al. 1988)

Table 1.1: Crystal structures of complexes of MTX, TMP, NADPH and folate

In all of the known DHFR structures the central feature is an 8-10 mixed f3- 

sheet with a single antiparallel strand leading to the C-terminus (figure 1.6). Four 

a-helices pack against the central /3-sheet, while the remaining sheets lie within 

loops, some quite lengthy, connecting the elements of secondary structure. The 

active site containing bound m ethotrexate is seen as a 15Â deep cavity cutting 

across one whole face of the enzyme. The individual strands of /3-sheets are termed 

/3A through to /?H, beginning at the N-terminal strand. Each a-helical segment, 

aB , aC , a E  and a F  is lettered according to the /3-strand immediately following it 

in the linear amino acid sequence.

Although differing in total number of residues by only three, DHFR from E.coli 

and L.casei have an amino acid sequence homology of less than 30%. In contrast 

to this, x-ray crystallographic investigations reveal tha t the overall geometries are 

almost identical, even though the L.casei structure has NADPH present. When
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142 of 159 Q-carbon coordinates of E.coli are matched to L.casei., the root mean 

square deviation is only L07Â.

In three instances, a single amino acid insertion or deletion occurs in L.casei 

DHFR relative to the E.coli enzyme. These differences appear in loops connecting 

elements of secondary structure. It is in these turns tha t one finds the largest vari

ability between these two enzymes. A two-residue insertion in the L.casei molecule 

provides an extra half-turn of helix at the carboxyl end of aE  (Gln-88 and His-89), 

as compared with the corresponding helix in E.coli DHFR. It has also been shown 

th a t in both bacterial DHFRs, the ^-sheet hydrogen bonding is disrupted by a j3- 

bulge located at the carboxyl end of ^E. The backbone carbonyl of Ile-94 {E.coli) 

points out of the plane of the sheet into the substrate binding site positioning the 

carbonyl oxygen of Gly-95 to complete the interstrand hydrogen bond. Imm ediately 

following this /?-bulge, a cis peptide bond between Gly-95 and Gly-96 {E.coli) is 

seen. An analogous /?-bulge followed by a cis Gly-Gly linkage is also observed in 

chicken DHFR. The possible mechanistic significance of this geometry is not yet 

known.
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Figure 1.6: Figure of th e  crystal s tru c tu re  of D H FR -M TX -N A D PH  using M olscript 

(atom ic coordinates taken from the  Brookhaven P ro tein  D ata hank) Bolin cf al. 

1982.
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The conformation of bound MTX is open with its pteridine ring almost perpen

dicular to the aromatic ring of the p-aminobenzoylglutamate moiety (figure 1.7). 

The MTX-pteridine-ring binding pocket is lined by residues in helix-aB (Asp-26, 

Leu-27 and Phe-30, L.casei) and strand /?A (Leu-4, Trp-5 and Ala-6, L.casei). 

One of the most im portant interactions that MTX makes is with the sidechain of 

Asp- 26 {L.casei) (Asp-27 in L.casei) which is within hydrogen bonding distance 

of the N1 position of MTX. This interaction also occurs in TM P bound to E.coli 

DHFR and other tight binding inhibitors with 2,4-diaminopteridine or pyrimidine 

rings. It has been proposed tha t the 4-amino group of the inhibitors increases the 

basicity of the N1 position compared with the 4-oxo group of folate. The 10,000 

fold higher affinity of MTX for DHFR compared with folate can only be partially 

explained by the strong interaction between the N1 position of the inhibitor and 

Asp-26 (L.casei). Interactions involving the 4 -NH 2 group are also im portant. The 

nature of the 4-substituent is the only major difference in chemical structure be

tween the substrate and inhibitor, however, this causes the pteridine ring to exist 

in a different tautom eric state in folate (keto) and m ethotrexate (enol). Differences 

in the orientation of the pteridine ring in the two complexes (see later) will also 

influence the binding ability.
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Figure 1.7: Figure of the m ethotrexate binding site in the crystal structure of 

DHFR-M TX-NADPH.
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For the human-DHFR-MTX complex (0.35nm resolution) (Oefner et ai  1988), 

it has been found tha t the overall protein backbone folding is very similar to that 

found for the chicken liver and mouse L1210 DHFRs. The MTX shows overall 

binding which is analogous to that observed in bacterial DHFR complexes but 

different to tha t in complexes with the mouse enzyme. This is seen most notably at 

Phe 31 (mammalian DHFR) which is at the entrance of the active site cleft. In both 

structures, replacement of ligands in the crystalline state did not cause any m ajor 

reorientation in these sidechain conformations. However, one would expect th a t two 

homologous mammalian enzymes would assume almost identical structures when 

complexed with the same ligands in solution. It could be th a t the two enzymes are 

locked in two different conformational states (Oefner et ai 1988). However, it is not 

certain why this occurs. It could be related to the fact tha t 2 ligands are present at 

crystallization (MTX and NADPH) in the mouse DHFR or perhaps there may be 

different packing forces. A structural study of the human ternary complex would 

help resolve this, however such an investigation has yet to be reported.

A refined crystal structure has also been reported for the chicken DHFR com

plexed with trim ethoprim . A structural comparison of this complex with the E.coli 

enzyme complex with trim ethoprim  has revealed m ajor geometrical differences in 

the mode of binding of TM P which were thought to be im portant in understanding 

the stereochemical basis for the selectivity of this inhibitor for the bacterial enzyme 

(M atthews et al. 1985). One im portant observation is th a t the pyrim idine ring of 

TM P is inserted more deeply into the active site of the chicken enzyme with the 

loss of a number of hydrogen-bonding interactions that are present in the E.coli en

zyme complex. Also, the benzoyl ring of bound TM P in the two complexes is quite 

different; in the bacterial enzyme complex the benzoyl ring points down towards
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the nicotinamide binding site, whereas, in the vertebrate enzyme it points upwards 

and away from the cofactor. These two conformations of TM P result in quite m a

jor differences in enzyme-inhibitor and inhibitor-coenzyme interactions th a t could 

account for the selectivity of TM P for the bacterial enzyme (Matthews et al  1985). 

However, in more recent work (Groom et ai 1991) it was found tha t TM P binds 

in a similar conformation in the bacterial and murine enzymes, indicating th a t the 

origins of the binding specificity of this drug are still uncertain.

1.6 Objectives of the Study

The aim of this work is to determine the structure, in solution, of L.casei DHFR- 

MTX so that we can begin to address the questions concerning enzyme function and 

binding specificity. This is the first structure determ ination of a DHFR complex in 

solution.

At the moment, much of the structural work has been done using x-ray crystal

lography. This is mainly because DHFR is large by NMR standards and it is only 

recently that the technology has been developed to enable this size of molecule to 

be studied. However, much of the structural information from these x-ray studies 

cannot be obtained because the atomic coordinates have not been deposited in the 

Brookhaven D ata Bank. This means tha t there is little information easily available 

in order to make structural comparisons between different species of DHFR and to 

investigate the enzyme inhibition by the drugs.

So far in the literature there has been little systematic work done on comparing 

the structure of complexes of several ligands with the same enzyme. Such a study 

is worth undertaking since any structural changes within the protein on ligand
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binding (as one moves from one drug to another) can be closely monitored. This, 

of course, would provide further information for future drug design. This study is 

only one part of on ongoing project in the department. Other T.ca^ezDHFR-drug 

complexes are also being studied. However this is the most detailed structural work 

which has been completed. Structural information from this study will be used in 

subsequent work on L.casei DHFR complexes in order to investigate the inhibition 

of the enzyme.

20



Chapter 2

N M R  Studies of Proteins in

Solution

The x-ray diffraction technique is the best method of examining three-dimensional 

structure of proteins in the crystalline state. More recently nuclear magnetic reso

nance (NMR) spectroscopy has increasingly been used to determ ine macromolecular 

structures in solution. The first NMR experiments with biological molecules were 

described over 30 years ago, and even then it was anticipated th a t such a technique 

would be of im portance in both structural and dynamical studies. However, a t that 

tim e NMR methodology and instrum entation were not sufficiently advanced to per

form the necessary experiments and the methods for preparing suitable protein 

samples had not been devised. In fact, prior to 1982, assignments of resonances 

were obtained from (complex) one-dimensional (ID) spectra and were based, for 

the most part, on the assumption tha t the structure in solution was the same as 

in the available crystal structure. The introduction of two-dimensional (2D) NMR 

techniques in the early 1980s dramatically increased the resolution of biomolecular 

NMR spectra and, as a result, the amount of information which could be obtained
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from these spectra also increased (W uthrich 1986).

In 1982 W uthrich and co-workers introduced a protocol for assigning 2D NMR 

spectra of proteins, which relied only on knowing the amino acid sequence of the 

protein; this method is the sequential assignment procedure and is now used by 

most researchers who apply NMR spectroscopy to the study of proteins. The initial 

step of this method is the identification of resonances in the spectrum  belonging to 

the same type of amino acid residue primarily by analysis of the scalar correlation 

(COSY) spectra and to tal correlation (TOCSY) spectra. The recognition of scalar 

coupling patterns as cross-peaks in these spectra serves to identify the resonances 

according to amino acid type. The second step relies on using distance relationships 

provided by nuclear Overhauser (NOESY) experiments. The amino proton of a 

given residue provides NOE connectivities not only to its own residue but also 

to nearest-neighbour residues. These connectivities provide a method of assigning 

resonances sequentially along with the polypeptide chain (figure 2.1).

Figure 2.1: Peptide segment showing NO Es between amide protons and alpha pro

tons.
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Once the chemical shift eissignments have been made, information about local 

secondary structure is derived from characteristic patterns of d^/v, d/v/v and dpN  

NOEs (where d ^N  denotes an NOE between an H a proton and an NH proton). 

The a  helix produces a continuous string of dyvN and weaker daN connectivities; 

stretches of intense d^yv connectivities are characteristic of a /5-strand structure 

(figure 2.2). There are a variety of other short range NOEs (<4 residues apart) 

which are also used to determine the secondary structure, these are shown in the 

aforementioned figure. Additional NOE connectivities between protons on different 

residue (<5 residues apart) provide a method of obtaining information about the 

three-dimensional spatial structure of the protein. A combination of NOE measure

ments and structural energy calculations (to be discussed later) have been used to 

deduce the solution structure of many proteins.

a-helix

Residue No. 1 2 3 4 5  67

3 jQ-helix

1 2 3 4 5 6 7

P-sheet

1 2 3 4 5 6 7

'NN(i,i+l) 

‘cxN(i,i+D 

’aN(i,i+3)

'aP(i,i+3)

'aN(i,i+2) 

'NN(i,i+2) 

'aN(i,i+4)

■̂ HNcCHz) 4 4 4 4 4 4 4  4 4 4 4 4 4 4  9 9 9 9 9 9 9

Figure 2.2; Characteristic NOEs depicting secondary structure. The line thickness 

denotes the strength of the NOE intensity.
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Difficulties arise when these techniques are applied to the assignment of reso

nances in the spectra of larger proteins (M r> 10,000). There are two main reasons 

for this. W ith the increase in the size of the molecules, there is an increase in the 

number of signals in the NMR spectrum. This means there is more chance of the 

cross-peaks having the same chemical shift. Consequently it is no longer possible to 

distinguish between signals from two different protons. The entire spectrum  can ap

pear very crowded, so much so tha t it is virtually impossible to make unambiguous 

assignments for many resonances. In addition to this overlap problem the increase 

in molecular weight gives rise to larger linewidths causing problems for correlation 

experiments involving scalar connectivities. In a COSY experiment the cross-peaks 

are antiphase in nature, having a positive peak adjacent to a negative peak. W ith 

the increased linewidth, these opposing parts can interfere destructively making the 

final signal absent or deceptively weak.

These problems have been largely solved by the development of techniques which 

improve the resolution of spectra by (i) increasing the dimensionality of the spec

trum  and (ii) using heteronuclear experiments with isotopically labelled samples.

Addressing the first point, W üthrich’s assignment procedure relies on using 

correlation experiments to identify the through-bond connectivities, followed by 

NOESY experiments to identify the sequential through-space connectivities along 

the polypeptide chain. One of the first applications of increasing the dimensionality 

of homonuclear experiments was the reported 3D TOCSY-NOESY (Oschkinat et 

ai 1988; Oschkinat et al. 1989). However the applicability of this homonuclear 3D 

experiment is limited as the efficiency of the through-bond proton-proton correla

tion step is still poor in large macromolecules. There is also a digital resolution 

problem in th a t so many increments have to be acquired until a suitable spectrum
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can be obtained.

Using heteronuclear NMR experiments the resolution problem can be improved 

by separating the signals on the basis of individual chemical shifts of the directly 

bonded heteronuclei. Originally heteronuclear NMR experiments were little  used 

for studies of proteins because of the low inherent sensitivity, low natural abun

dance and instrum ent limitations. However, all of these problems have been largely 

overcome. One of the most im portant factors in this has been the development 

of proton-detected heteronuclear experiments tha t are more sensitive than those 

where the low gyromagnetic heteronucleus is detected (inverse detection). Initially, 

such experim ents could not be performed on commercial NMR spectrom eters, but 

now most are equipped for these experiments (Wagner 1989).

Isotopic labelling has become easier with the use of improved protein expression 

systems. This usually involves incorporating the appropriate gene into a bacterial 

cell and then growing cells in a medium containing certain labelled m aterial as food 

sources for bacterial growth. The bacteria will then take up the labelled m aterial. 

The labelled protein is obtained following cell lysis, protein isolation and finally 

purification. This approach is less expensive than having to use large quantities of 

labelled amino acids in the growth medium. In order to produce large am ounts of 

labelled protein, over-expression systems have been developed where the bacterial 

strains contain a kind of switch (either chemical or physical) to in itiate protein 

production at a higher rate within the cells.

Isotopic enrichment has been employed in protein NMR studies in several useful 

ways. It has already been mentioned that labelling can help overcome the prob

lems of spectral overlap. Incorporation of into the sample will remove signals 

from the proton NMR spectrum  making it less complicated. Deuterium labelling
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can also help in minimizing unwanted spin-difFusion pathways such tha t particu

lar NOEs can be found which will provide better quality distance information for 

structure determination. Isotope editing and filtering experiments have also been 

proved very useful. For example, after labelling, experiments can be run in 

which the only signals in the spectrum are those involving protons attached to 

nuclei. This la tter example is extremely im portant in the use of three-dimensional 

techniques. Here the third frequency dimension will be the resonance frequency 

of the heteronucleus (^®N). For example, in a 3D NOESY-based heteronuclear ex

perim ent, the NOE signals observed would be from ^^N-^H protons to any other 

protons in the sample. The spectra consist of a series of 2D-N0ESY spectra each 

corresponding to protons at each particular ^®N frequency which can be

separately examined.

A first step in this development of heteronuclear techniques was to convert 

2D ’relayed’ experiments into 3D heteronuclear experiments (2D and 3D HMQC- 

NOESY; (Fesik & Zuiderweg 1988; Gronenborn et ai 1989), 2D NOESY-HMQC; 

(Gronenborn et al 1989; Marion et ai 1989; Zuiderweg & Fesik 1989). However, 

these techniques alone were not sufficient to make sequence-specific assignments, 

since it was not possible to distinguish between intra- and inter-residue cross-peaks. 

In 1989 the use of both 3D ^H-^^N TOCSY-HMQC and 3D NOESY-HMQC to pro

vide the through-bond and through-space connectivities necessary for the sequential 

assignment procedure was reported (Marion et ai 1989). Because the cost of ^^N- 

labelling is relatively low, many groups adopted these techniques and there are 

numerous examples in the literature. Typical examples include Staphylococcal nu

clease (Torchia et ai 1988), interleukin-1/9 (Marion et al 1989), anphylatoxin C5a 

(Zuiderweg k, Fesik 1989) and thioredoxin (Forman-Kay et al 1991).

26



The heteronuclear methods rely on one or two bond heteronuclear (H, N, C) 

couplings. These couplings are much larger with respect to the linewidths and the 

cross peaks in the scalar experiments are less sensitive to the larger linewidths as

sociated with bigger proteins. This overcomes some of the problem arising from 

techniques dependent on H-H couplings (COSY and TOCSY). The NIH group 

(Ikura et ai 1990; Kay et ai 1990) developed experiments to exploit this factor. 

These methods are known as double- and triple-resonance experiments since they 

give information about two or three different nuclei in one experiment. The double 

resonance techniques are the HCCH-COSY and HCCH-TOCSY experiments (Bax 

et ai 19906; Bax et ai 1990a). They both correlate all the nuclei (in ^^C labelled 

proteins) in the sidechains of the constituent amino acids with the corresponding 

Ca  and Ha. Thus these experiments connect the sidechain to the backbone pro

tons. These methods have been widely used as the first step in protein structure 

determ ination where it is necessary to assign the spin systems to residue types. 

Triple resonance experiments, as the name suggests, involve and correlate three 

different nuclei. For example the HNCA experiment (Ikura et ai 1990; Kay et ai 

1990) correlates the amide proton, the amide nitrogen and the alpha carbon. Since 

their first appearance in the literature (Ikura et ai 1990) there have been over 20 

different types of 3D triple resonance methods developed correlating a variety of 

backbone (also C(3 and H/?) atoms and providing sequential information.

These experiments have proved to be im portant not only for providing sequential 

information but also for spectral simplification. Since many have been devised 

specifically to correlate backbone atoms, there will usually only be 1 - 2  signals per 

residue, hence there will be fewer cross-peaks throughout the spectrum. This means 

th a t it takes less tim e to analyze the spectra and to make the assignments.
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One of the first proteins to be assigned using double and triple resonance exper

iments was calmodulin (16.7kDa), (Ikura et ai 1990). Since this protein is largely 

a-helical, the chemical shift distributions for the H a and NH protons resonate in 

a very narrow range. It consists of 4 domains with substantial sequence homology 

and this results in many of the connectivity patterns being overlapped.

O ther proteins studied with 3D triple resonance techniques include interleukin- 

4 (15kDa), (Powers et al. 1992), human interferon- 7  (31.4kDa) (Grezsiek et ai 

1992), human-immunodehciency-virus- 1 protease (HIV-1 ) bound to an inhibitor 

(99 residues),(Yamazaki et ai 1994), human profilin (15kDa),(Metzler et a i  1993) 

and hum an stromelysin - 1  (19.5kDa), (Doren et ai 1993).

Several groups have already made use of 4D triple resonance experiments. Interleukin- 

1 /? (Marion et ai  1989) was one of the first to be investigated. O ther 4D studies cited 

include c-H-ras p21(l-166).GDP complex (Kraulis et al 1994), human interferon - 7  

(Grezsiek et ai  1992), and a domain from the anti-digoxin antibody (Constantine 

et ai 1993).

2.1 Introduction to NM R

In modern Fourier Transform NMR, one or more radio frequency (rf) pulses are 

used to perturb  the spin system. The response to this perturbation is recorded 

as the free induction decay (FID). This is the measurement of the state  of the 

system im mediately after the pulse (or pulses) and as it returns to its equilibrium 

state. Thus the FID is a measurement of how the perturbed system behaves over 

a period of tim e, i.e it is a time-domain representation of what is occurring. To 

convert this into frequency information (the frequency-domain spectrum ) the  data
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90°

Figure 2.3: A 90° pulse.

are ’Fourier transform ed’. A Fourier transform is a  m athem atical function which 

converts functions varying with respect to tim e into functions of frequency.

W hen a sample is placed in a magnetic field, the nuclei can align themselves in 

two orientations, either with or against the external field. In fact, at therm al equi

librium, there will be slightly more nuclei aligned with the field (low energy state). 

This gives rise to a resultant magnetization along the magnetic field direction.

During an NMR experiment this resultant magnetization can be flipped into 

different orientations by applying the appropriate rf pulse. By convention, the 

equilibrium m agnetization generated by the nuclei aligned with the field is said to 

lie on the Z axis in cartesian space and are tipped by rf pulses into the XY plane. 

For example a 90° rf pulse applied along the X axis will tip the Z m agnetization 

into the XY planeialong the Y axis (figure 2.3).

A pulse sequence usually begins with a 90° rf pulse of a given phase (X or Y) 

which tips the magnetization into the XY plane Once in this transverse plane, the 

m agnetization can be m anipulated in many ways. Subsequent pulses used in the 

sequence depends upon how the spin system is to be studied. The transverse mag

netization can be detected directly to give a conventional one dimensional NMR

29



spectrum  or it can be m anipulated by further rf pulses if the object is to study or 

make use of interactions between different spins in the sample. The exact config

uration of pulses (the pulse sequence) is chosen according to how the system is to 

be probed. Several simple pulse sequences have been developed for extracting vari

ous types of information about the nuclear spins in the sample under investigation. 

Although a large number of sequences have been developed, they are usually based 

on a relatively small number of sequences that can be regarded as building blocks 

for the more complex sequences. In the following section I will discuss the building 

blocks which are constituents of the pulse sequences used in this study.

2.1.1 Two- and Three-Dimensional Experiments

A general pulse sequence for a two-dimensional (2D) experiment can be represented 

cLS shown in figure 2.4.

At the beginning of the experiment the system is in equilibrium with the mag

netization vector aligned along the Z axis. The 90°% pulse tips this longitudinal 

m agnetization into the XY plane (transverse magnetization) along the Y axis. 

During the evolution period, conventionally termed ti, the m agnetization vectors

90'

t l mixing
-----------------► period

evolution

Figure 2.4: A general 2 -dimensional pulse sequence.
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begin to process at their Larmor frequencies and at the end of ti these vectors will 

have evolved through an angle that depends on their frequencies and the tim e ti . 

For example, if we have a proton tha t has a frequency of it will have evolved 

through by the end of the evolution period, this is known as frequency labelling. 

Note th a t it is the magnetization which becomes frequency labelled.

The object of the ’mixing’ period (c - d), is to allow some type of m agnetization 

transfer to occur. The specific nature of the pulses and delays used in the mixing 

period will depend upon which type of information one requires, (i.e. coupling 

information or distance information). During the mixing period some m agnetization 

will be transferred from one spin to another, so that, for example, some transverse 

m agnetization of a spin might be generated from the m agnetization which 

was present at the start of the mixing period. The amount of transfer depends the 

length of the mixing period and the strength of the interaction.

During the detection period t 2 , the transverse m agnetization created by the 

mixing process undergoes free precession as it did during ti ,  however now the  free 

induction decay is recorded. The signal from the free induction decay is a function 

of the real tim e variable t 2 and also the evolution tim e t%. In order to obtain 

the two-dimensional frequency domain spectrum, a set of FIDs are acquired with 

different ti  values and the resulting data are Fourier transformed with respect to ti  

and t 2 - Two types of signal appear in the homonuclear 2D spectrum , cross-peaks 

and diagonal peaks. As has been previously said, during ti, the m agnetization 

processes at the Larmor frequency (i.e processes at a frequency of ua)- During 

the mixing period, some magnetization transfer can occur to neighbouring nuclei 

such th a t some Ha which processed at ua during ti processes at say, z/g during t 2 - 

After Fourier transformation, the spectrum obtained will show two situations. If
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the proton Ha did not undergo any magnetization transfer its signal will appear 

at frequency coordinates of This can also occur for the nuclei, which

will show signals a t These are called diagonal peaks since they lie on the

diagonal of the square-shaped spectrum. However, if magnetization transfer did 

occur and processed at f/g during tg, this will generate a signal on the spectrum  

at This is a ’cross-peak’, it is an off-diagonal signal, the m agnetization

processional frequency changed after the mixing period (see figure 2.15).

These are the beisic principles common to all 2D NMR experiments. A 3D 

experim ent can be envisaged as the combination of two 2D NMR experiments, 

excluding the detection period of the first experiment and the preparation period 

of the second experim ent (figure 2.5).

prep. mix.

! !

tl acquisition

J real time
incremental

Figure 2.5: How 2-dimensional experiments are combined to create a 3-dimensional 

pulse sequence. Taken from A Dictionary of Concepts in NMR by S.W. Homans. 

1992.
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The time-domain data are acquired during ta and a set of FIDs collected with 

independent increm entation of both ti and t 2 -

Since there are three time periods in a 3D experiment, it requires a 3D Fourier 

transform  to convert all the time-domain data  into the more familiar frequency 

spectra.

The best way of representing the data is as a cube which comprises a series of 

2D cross-sections of the 3D spectrum  (figure 2.6).

1

F3 = x

Figure 2.6: How a 3-dimensional experiment can be displayed for analysis.
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2.2 The Basic Techniques

The following discussion attem pts to explain how certain pulse sequences work, 

firstly for the sequences which can be regarded as building blocks and then in 

section 2.3 for the more complex sequences which were used in this project. These 

explanations make use of a vector model whenever possible and are not intended 

to be comprehensive. In the interest of simplicity I will only make references to the 

m agnetization which give rise to the cross-peaks expected to be seen in the spectra; 

other m agnetization components will be ignored. This also means I will not be 

discussing phase cycling.

2.2.1 The TOCSY experiment

The TOCSY (Total Correlation Spectroscopy) experiment is a 2 D experiment used 

for shift correlation. It identifies which protons or spins are part of the same 

scalar coupled network(Braunschweiler & Ernst 1983).

The TOCSY pulse sequence is shown below (figure 2.7):

90'

Spin 
Lock Y

►

ACQ

Figure 2.7: The TOCSY pulse sequence. 
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The first 90^ pulse tips the magnetization from the equilibrium Z axis into the 

XY plane (figure 2.8).

►

Figure 2.8: After the first 90^ pulse.

Following t l ,  a second pulse is applied along the Y axis for a period of tim e of 

the order of milliseconds. This means that the magnetization is held there and no 

free precession occurs. This is known as ’spin-locking’ (figure 2.9).

During this period, the effective field experienced by the nuclei become identical, 

thus they are essentially ’energy-matched’ with all the spins becoming effectively 

strongly coupled. This means tha t coherence transfer (and m utual cross relaxation 

in ROES Y experiments) can occur. For a simple H-H system, complete exchange 

is obtained at a tim e 1 /(2J////).

On a practical level the sequence shown gives poor results since the effective field

Spin lock
Y ----------------►

SLy

Figure 2.9: Spin locking.

Y
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generated by a continuous rf field of a fixed phase has an offset dependence (i.e. 

the nuclei are not energy-matched). This means tha t there is no effective coherence 

transfer.

This can be overcome by periodically switching the phase of the spin-lock field 

by 180°, although in practice there are other more effective spin-lock sequences 

which are used.

2.2.2 The NO ESY experiment

The NOESY (Nuclear Overhauser Enhancement Spectroscopy) experim ent as ap

plied to protons is one of the most im portant techniques available in biological 

NMR spectroscopy, since under the correct conditions a complete set of short-range 

(<5Â) through space connectivities can be obtained for a macromolecule (W uthrich 

1986). This is an im portant step in solving the complete solution structure of the 

molecule.

90 90 90
mix ►

ACQ

Figure 2.10: The NOESY pulse sequence. 
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Consider two spins A and B, which are in close proximity, with chemical shift 

frequencies and + 1/^. After the first 90^ pulse, the equilibrium m agnetization 

will be tipped onto the XY plane (transverse magnetization) along the Y axis. 

During ti ,  the A and B vectors will precess at the frequencies + 1/^  and (figure 

2 . 11 ).

Y —

Figure 2.11: Precession after a tim e t i= t .

After a finite tim e t i= t  the second 90^ pulse tips the m agnetization partially 

into the Z direction, creating longitudinal magnetization (figure 2.12).

►

mix

V A  '

Figure 2.12: M agnetization being tipped partially into the Z axis.
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During Z m agnetization components of A and B partially exchange under 

the influence of cross relaxation, depending on how close the nuclei are. Here the 

transverse (XY) components are not required and are removed either by phase 

cycling or homospoil techniques. Hence at the end of t^jx we need only consider Z 

magnetization.

90S

Figure 2.13: At the end of the mixing period and after the final read pulse.

The final 90^ (read) pulse tips the magnetization back into the XY plane where 

it is detected during t 2 (figure 2.13).
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2.2.3 The COSY experiment

The COSY experiment (Correlation Spectroscopy) is a homonuclear chemical shift 

correlation experiment (Marion & Wuthrich 1983). The pulse sequence is simple 

with two 90° pulses (figure 2.14). However, this particular sequence is rarely used 

these days, a Double Quantum Filtered-COSY (Shaka h  Freeman 1983) is used for 

peptides and TOCSY for proteins.

Figure 2.14: The COSY pulse sequence.

During ti we have proton chemical shift evolution where the spins precess at 

frequencies corresponding to their chemical shifts. However, due to the presence 

of spin-spin coupling, the frequencies in a multiplet differ. If we have spins A and 

B which are spin coupled, they will precess at frequencies 1/2J>ib and z/gi: 

1 / 2 Jab  (where Jab  is the spin-spin coupling constant).

After the second 90° pulse the situation becomes complex. For a thorough 

explanation, a quantum  mechanical description would be required, however a very 

simplistic description is used here (Homans 1992). After the second pulse, two 

things occur. The magnetization associated with spin A is transferred, in part, to 

spin B and the remaining part of the magnetization stays on A. The same thing 

occurs for the B spins. Thus two situations arise, (i) the pulse appears to  have
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had no effect on the spins and they continue to precess at the same frequency in tg 

as they did in ti; or (ii) where coherence transfer haa occurred, those spins which 

precessed at ua during ti  now precess at ub and vice versa.

These processes give rise to two different types of signal in the COSY spectra, 

diagonal-peaks and cross-peaks. The diagonal peaks arise from those spins which 

did not undergo coherence transfer and after data processing, the signals appear cls 

m ultiplets centered on chemical shift coordinates of {8 a-, 8 a) and {8 3 -, 8 3 )- However, 

the cross-peaks arise from those spins which did undergo coherence transfer. They 

will have different chemical shift coordinates in F% and F 2 since they precessed at 

say, ua during t% and z/g during tg. This means th a t after Fourier transform ation 

the signals will appear as multiplets centered at 8 3 ) and {8 3  ̂ 8 a) (figure 2.15).

5a  - -

5p —

1

0 0 -1

1 y

e j#
- Jab y /  “

0 0 J
1 1

j# #
1

Jba

e j# 0 0

e
.1 .

0 0

I .

Figure 2.15: Diagrammatic representation of a COSY spectrum for a two spin 

system.

40



2.2.4 The IN E PT  experiment

One of the most pressing problems in NMR is tha t of sensitivity, particularly for 

nuclei of low natural abundance and low gyromagnetic ratio. P art of the diffi

culty arises due to unfavourable Boltzmann factors. The proton has the highest 

gyromagnetic ratio (high sensitivity) of all naturally occurring isotopes so th a t the 

receptivity of any other nucleus may be improved if a suitable population transfer 

(figure 2.16) experiment can be devised.

Before After
Inversion Inversion

Increasing
Energy Population

Inversion

Figure 2.16: W hat occurs during population inversion.

A selective population transfer experiment cannot be used as a general m ethod 

since the appropriate proton transfer can only occur for one spin pair a t a time. 

A more general approach is provided by the IN EPT experiment (Insensitive Nuclei 

Enhanced by Polarization Transfer) which uses non-selective rf pulses to achieve 

the same result over a broad-band of proton frequencies (Morris & Freeman 1979). 

The IN EPT process can be described using a vector diagram.
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H

90: 180: 90:

X

1

T

180 90:

13 C
ACQ

Figure 2.17: The IN EPT puise sequence.

Consider a two spin system, say here the hcis the lower sensitivity.

As usual, at therm al equilibrium (within the m agnet), the net m agnetization of 

both spins and ^^0 will be aligned along the direction of the external magnetic 

field.

The net m agnetization of the can be considered cis composed of two separate 

magnetizations and (for H nuclei with their C neighbours in a  and /? spin 

states respectively). After the first 90^ (^H) pulse the magnetization is tipped 

into the XY plane.

During the time r  the m agnetization vectors will be precessing in the XY plane 

at different frequencies i/h +  (1/2) J c h  and the other at i/h — (1/2) J c h  After a time 

T =  the two proton spin vectors a  and p  will be 90° out of phase (figure 2,18).
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►
a little 
time

Y -----------►

X

M

Spin 
state 

Y  a tC

T = 4J CH

Figure 2.18: T he s itua tion  after the  first r  =  period.
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At this stage a 180° pulse is applied to both  C and H. This has a  refocusing 

effect on the chemical shift bu t  not the C-H coupling. The 180° pulse causes 

the  vectors to  flip into the  mirror-image of their original positions (figure 2.19). 

T he  180° pulse on the  C spins cause the  spin states on the  C spins ( a  and  /?) to be 

swapped such th a t  the  proton vector which was precessing at a ra te  of uh T  ^1‘̂ J ch 

is now precessing at a ra te  of i/h — 1 / 2  J c h  and vice versa.

T = 4J CH

X

180° H
►

CaM
Spin labels 
have been 
swapped

'S'

Figure 2.19: Applying the simultaneous 180° proton and carbon pulses.

After another r  =  period, the m agnetization vectors precess until they are 

aligned along the  ± X  axis (figure 2.20). Following this a 90y pulse is applied to the  

protons which flips the  m agnetization onto the ± Z  axis.
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180° H 

180; C

spin labels 
have been

4 J CH

►

swapped

90° H
►

c '

Also

Figure 2.20: T he second r  =  period and the  effect after the  90y pulse.
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Now the  vector aligned along the -j-Z, axis ( a  spin sta te)  is similar to the  equi

librium  condition, however the  vector aligned along -Z corresponds to a population  

inversion. T he  final 90^ read pulse is applied to the C nuclei and tips the  m agne

tization onto the  ± Y  axis for detection.

Also

Figure 2.21: T he  90®X read pulse applied to the carbon nuclei.

2.2.5 Multiple Quantum Coherence

M ultiple Q uantum  NMR is concerned with nuclear transitions th a t  are forbidden by 

the  usual NM R selection rule A m = ± l  where m is the  m agnetic  qu an tu m  num ber. 

Such transitions are characterized by the  A m  value of the  two levels involved; (i.e. 

if A m = 2  the coherence would be double-quantum  coherence). For exam ple, in the  

two spin system shown in figure 2 .2 , the transition  between the  a a  and  jS/S levels 

has A m = 2  and would be called a  double-quantum  coherence.

Although m ultip le-quantum  coherence cannot be observed directly, indirect de

tection m ethods provided by two-dimensional N M R allow them  to  be studied.
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zero
quantum

A m  =  0

single
quantum

A m =  ±1

double
quantum A m = ±  2

aa

Figure 2.22: Zero, single and double quantum  transitions.
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Consider a system of two coupled spins with the following energy levels (figure

2.3).

ap

0 — ®

a a

Figure 2.23: Energy levels of a two coupled spin system.

If the  transition B 2 is excited by a selective 90° pulse the  resulting signal could be 

detec ted  in the usual way. However if a selective 180° is applied to the  A% transition  

coherence is transferred to the a a  - (3(3 transition, (double q u a n tu m  coherence). At 

this stage, no signal would be detected. However a 180° pulse could be applied to 

.^1 to restore the B 2 coherence and this would produce an observable signal.

During the evolution tim e t% the double quan tum  coherence evolves so th a t  the 

phase of the signal created by the th ird  pulse is a function of the  double quan

tu m  frequency and the evolution tim e t%. The frequency of the  m ultip le  q u a n tu m  

coherence is found by varying (incrementing) ti  as in a norm al 2D experim ent.

Transitions
excited

Figure 2.24: A basic m ultiple quan tum  coherence pulse sequence.
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The HMQC experiment

For biological NMR, the most im portant application for multiple quantum  methods 

is in the HMQC (heteronuclear multiple quantum  coherence) experiment (Summers 

et ai  1986). This is a 2D experiment which correlates or nuclei with their 

directly attached protons and haa the advantages of both proton-detection and 2is 

in IN EPT, starting with proton magnetization. The sequence is shown in figure 

2.25.

90' 180'

H
ACQ

-►
DECX

Figure 2.25; The HMQC pulse sequence.

The first 90°X pulse creates transverse magnetization. During the time A the 

proton spin vectors precess in the XY plane. At the end of A ( A - ^ ^ j^ )  tke 

two proton spin vectors will have precessed to such an extent th a t they become 

antiparallel (b).
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>-
Xa

A  * X

Figure 2.26: Precession during A.

The next 90°X pulse (on the X nucleus) creates heteronuclear double and zero 

quantum  coherence. During ti, these coherences evolve with the chemical shifts of 

both H and X. However the 180* pulse refocuses the proton chemical shift so 

the net effect at the end of ti is as if the MQC had evolved simply with the carbon 

single quantum  frequency. The final 90* pulse (on the X nucleus) converts some 

of the multiple quantum  coherence of the X nucleus back into observable single 

quantum  coherence of the proton and the resulting magnetization is detected via 

the proton channel during t 2 with decoupling of the X nucleus, after a second A 

delay to allow the two proton vectors to come back into phase.
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2.3 N M R  Techniques U sed - B u ild ing  U p P u lse  

Sequences

2.3.1 The HCCH experiments

T he  determ ination  of protein s tructures in solution by N M R  requires complete as

signm ent of bo th  the backbone and the  amino acid sidechain resonances. For large 

molecules (as has been previously discussed) it is useful to combine correlation 

spec tra  in 3D with heteronuclear methods. T he  ’H C C H ’ experim ents  (Bax et al. 

1990a; Bax et al. 19906) connect all the  C and H nuclei in am ino acid sidechains 

to the  backbone C a  and H a  nuclei. The two experim ents  which have been im

p lem ented  here are HCCH-COSY (in fact, a ’constan t- t im e’ version, which will be 

discussed) and HCCH -TO CSY .

C o n s ta n t- tim e  H C C H -C O S Y  e x p e rim en t

90“ 180“ 90 180“ 180“ 180“ 90“ 180“

ACQ

*180“ 180“180 90“ 90" 180'

DEC
(b) (0(c) (d) (c)

Fixed
180“

c=o
C ® r

‘ ■sliding’ 180° pulse

Figure 2.27: The ct-HCCH-COSY pulse sequence.

This  sequence consists of the following elements (i) proton evolution and an IN E P T  

transfer from protons to carbon-13 ((a)-(b)); (ii) a carbon evolution t im e with  refo-
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cusing of C-H couplings and dephasing due to U cc  ((b)-(c)); (iii) a carbon-carbon 

coherence transfer pulse ((c)-(d)); (iv) a period for refocusing of C-C couplings and 

dephasing due to ((d)-(e)) and (v) a reverse-INEPT sequence leading to the 

detection of proton signals. It is used for correlating proton and carbon nuclei 

within the sidechains of amino acid residues of the protein.

Initially (a) longitudinal magnetization exists and the first 90° pulse creates 

transverse magnetization. At the end of ti ( chemical shift evolution time,) 

proton m agnetization has been transferred to spins (at (b)) by an IN EPT-type 

process (see section 2.2.4). It can be seen that relative to INEPT, the num ber of 

180° pulses between (a) and (b) has been reduced by one. This merging of 

pulses was proposed by the group at NIH (Kay et al. 1991).

During the period (b)-(c) we have the carbon evolution time (t2 ) where a number 

of things occur. Firstly the total tim e period is fixed and there is a 180° pulse 

which moves as tg is incremented from zero to its maximum value. It is the pulse at

(c) which transfers magnetization between scalar-coupled carbons in a COSY-type 

way (i.e. from to its coupled partner, C#). Also at the centre of this period 

and selective carbonyl and aromatic 180° pulses are applied to refocus any 

effects due to Jc h , Jc^c  and JcaCAr-

This experiment uses a ’constant-tim e’ sequence (Bax et al. 1979; Rance et al. 

1984) during which the tim e between the preparation and the mixing-COSY pulse 

is constant. This fixed tim e ensures th a t all magnetization transfer processes which 

are dependent on Jcc  are at their most efficient. The ’sliding’ 180° moving at t 2 

intervals, allows chemical shift evolution to occur as a function of t 2 -

The period (d)-(e) is im portant for it allows the Ca~Cb magnetization to rephase 

and for the Cg m agnetization vector to become antiphase with its proton Hg. This
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is vital for the  final reverse IN E P T  process to transfer Cg m agnetiza tion  into Hg 

m agnetiza tion  which is detected during tg. The pulse in the  centre of the  (d)-(e) 

period is im portan t  to refocus the effects of chemical shift thus allowing only 

J ch  and J c c  to evolve.

The  3D spectra  were displayed 2ls a series of 2D correlation spec tra  ( F 1/ F 3 

slices) separa ted  according to (F 2 ) frequencies (see figure 2 .6 ).

T he  spectra  show cross-peaks at chemical shift coordinates of (C a f ,  H a i ,  U/3i), 

(C/?2, H/3z, H a i)  and (C/?z, E p i ,  H^z) and so on. It is a COSY experim ent and  thus 

will only show correlations between nuclei which are 1-3 bonds apart.

H C C H -T O C S Y  ex p erim en t

13 C = 0

180® 90® 180®180” 90

180” 90 180” 90” 180” 90

DIPSI
l- DEC

(d) (e) (0  (g)

180®

n

Figure 2.28: The H C CH -TO CSY pulse sequence.

T he  pulse sequence (figure 2.28) used was the one proposed by A. Bax (Bax et al. 

1990a). T he  experim ent did not involve the constant-tim e feature  adop ted  in the  

H C CH -C O SY  experim ent described above.

It resembles the  HCCH-COSY experiment in th a t  it contains 5 d ist inct  elements. 

F irstly  it includes proton evolution and an IN F P T  transfer from protons to carbons 

((a)-(c)); (ii) a carbon evolution tim e which includes a period of rephasing under
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C-H coupling (2(^i) ((c)-(d)); (iii) carbon isotropic mixing ((d)-(f)); (iv) a period of 

dephasing under and finally (v) a reverse INEPT leading to the detection of 

protons.

After ti the first IN EPT sequence contains the full number of pulses as quoted 

in section 2.2.4. This is because the technique of merging pulses had not been 

reported at this time. The carbon evolution time t 2 (c)-(d), contains a 180° proton 

pulse in the centre of this period; this is to refocus the effects of the C-H coupling. 

However, this coupling is allowed to evolve for a period of 2Si to allow the carbon 

magnetization to become in phase with respect to its directly attached proton. This 

is to avoid any phase problems in the final signal which could arise from ^3c h -

During (d)-(f) we have the TOCSY sequence, where isotropic mixing occurs. 

The isotropic mixing was achieved by a DIPST3 sequence (Shaka et al. 1988). 

During this period ^^C magnetization is transferred to its neighbours. After the 

isotropic mixing a period of 2 8 2  ( l / 2 M c//)is allowed for the carbon magnetization 

to become antiphase with respect to its directly attached proton. This antiphase 

situation allows the following reverse INEPT sequence to transfer ^^C magnetization 

back to the attached protons which are detected during tg.

The 3 D spectra consist of a series of 2 D ^H-^H TOCSY spectra at successive ^^C 

slices. The cross-peaks appear at chemical shift coordinates of (Cm , Haz, H/?z), 

(Caz, H ai, and (Cm’, Hm', H7 ) and so on. Depending on the choice of mixing 

time, cross-peaks are seen for all the protons along the amino acid sidechain.
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2.3.2 Triple Resonance Methods - The HNCA

experiment

Backbone and sequential resonance assignments are im portan t  in order to con

nect the amino acid sidechains to the correct backbone atom s and position in the 

sequence. T he  triple resonance experim ents provide this information via scalar cou

pling between the  different heteroatom s (^^N, in the backbone (assum ing the 

protein is su itably labelled). Only one of these experiments was used, a constant 

tim e HN CA experim ent (Grzesiek & Bax 1992), to correlate the backbone

scalar coupled nuclei as described by Grzesiek and Bax.

I

9 0 °  180* 90°
I ^
90° 180° i j

DIPSI -2

180° 90° 180° 90° 180° 90° 180° 90° 180°

DEC

180° 90°

' C . O

180°
^ - ï ï — * U

180°

90° 180°

•ilid in t" 180° p u U a

Figure 2.29: The ct-HNCA pulse sequence.

The  sequence employs four IN E PT -type  steps to transfer m agnetiza tion  from 

NH, to and from to ^ C a  and back again. T he  first 90“̂ pulse, as usual, 

creates proton transverse m agnetization. In the proton channel there  is a delay 

( l / 2 J;v//) to allow the  m agnetization to rephase with respect to its directly 

a ttached  proton. After this period of rephasing, low power decoupling (D IP S I-1 ) is 

switched on th roughout the  following ti and t 2 periods (to be discussed), so th a t  

the protons are decoupled from nitrogen.
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Thus after the first INEPT sequence, the proton magnetization is transferred 

to During the following ti we have chemical shift evolution utilizing a 

constant-tim e sequence (Bax et ai 1979). The T period is selected such tha t there 

is evolution under MArca and ^J^vca to allow the magnetization to become 

antiphase with respect to the nuclei. This is so tha t the next series of 90° at 

the end of ti (INEPT II), magnetization is transferred to nuclei. After these 90° 

pulses in INEPT II, we have magnetization antiphase with respect to the ^°N 

nucleus. During the following tg period, we have the chemical shift evolution. 

In the centre of this period, there is are ^^N and selective carbonyl 180° pulses, 

these refocus the effects of Jj\jc and Jcaco- At the end of t] the next series of 

90° pulses (part of INEPT III) transfer antiphase magnetization back into ^°N 

magnetization (antiphase with respect to the magnetization).

During the following 2T period, we have rephasing of m agnetization

(opposite to tha t during ti) . For a period before the final reverse IN EPT sequence 

(1 / 2 Ja^//) the DIPSI-1 decoupling is switched off to allow the ^°N m agnetization 

to become antiphase with respect to its directly attached proton. Thus at the the 

end of 2T we have, rephased ^^N magnetization with respect to the nucleus 

and antiphase magnetization with respect to the directly attached amide proton. 

Thus the final reverse IN EPT (INEPT IV) re-creates proton m agnetization which 

is detected during tg.

The spectra from this experiment show cross-peaks at coordinates (Ni, NHi, 

Cq i) and (Ni. NHi, C ai_i). The second series of cross-peaks are due to the ^Jis^vca 

coupling.
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2.3.3 The TOCSY-HMQC experiment

The pulse sequences described here and in the following two sections (nam ely the 

RO ESY -H M Q C and NO ESY -H M Q C) have m any features in common. Firstly, they 

are all similar because they all have an HM QC sequence where the chemical shift 

of the heteroatom  (other than  the proton) evolves (during the  t] period), secondly, 

they each involve an additional s tandard  2D technique (such as NOESY) (Clore et 

a/. 1991).

90° 180

Isotropic
Mixing

ACQ
90°180

15 N DEC

Figure 2.30: T he  TO C SY -H M Q C  pulse sequence.

T he  TO C SY -H M Q C  experim ent (figure 2.30), as the nam e suggests consists 

of a TO C SY  pulse sequence followed by an HM QC sequence (see section 2.2.5). 

Looking at figure 2.30, during ti the  180° pulse removes the effects of the 

heteronuclear N-H coupling such th a t  only the proton chemical shift evolves. For 

the  T O C SY  sequence, isotropic mixing was achieved by using a DIPSI sequence 

and NH m agnetization was detec ted  during tg with GARP-1 decoupling (Shaka et 

a/. 1985).

The 3D spectra  show a series of 2D ^H-^H TO C SY  spectra  a t successive ^^N 

frequencies. Cross-peaks appear  at coordinates (N,-, NH,, H a,)  and (N,, NHi, H/?,)
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and also to o ther protons within the residue depending on the  length of the  mixing 

time.

2.3.4 The ROESY-HMQC experiment

90" 180'

SPIN
LOCK

ACQ

180

DEC

Figure 2.31; T he  ROESY-HM QC pulse sequence.

T he  pulse sequence is almost identical to th a t  of the  TO C SY -H M Q C  experim ent, 

differing only in the irradiation during the mixing period (Clore et al. 1991). The 

first pa rt  of the sequence is a normal 2D ROESY pulse sequence (as previously 

described). In a RO ESY experim ent the mixing is achieved by a simple continuous- 

wave spin-lock pulse, whereas in a TOCSY, isotropic mixing pulse sequences are 

used (e.g. DIPSI). During the  mixing period, m agnetization is transferred to o ther 

protons via m utual  cross-relaxation. Following this RO ESY sequence, an HM Q C 

experim ent is im plem ented where chemical shift evolves, identical to th a t  in the  

T O C SY -H M Q C  experiment. Again, NH proton m agnetization is de tec ted  during 

ta with decoupling. T he  3D spectra produced consist of a series of 2D ^H-^H 

NOESY-like slices at successive frequencies. Cross-peaks appear  a t chemical 

shift coordinates of (N,-, NH,, H,) and (N,-, NH,, Hj) where H is any proton, e ither
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intra- or inter-residue. Also the cross-peaks are of opposite  phase to the diagonal 

(different for NOESY, see following section).

2.3.5 The 'H/'^C NOESY-HMQC experiment

This pulse sequence consists of a 2 D NO ESY experim ent (section 2 .2 .2 ) followed by 

an HM QC sequence (Kay et al. 1989). The experim ent was carried out in D 2O to 

reduce the problems of spectral complexity ( to remove m ost of the  amide protons) 

this also m eant th a t  complex solvent suppression would not be required.

90' 90' 90 180'

ACQ
90°180

DEC

Figure 2.32: T he  NOESY -H M QC pulse sequence.

Following the HM QC sequence (for ^^C chemical shift evolution) the  final proton 

signals are detected with ^^C-^H GARP-1 decoupling (Shaka et al. 1985).

NOESY spectra  differ from T O C SY  in th a t  they provide information of distances 

between two nuclei which are no more th a t  5Â apart .  RO ESY is similar but it 

detects nuclei which are not greater than  3Â apart.

Thus this 3D NOESY -H M QC gives rise to spectra  which are a  series of 2 D ^H- 

 ̂H NOESY-like slices at successive ^^C frequencies. Cross-peaks appear  at chemical 

shift coordinates of, say (C a ,,  H a,,  H/?,) and (Ca,-, H a , ,  Hj)  from the a lpha  proton
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and where Hj is any proton, either intra- or inter-residue. This spectrum  differs 

from the ROESY in tha t the cross-peaks are of the same phase as the diagonal 

peaks.

2.3.6 The NOESY-HSQC - using Pulse Field Gra-

dients

The experiment was recorded because it was necessary to have NOE information 

from the amide protons for the structure determ ination of the enzyme complex. One 

of the reasons why the HSQC sequence (heteronuclear single quantum  correlation) 

was used rather than HMQC was because it is more suitable when using Pulse 

Field Gradients (PFGs). The HSQC experiment is a proton-detected correlation 

technique (Norwood et al 1990) which similar to the HMQC experiment, however 

the HSQC experiment uses X-nucleus single quantum  coherence whereas the HMQC 

method utilizes multiple quantum  coherence. The HSQC employs two IN EPT type 

transfers on either side of the X-nucleus evolution time. HSQC is advantageous 

because it can result in spectra with sharper signals in the ^^N domain. Firstly, 

the resolution limited by the inherent resonance linewidths which are greater in the 

HMQC spectra. This is because for ^^N, the multiple quantum  coherence relaxes 

faster than single quantum  coherence. Secondly, the signals in the HMQC spectra 

contain additional splittings in the ^®N dimension due to Hyv-Ha couplings, these 

signals are not usually resolved but result in a broadening of the HMQC peaks 

relative to the HSQC peaks (Norwood et al 1990).

During the pulse sequence, (a)-(c) (figure 2.33) is the first IN EPT transferring 

in-phase proton magnetization into antiphase ^®N magnetization. During t 2 , the
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chemical shifts evolve and the proton 180° pulse removes the effects of Jyv'// 

couplings. At the  end of t] the antiphase m agnetization is converted back into 

in-phase proton m agnetization by the final reverse IN E P T  sequence ((d)-(f))  where 

the  am ide proton m agnetization is detected (with decoupling) during ta.

PFG

complex r INEPT

• Purpose of this pulse is replaced by PFG

n n
©

90“ 90“180 180 180
Selective 180“

I

ACQ
180' 180 180

15
DEC

© ©

u
©

Figure 2.33: The NOESY-HSQC pulse sequence.

T he  pulse sequence is similar in construction to the  N O ESY -H M Q C  sequence 

previously described. It consists of a 2D NOESY experim ent followed by a heteronu- 

clear correlation technique. This pulse sequence differs from the o ther  described in 

th a t  P FG s are used. The gradient pulse at ( 1 ) is im portan t  in dephasing all m ag

netization in the  transverse plane. At this stage of the  N O ESY sequence only the 

Z components are im portan t.  This PFG  reduces the need for phase cycling and 

helps suppress the water signal. The gradient pulse a t (2) effectively selects for ^°N 

labelled m agnetization since it dephases all m agnetization in the XY plane and at 

this stage of the sequence, only the ^^N m agnetization should be aligned in the ± Z  

axis. Pulse (3) serves the same purpose and works in the  sam e way as (2). Pulses 

(4 ) and (5 ) are used for water suppression in conjunction with the selective 180°
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proton pulse. The former gradient pulse dephases both amide proton and water 

magnetization. The selective 180° pulse acts on the amide proton m agnetization 

which means tha t the following gradient pulse (5), refocuses the amide proton mag

netization vectors, allowing the final signal to be detected. However, the selective 

180° has no effect on the water magnetization which remains dephased and is sup

pressed to a very high degree. The combination of a selective 180° and a pair of 

gradient pulses is a general water suppression technique known as WATERGATE 

(Piotto et ai 1992; Sklenar et al. 1993).

The spectra are identical to the ROESY-HMQC spectrum  in tha t it shows spa

tial interactions from amide protons to all other protons within the sample. The 3D 

spectra consist of a series of 2D ^H-^H NOESY slices at successive frequencies. 

Cross-peaks appear at chemical shift coordinates of (N^, NH,-, Hi) and (N,-, NH*, 

Hj) where H is any proton, either intra- or inter-residue.

2.3.7 The H NH A experiment

The HNHA experiment (Vuister & Bax 1993) is used to measure ^JN^Ha coupling 

constant values in order to obtain values of the protein backbone torsion angle (j) 

(between HN and H a). In the HNHA experiment, the ratio of the cross-peak and 

diagonal intensity provide a reasonable measure of The relation between

the intensity ratio and the coupling constant is as follows:

=  tan^{T^JN„HaO [1]
^ d i a g

Where the value of f  is a delay in the pulse sequence (figure 2.27).
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90“ 180' 90' 90' ISO' 90“

C-51

ACQ
(d ) /

90° 180° 180°180' 90°

T+ t T - t T + t T - t
15

DEC

•'sliding" 180° pulse

Figure 2.34: T he  HNHA pulse sequence.

T he  HNHA pulse sequence contains one HMQC sequence nested within another. 

After the first 90° pulse, the 6 delay (~4m s) allows the HN m agnetization to become 

an tiphase  with respect to its directly a ttached proton, under the influence of U.v//- 

T he  following period (b)-(d) constitu tes a constant-tim e evolution period for the 

^^N-HN m ultip le  q u an tu m  coherence (MQC), during which the proton chemical shift 

is refocused by the proton 180° pulse (c). During the whole period 2T from (b) to

(d) the HN - H a  coupling evolves. The  effect of this coupling is th a t  at (d) some 

of the  ^°N-HN M QC will have become antiphase with respect to H a  whereas some 

will have rem ained in phase; the relative amount of these two types of coherence 

depends on &nd 2T. T he  effect of the proton 90° pulse at (d) is to convert

the  former into ^^N-Ha M QC whereas the la tte r  stays as ^^N-HN M QC. During the 

following evolution tim e t] ,  these coherences become frequency labelled with the 

chemical shifts of the HN or H a  protons respectively; the nitrogen chemical shift is 

refocused by the ^^N 180° pulse in the middle of t 2 -

T he  sequence has a degree of sym m etry  about the middle of the t 2 period and 

in the  second half, the m agnetiza tion  of interest follows the same pa th  in reverse
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with fu rthe r  frequency labelling and rephasing of the effects in the 2T

period and rephcising of Myv// in the final delay. Again, amide proton m agnetization 

is de tec ted  (with decoupling) during tg (G A R P -1 ).

T he  3D spectra  show two signals per residue. One is the diagonal (N,, NH,, 

NH,) and  the o ther corresponds to the alpha resonance (N,, NH,, H a ,) .

2.3.8 The HNHB experiment

T he  H N H B experim ent (Archer et al. 1991) is used to obtain  inform ation about 

the  sidechain torsion angle in proteins. In this experim ent, two coupling constants 

involve a comm on nucleus namely ^^N (^Ji5,v///92 and T he  relative inten

sities of the  cross-peaks provide a sensitive meztsure of the  relative values of the  two 

coupling constants. In our case the ratio is given by;

In02 _ tan' {̂nJjv02̂ )
I j ^ 0 3  t a n ‘̂ { 7 r J N 0 3 A )

The A term  is the HM Q C delay in the pulse sequence (see below).

90“ 180' 180“ 90' 90“ 180“ 90 ISO

1

ACQ

180“ 90“ 180'90“ 180180180

15
DEC

(b)

"sliding- 180 pulses

Figure 2.35: The HNHB pulse sequence.
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Magnetization is first transferred from the amide proton to the amide nitrogen 

using an IN EPT transfer (a)-(b). At (b) we have magnetization antiphase 

with respect to its attached amide proton. Following this, the ti period allows the 

chemical shift to evolve (using a ’constant-tim e’ technique) with a ’sliding’

180° pulse. The proton 180° at the same time as the pulse, retains the effects 

of and The delay A is set to a value tha t allows the three-bond

coupling ^3is,\HP to evolve to a substantial extent. Since the ^3n h  is at least an 

order of magnitude larger than the A delay is chosen to make the

m agnetization in phase with respect to its directly attached amide protons. This 

requires A to be an odd multiple of 1/2^3h H'

This means that at stage (c) there will be some magnetization antiphase 

with respect to its own NH. The proton 90° pulse at (c) creates amide nitrogen-/? 

proton MQC and during t 2 the H/? chemical shifts evolves with ^^N chemical shifts 

being removed by the ^^N 180° at the centre of the period. The 90° pulse at (d) 

re-creates antiphase ^°N-H/? magnetization, which rephases during the following 

A delay. Since the A delay is an odd multiple of 1/2^^^^, antiphase ^^N-HN 

m agnetization is created by (e). The final series of pulses is a reverse IN EPT 

creating NH m agnetization which is detected (with ^®N GARP-1 decoupling) during 

ts.

The 3D spectra show a maximum of two cross-peaks per residue, there should 

be no diagonal, although in practice a few diagonal peaks do occur. The signal 

appear at chemical shift coordinates of (Ni, NHi, H/?i) and/or (Ni, NHi, H/?/i)
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2.3.9 Half-Filter NOESY experiment

This 2D m ethod  was used to observe NOEs which occurred between protons in 

the labelled protein and those in unlabelled m ethotrexate . The pulse sequence is 

described below (Folkers et al. 1993).

180180

ACQ

180

13 C

(D (D1

PFG

Figure 2.36: The Half-filter NOFSY pulse sequence.

During t i ,  the  proton chemical shift evolves. The composite 180° pulse in 

the centre of this period refocuses the effects of couplings. During the mixing

period there  is cross-relaxation between all types of protons ^^N-H and ^^C-

H) with no selection being m ade at this stage. The pulse at (b) creates transverse 

proton m agnetization which processes in the XY plane. After a t im e 1 /2 3 i3ch  

the pro ton  180° pulse (c) converts proton m agnetization directly coupled to 

into M QC which cannot be observed. The remaining proton m agnetiza tion

(arising from protons bound to and evolves for a second 1 /23 i3ch  period, 

after a proton 180° pulse which serves to refocus their chemical shifts. Thus during 

t 2 only ^^N-H and ^^C-H proton m agnetization is detected.

In this experim ent, the PFG  are used in a similar way as for the N O FSY -H SQ C 

experim ent. The pulse at ( 1 ) dephases all XY m agnetization com ponents  (only Z
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components are im portant here). The pulse at (2) also dephases the magnetization 

components in the transverse plane. After all the ^^C-H m agnetization has been 

converted to MQC, the remaining magnetization and is refocused

by the pulse at (3) allowing the final signal to be detected during t 2 -
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Chapter 3

M aterials and M ethods for

Protein Isolation and Purification

3.1  M a te r ia ls

M aterials were obtained from the following suppliers:

B a c to try p to n e Difco lab o ra to ries

Y east e x tra c t

T ry p to p h a n S igm a C hem ical Co.

Lysozym e

N A D P H  and  D 2O

M e th o trex a te

Folic and  dihydrofo lic  acid

P h eny lm ethy lsu lphony lfluo ride

99% am m o n iu m  su lp h a te CK G as P ro d u c ts  L td .

99% glucose

AH sepharose  4B resin P h a rm a c ia  F ine C hem ical L td .

P o lyethy leneim ine B D H  C hem icals L td .

C ellu lose D EA E -23 resin W h a tm a n  B iochem icals L td .

Other chemicals used were of Analar reagent grade.
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3 .2  B io c h e m ic a l M e th o d s

The organism used for all the fermentations was E.coli N Fl/pM T702. The host 

strain N F l, is an E.coli strain which is streptomycin resistant and deleted for the 

tryptophan operon (W auxotroph). The plasmid pMT702 contains the L.casei 

DHFR gene and also the sequences for ampicillin resistance. This plasmid also 

contains the AP^ promoter which serves as a tem perature switch which causes the 

over-expression of L.casei DHFR in the cells.

3.2.1 Fermentation Procedure and Isolation

The procedure followed for the production and purification of L.casei DHFR 

was a modified version of the method described in the literature (Dann et al. 1976). 

This particular procedure involved a 4 x 4/ fermentation to produce three samples 

containing 41.3mg of protein, sufficient for the NMR studies.

S tarter cultures were grown in 2 x 50ml batches containing LB. brothand am pi

cillin. The media were then inoculated with single colonies of the organism picked 

from L B . agar /  ampi ci Hi nplat es (which had been streaked from a -80°C glycerol cul

ture). After growing the culture overnight at 30°C, these 50ml seed cultures were 

added to  2 x 100ml of the same medium and further incubated for 2 hours at 30° C. 

Following this, the cultures were centrifuged aseptically at 10,000rpm (lOK) for 20 

minutes at 4°C using a Beckman J2-21 centrifuge. The supernatant was removed 

aseptically and the pellet resuspended in 300ml of sterile phosphate buffered saline 

(pH=7.3). This step was repeated twice, except for the final step, when the pellet 

was resuspended in 80ml of the saline buffer instead of 300ml.

Next, four 5/ flasks each containing 750ml of deionised water were sterilized.
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To each of these 5/ flasks the following were added:

glucose (lOg/1) 25ml

tryptophan (4m g/m l) 10ml

ampicillin (50mg/ml) 1ml

^^N-ammonium sulphate (80mg/ml) 12.5ml

Media (Spizizens) salts* 200ml

* The media salts contained the following at specified concentrations:

di-potassium hydrogen orthophosphate 14g/l

potassium di-hydrogen orthophosphate 6g/l

sodium citrate.H 2O lg/1

magnesium sulphate.7 H2 O 0.2g/l

Finally each of the four flasks were inoculated with 15ml of the saline washed cell 

suspension.

The flasks were incubated at 30°C in an orbital shaker set at 160 rpm  (New 

Brunswick). The growth was monitored by measuring the turbidity (Aeoo) &t inter

vals of 1 hour. When the Aeoo values reached 0.2 the incubation tem perature was 

increased to 40°C to induce the cells to begin over-expression of L.casei DHFR. 

The fermentation continued overnight.

After the overnight incubation period the protein expression was monitored 

by enzyme activity assay. This involved monitoring spectrophotom etrically the 

oxidation of NADPH at 340nm. It is during this oxidation th a t dihydrofolate is
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reduced to tetrahydrofolate. Aliquots (1ml) were taken at hourly intervals from 

the fermentation flasks, sonicated and microfuged such tha t the am ount of DHFR 

present could be measured. The enzyme assay used the following reagents in the 

following order (Dann et al. 1976)

Using samples (1ml) taken at hourly intervals, the protein expression was mon

itored by the DHFR enzyme assay of sonicated cells. The samples were then mi

crofuged and assayed using the following reagents in this order;

buffer (50mM'Tris,500mM, pH=7.5) 3ml

NADPH (3mg/ml) 50/xl

sample from the flasks SÔ ul

dihydrofolic acid (1.5mg/ml) 50^1

W hen the assay values began to ’plateau’ the cells were harvested by centrifu

gation at lOK for 30 minutes at 4°C (Beckman J2-21). Approximately lOg of wet 

cells were harvested. The cells were then stored at -80®C until required. This entire 

procedure was repeated another three times for the full 16/ fermentation.

Cell Lysing

The cells were lysed by enzymic reaction with lysozyme in the following way. The 

frozen cell pellets from all four fermentations were resuspended in 250ml of a cold 

buffer containing 32mM|Tris and 0.75mM EDTA-lmM  PM SF (pH=8.5). Lysozyme 

(150mg) was carefully dissolved in a small amount of the same buffer and added 

to the cell suspension and stood on ice. After approximately 30 minutes and a 

little  stirring, the suspension became thick and was re-homogenized using a Waring
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blender for a few seconds and again was allowed to stand on ice for a further 20 

minutes. After this the suspension was re-homogenized and finally centrifuged at 

lOK for 30 minutes at 4°C (Beckman J2-21). The supernatant was saved and the 

remaining cell pellet was subjected to another lysozyme treatm ent as before to 

ensure as much DHFR had been extracted as possible. The total amount of DHFR 

present at this stage of the preparation was 259mg in 360ml of buffer.

Removal of DNA and (NH 4)2S0 4  Precipitation

The DNA wa^ removed from the lysed-cell suspension using polyethyleneimine 

(PEI) which had been dialyzed against several changes of deionised water over 

a period of 48 hours (Dann et ai 1976). Firstly to a series of Eppendorf tubes 

containing 0.5ml of the supernatant, 0, 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, 7.5 and 10/il of 

dialyzed PEI was added. The tubes were then mixed well and allowed to stand on 

ice for 5 minutes. The samples were then microfuged and the supernatant assayed 

for DHFR activity. The end-point of the titration was reached when maximum 

DNA and protein precipitation caused no loss in DHFR activity. It was found th a t 

it was necessary to add PEI at a concentration of 2fi\ PEI to 1ml of supernatant 

(720//1 in total) and stirred at 4°C for 45 minutes. The precipitate was removed by 

centrifugation (lOK for 45 minutes at 4°C).

For the ammonium sulphate precipitation, (NH4 )2 S0 4  was required at a con

centration of 600g//, thus it was necessary to add 21 Ig to the suspension (Dann et 

ai  1976). The solid was added gradually as the supernatant was stirred slowly at 

4°C. The suspension was stirred slowly for 30 minutes and then allowed to stand 

overnight.

The precipitate was taken up in a minimum of dialysis buffer which contained
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50mM potassium phosphate buffer and lOOmM potassium chloride (pH=6.5) and 

dialyzed at 4°C, for 24 hours against 5 changes of 1/ of dialysis buffer. The dialyzed 

protein solution (200mg in 260ml of buffer) was then frozen in two ~130ml aliquots 

at -80°C.

3.2.2 Purification Using M ethotrexate-am inohexyl-sepharose 

Resin

The MTX-aminohexyl-sepharose resin was prepared by J.E.M cCormick. Firstly, 

the column (1 x 14cm of resin) had to be equilibrated. This was done by pum p

ing through a buffer containing 50mM potassium phosphate and lOOmM potassium  

chloride (pH=6.5). This process was continued until any remaining unbound pro

tein (from previous use) had been removed. Next, one protein aliquot (130ml) 

was thawed slowly and then pumped onto the equilibrated column at a rate  of 

18ml/hour. After the protein was loaded, the column was washed through using 

the same ’equilibrating’ buffer previously described, the effluent was checked peri

odically at the beginning to make sure that the protein was not eluting (i.e. tha t 

DHFR was binding to the MTX resin).

In order to remove any unbound protein m aterial the column was then pum ped 

with a ’high-salt’ buffer containing 50mM potassium phosphate and 2M potassium  

chloride (pH=6.5). The effluent UV absorbances A260 (DNA), A 280 (DHFR) and 

A 3 0 2  (MTX) values were checked to ensure that the DHFR was not eluting. How

ever, small amounts of protein are removed during this process and are thought 

arise from protein fragments and DHFR molecules which are not bound tightly. 

W hen these absorbance values were essentially zero, the direction of the flow of the
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buffer was reversed and again the same UV absorbance values were monitored as 

before.

DHFR was eluted from the MTX-affinity column in this ’reverse-pump’ direction 

using an elution buffer containing ImM potassium chloride and 2mM folic acid 

(pH=8.5). This is because folic acid binds more tightly to DHFR than  MTX. The 

column effluent (potentially containing DHFR-Folate and buffer) was passed though 

the fibres of a hollow-flbre dialysis unit (Fleaker, Spectrum, 500ml). Four litres of 

lOmM Tris (pH=7.5) was circulated around the outside of the fibres to remove any 

excess (unbound) folate. This circulating buffer was changed halfway through the 

elution process and checked for any enzyme activity. All elution fractions which had 

an enzyme activity value of greater than 0.003mgDHFR/ml were pooled together. 

The column was then re-equilibrated by first washing the resin with the ’high-salt’ 

buffer followed by the ’equilibrating’ buffer.

This MTX-column purification procedure was repeated for the other 130ml 

aliquot of crude protein and the eluted protein pools were lyophilized and stored at 

-80°C. In total 194mg of DHFR in 300ml of buffer was produced.

3.2.3 DEAE-23 cellulose chromatography

After the MTX-column procedure the enzyme is bound to folate. This was removed 

using the following method. The two lyophilized pools of DHFR-folate were taken 

up in a minimum amount of deionised water and dialyzed against a buffer contain

ing 25mM potassium phosphate (pH=6.5). Meanwhile, a DEAE-23 column (3.2 x 

48cm resin) was equilibrated by washing the resin through with 25mM potassium 

phosphate (pH=6.5) until the conductivity of the influent and effluent were equal. 

The end point of the dialysis was reached when the conductivity of the protein
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solution was equal to the value for the dialysis buffer. The enzyme activity of the 

protein solution was checked before it was loaded onto the column at a ra te  of 

60m l/hour. Fractions were collected during the loading process to make sure tha t 

the protein was binding to the resin. After the protein solution was loaded, the col

umn was pum ped through (at 60ml/hour) with a salt gradient consisting of 600ml 

25mM potassium phosphate and 600ml 25mM potassium chloride (both at pH=6.5) 

(protein elution procedure). Enzyme activity measurements were performed on all 

fractions which had A280 (UV absorbance at 280nm) greater than zero. W hen all 

the protein was eluted the fractions were pooled (volume =  245ml) and assayed for 

D HFR activity (124mg). Finally the protein solution was divided into three 81ml 

aliquots, lyophilized and stored at -80°C.

3.3 Doubly Labelled (̂ ^C, M aterial

The m ethod used to prepare labelled protein was similar to tha t used

to make the labelled sample. The doubly labelled sample was prepared by 

J.E  McCormick. For the preparation and purification of m aterial, only a

5 X 400ml ferm entation was conducted. The only differences between the present 

procedure and the m ethod used to prepare labelled protein, are the constituents 

of the growth medium.

glucose (3g/l) 12ml

^^N-ammonium sulphate (80mg/ml) 5ml

tryptophan (4m g/m l) 4ml

ampicillin (50mg/ml) 400/il

Spizizens salts (om itting citric acid *) 40ml
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*The Spizizens salts were prepared similarly to those used in the labelled protein 

preparation, however citric acid was om itted. This is to ensure that the only carbon 

source for bacterial growth and protein production is the glucose.

After the same protein isolation and purification procedures mentioned above, 

were used in this particular preparation, 30.9mg of ^^C/^^N-DHFR was present 

in the DEAE-23 pool (volume =  105ml). This pool was divided into two equal 

aliquots, lyophilized and stored at -80°C.

3.4 Preparation of the Labelled N M R  Sample

The sample to be studied by NMR was a 1 :1  complex of protein and the ligand 

m ethotrexate. To prepare this complex, an excess of MTX was added to the pro

tein solution as follows. M ethotrexate (2.048mg) was dissolved in 1 ml of doubly 

deionised water (ddHgO). It was necessary to add a little alkali to aid dissolving 

and finally, the solution was adjusted to pH 6.5.

The 81ml aliquot of DHFR was dissolved in 14ml of ddH 2 0 , the MTX solution 

was added slowly to the protein solution. The final solution was allowed to stand 

at room tem perature for 1 0  minutes, with occasional swirling.

The solution was then dialyzed against 4 changes of lOmM potassium phosphate- 

lOOmM potassium chloride at 4°C for 24 hours. Following this the solution was 

lyophilized.

The lyophilized protein complex was dissolved in 2.5ml of dialysis buffer and 

then dialyzed against frequent changes of the same buffer as previously for at least 

another 24 hours. After dialysis, the sample volume was adjusted to 3ml with
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dialysis buffer (if necessary) and lyophilized for the last time. Now the sample was 

ready to be taken up in 0.6ml of D2 O or 90% H2 O / 1 0 % D2 O for NMR studies. The 

same procedure was carried out for the doubly labelled sample (^^C/^^N).
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Chapter 4

N M R  R esults and Spectral 

Analysis

4.1 Introduction

This section will consist of a discussion of all experimental param eters used to ac

quire, process and display the spectra. All the experiments were run on a Varian 

UNITY-600 spectrom eter at a sample tem perature and volume of 35°C and 0.6ml 

respectively. The experiments utilized a sample of 3mM DHFR-M TX and

the experiments utilized a sample of 2.7mM DHFR-MTX. Both these

samples were dissolved in a buffer consisting of 500mM potassium chloride and 

50mM potassium phosphate and at pH 6.5. All the experiments were run in phase 

sensitive mode using the States method of quadrature detection (States et al. 1982). 

The 3D experiments usually required 3 days for data acquisition and the 2D ex

periments ran for 2 days. The spectra was processed, displayed and plotted using 

both SUN-SPARC 1 0  and Silicon Graphics IRIS-INDIGO, workstations using soft

ware w ritten in-house by C.J. Bauer. Linear prediction was used to increase the
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number of data points in the two indirectly detected dimensions of the 3D data  sets 

and the real tim e domain was zero filled once. Finally a 7t / 2 . 5  shifted sine-squared 

apodization was applied in all dimensions as mild resolution enhancement. All the

and resonances were referenced to TSP |(trimethylsilylpropionate sodium salt) 

and the referenced to liquid ammonia, using the m ethod described by Live et 

al. 1984. This involved multiplying the residual water frequency by certain factors 

(derived from 7 1 3 ^ / 7 1 // and 7 1 5 /^ /7 1 // values) which give carbon frequencies refer

enced to TSP and nitrogen frequencies referenced to in liquid amm onia (Live 

et al. 1984).

Any differences from these experimental conditions will be specified where nec

essary.
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Experim ent Solvent Solvent

Suppression

Points

Acquired

Processed

Points

Acquisition 

Times (ms)

M iscellaneous

HCCH-

TOCSY

D 2 O Presat. ̂ 128 X 128 

X 512

512 X 256 

X 1024

t i =  12.8

t2 =  5.9 

ta =  51

Isotropic Mix. DIPSI-3 ®

Mix. time: 25ms

Spin lock power =  8.3kHz

HCCH-

COSY

D 2 O Presat. 192 X 50 

X 512

512 X 256 

X 1024

ti =  19.2 

tg =  6.9 

ta =  51

NOESY-

HMQC

D 2 O Presat. 168 X 76 

X 1024

512 X 256 

X  1024

ti =  13.1 

t2 =  10.5 

ta =  80

Mix. time: 100ms

15N/1H

NOESY-

HSQC

H2 O / 3

D 2 O PFGs

336 X 64 

X 1024

1024 X 256 

X 2048

ti =  23.3 

t2 =  16 

ta =  71

Mix. time: 50ms'

15N/1H

ROESY-

HMQC

H2 O /

D 2 O

Presat.

SCUBA

240 X 46 

X 512

512 X  128 

X 2048

t i  =  15 

t2 =  11.5 

ta =  64

Mix. time: 30ms

Spin lock power =  3.7kHz

15N/1H  

TOCSY- 

HMQC 2

H2 O /

D 2 O

DANTE 5 

SCUBA

134 X  52 

X 1024

512 X 256 

X 2048

t i =  9.7 

t2 =  14.6 

ta =  17.5

Isotropic Mix.: DIPSI-2

Mix. time: 40ms

Spin lock power =  6.9kHz

HNCA H2 O /

D 2 O

96 X 128 

X 512

512 X 512 

X 1024

ti =  19.2 

t2 =  14.2 

ta =  64

15N/1H

HNHB

H2 O /

D 2 O

Presat.

SCUBA

106 X 80 

X 1024

512 X 512 

X 2048

ti =  10

t2 =  13 

ta =  64

15N/1H

HNHA

H2 O /

D 2 O

Presat.

SCUBA

160 X 212 

X 1024

512 X 512 

X 2048

ti =  10

t2 =  28 

ta =  64

Half-Filter

NOESY

H2 O /

D 2 O

PFGs 512 X 2048 1024 X 4096 ti =  64 

t2 =  128

Mix. time: 100ms

DQF-COSY D 2 O Presat. 512 X 4096 1024 X 4096 ti =  35.2 

t2 =  482

using a 1.2mM selectively  

deuterated sample

Table 4.1: A summary of the parameters used for the acquisition and processing of 

the NMR experiments

 ̂P re sa tu ra tio n .

^E x p erim en t ru n  on a  B ruker-A M  500 spectrom eter using T P P I  q u a d ra tu re  d e tec tio n . 

3 9 0 % H 2 0 /1 0 %  D 2O.

(B row n et al. 1988).

®(M orris &: F reem an  1978).

®(Shaka et al. 1988).
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4.2 Spectral Analysis

Introduction

In the following sections the philosophy and process by which the spectra were as

signed is described. The method used is similar to W uthrich’s assignment procedure 

(W uthrich 1986). The process begins with the chemical shift assignments of all the 

and nuclei in the protein sample. This involved the analysis of the 

HCCH-TOCSY, ct-HCCH-COSY and HNCA spectra.

The next stage involved the identification of spatial connectivities between pro

tons in the protein. This was done using information from NOESY-based experi

ments, namely: NOESY-HMQC, '^ N /'H  NOESY-HSQC, ^"N/^H ROESY-

HMQC and the half-filter ^^C NOESY experiments. The identification of NOEs 

(or ROEs) from these experiments can provide information about the secondary 

structure of the protein and provide more information vital to the calculation of 

a structure of higher resolution. The final stage involves the assignment of spec

tra  tha t can provide information about backbone torsion angles, sidechain dihedral 

angles and finally stereospecific assignment for /^-methylene protons (and (^-methyl 

protons in leucines). All this information is im portant in generating accurate pro

tein structures from dynamics calculations.

4.2.1 Chemical Shift Assignments 

(i) HCCH-experiments

The HCCH experiments are useful for making protein sidechain ^H and ^^C chemical 

shift assignments. These assignments are based on detecting scalar coupling connec

tions between protons bonded to nuclei in labelled proteins. In the 3D ^^C/^H
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HCCH-COSY and HCCH-TOCSY, through bond, proton-proton correlations are 

characterized by the ^H (F i) and ^^C (F2 ) chemical shifts of the proton-carbon pair 

from which the magnetization originates and by the ^H (F 3 ) shift of the proton to 

which magnetization is transferred. Hence the spectra can be thought of as con

sisting of a series of 2 D ^H COSY or TOCSY slices (F 1/F 3 ), separated according 

to ^^C (F 2 ) chemical shifts. The identification of amino acid spin systems and their 

assignments to specific types of residue is then based upon the observation of the 

same sort of correlation patterns as are found in 2D COSY and TOCSY spectra. 

The HCCH-COSY experiment is used to identify direct and relayed connectivities. 

In the 3D spectra, it is necessary to move between the ^^C (F 2 ) planes. This can 

be illustrated by considering an qCH-/?CH correlation. The aC H —>/?CH correla

tion will appear in a different ^^C slice to the corresponding /3CH-aCH correlation, 

(both these cross-peaks are intraresidue signals). This is because the a  and 

carbons resonate at different frequencies (i.e. have different chemical shifts). The 

same principle is applied to, say, signals in COSY spectra and aC H -7 CH

signals in TOCSY spectra.

The assignment process using the 3D HCCH spectra can also be illustrated by 

the description of the assignment of the DHFR isoleucine residues. In figure 4.1. we 

see the HCCH-TOCSY spectrum  at the the ^^C slice corresponding to the (^-carbons 

for all five isoleucines. The cross-peaks correspond to the correlations between the 

^CH3 protons and aCH , /?CH, 7 CH, 7 'CH and 7 CH3 protons of these isoleucines. 

In addition, the direct ^CH3-7 CH and -7 'CH connectivities were observed in the 

HCCH-COSY spectrum. Thus it was relatively simple to determine the a , ,J. 7  

and 7 CH3 carbon shifts for each isoleucine, using the strategy already described to 

identify further ^H-^H correlations(Soteriou et ai. 1993). Using spectra from these
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experiments it has been possible to make sidechain assignments for 157 out of 162 

residues. Assignments were not found for Arg-9, Arg-31, Gln-33, Lys- 3 7  and Pro- 

53. Two main reasons for this were overlapping signals and weak cross-peaks. A 

list of chemical shift assignments is included in the appendix.

|I13̂cc
à

138 a 0 7 U p

|I96  ̂ 0  Z

MÔ2 ^  ;  : I  Ï  r

5 4 3 2 1
ppm P

%

Figure 4.1: Slice taken from the HCCH-TOCSY at the isoleucine (^-carbon chemical 

shift.
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(ii) ct-HNCA

This experiment provides a direct method of obtaining protein sequential assign

ments based on detecting scalar coupling connections which occur in this experiment 

namely; Mca(i)N(i) (8-12Hz) and (5-7Hz) (figure 4.3). Both these corre

lations are observed in the HNCA spectrum  because the couplings mentioned above 

are active for a period in the and chemical shift evolution (see chapter 2 ).

The 3D HNCA experiment directly correlates amide proton, amide nitrogen 

and alpha carbon resonances. This technique provides an alternative m ethod of 

obtaining backbone sequential assignments using scalar connectivities rather than 

observing NOEs.

The experiment produces spectra which are less complicated than 2D and 3D 

NOESY spectra, since each residue within the protein will give rise to one or two 

cross-peaks, thus avoiding ambiguities. The spectra were displayed cis a series of Eg 

(^^C), F 3 (^H) slices separated according to the Fi (^^N) chemical shift (see figure 

4.2)

intraresidueinter-residue

1 - 1 C a i

Figure 4.2: Diagrammatic representation of what is correlated in an HNCA exper- 

iment.
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Looking at an F i slice of the spectrum, the intense cross-peak corresponds to 

the intraresidue connectivity (N*, Ca,-, H N J dependent on the ^Jc'a(ON(x) value 

during the experiment. The weaker cross-peak corresponds to the inter-molecular 

connectivity (N,-, Ca(t_i), HN,) dependent on ^Jc7a(t-i)N^(i) (Grzesiek & Bax 1992). 

Identification of the cross-peaks were based upon and chemical shift assign

ments reported by the laboratory (Carr et al 1991). The assignment procedure 

described below is based upon figure 4.3 which shows a series of slices from the 

HNCA spectrum  used to assign a short stretch of the protein backbone (from Gly- 

120 - Leu-114).
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Fi 103.3 ppm 120.6 ppm 129.6 ppm 127.0 ppm 124.9 ppm 121.6 ppm

40

42

44

46

48

50

52 -

54

56 -

58

ppm

G120

G120,
A119

A119

A1I9,
1,118

1118,
R117

LI18

R117

I
11117,

T116

T116,
V115

T116

VllS,
L114

► ^
V115

8.2 8.0 8.2  8.0 8.2 8.0  8.2 8.0 8.2 8.0 8.2 8.0

F 3 ppm

Figure 4.3: A series of slices from the HNCA spectrum showing inter- and intra

residue cross-peaks.
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The first step involved turning to the correct slice corresponding to the 

resonance of the residue in question (GIy- 1 2 0  in this case). As well as the 

chemical shift being already determined, the C a resonance of Gly- 1 2 0  is also 

known from the HCCH experiments. Thus it is merely a question of turning to the 

chemical shift of 103.3ppm (shift of Gly-1 2 0 ) and looking at the frequency 

corresponding to the C a resonance of Gly- 1 2 0  (which is ~41.3ppm  according to the 

figure). Looking at figure 4.3 we can see the intense cross-peak which corresponds 

to the intraresidue correlation, (N^, Ca^, HN^) the measurement of the amide proton 

chemical shift will confirm that this is the intraresidue cross-peak corresponding to 

Gly-1 2 0 . Of course the experiment can be used to find the C a shift if the amide 

proton is known and vice versa. Next it is im portant to locate the position of the 

inter-residue cross-peak. This signal is im portant since it provides the C a frequency 

of the preceding residue. In this case, if we look along the ^^C frequency at the 

HN chemical shift of Gly-120 a weaker cross-peak is seen at 5c ~50.5ppm . This 

weaker signal corresponds to the ^^Ca resonance of Ala-119. It is weaker because 

its occurrence is dependent on ^Jca(i-i)iv(i) (a smaller value than  the intraresidue 

coupling constant). On moving to the slice corresponding to Ala-119, one 

can repeat the process by finding the intra- and inter-residue cross-peaks from this 

residue. In this way it was possible to work through the sequence from the C to N 

terminus.

Using this approach, it was possible to see all the intraresidue cross-peaks except 

for two residues Leu-19 and His-64. Prolines give not intra-residue cross-peak be

cause they do not possess an amide proton which is vital for the HNCA experiment. 

Inter-residue cross-peaks were usually very easy to find. It was possible to see inter

residue cross-peaks for 151 out of a possible 162 residues. This type of correlation
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enabled proline C a resonances to be seen for Pro-50, Pro-130 and Pro-149 (as an 

inter-residue signal from the next residue). However no such signals were seen for 

Leu-19, Pro-20, Pro-24, Pro-25, Pro-53, Arg-57, His-64, Gln-65, Pro-90, Ile-96 and 

Gln-101. Certain signals may not have been seen because of the fast exchange of 

amide protons (of course this doesn’t apply to prolines).

4.2.2 NOE Assignm ents - Making Spatial Connectivities

(i) NOESY-HMQC

This 3D experiment allows us to identify NOEs between protons which are attached 

to ^^C nuclei, in labelled proteins. Through-space ^H to ^H-^^C correlations are 

characterized by the shift of the proton to which the NOE was transferred and the 

frequencies of the proton-carbon pair from where the interaction originates i.e. (F i, 

F 2 , F 3 ) coordinates at (Ha, Cf,, H^). The 3D spectrum  is usually presented as a 

series of 2 D ^H-^H NOES Y slices separated according to their ^^C chemical shifts.

The way in which spatial connections were identified is illustrated by finding the 

NOE cross-peaks involving the H a of Ala-2 (figure 4.4). On the slice corresponding 

to the C a resonance of Ala- 2  and looking along the Fi direction, at the chemical 

shift of the H a of Ala-2 one can see cross-peaks corresponding to NOE correlations 

to other protons within the protein. Since all the chemical shifts of Ala-2 are known, 

it is easy to distinguish between intraresidue and inter-residue NOEs.

In this example (figure 4.4) there is an inter-residue NOE, at 3.9ppm. W ith 

this chemical shift value noted, it was necessary to check through all the protons 

which had this chemical shift. Then it was necessary to look up the chemical 

shift of the attached carbon and then check the slice of the spectrum  for a



symmetrical NOE back to the H a of Ala-2. Once the symmetrical NOE was found 

it was thus possible to identify both the proton and the carbon chemical shift 

of the other CH group involved in the NOE and so it allowed it to be identified 

unambiguously as the /?H of Thr-112. This is often time consuming because the 

number of possibilities may be great. However, this process was made easier using 

a semi-automated assignment procedure (C.J. Bauer, unpublished). In the next 

section a to tal number of NOEs found will be mentioned. All the NOE assignments 

were based on ^H and chemical shift data taken from the HCCH and HNCA 

experiments.
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Figure 4.4: Slices taken from the NOESY-HMQC spectrum.
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(ii) NOESY-HSQC

This experim ent simplifies the NOE spectra involving NH protons in ^^N-labelled 

proteins. The spectra from this 3D experiment appear like a series of 2D 

NOES Y slices separated according to amide nitrogen chemical shifts. The spatial 

connectivities are characterized by the proton shift involved in the NOE interaction 

(F i) and the proton (F 3 )  and amide nitrogen (F 2 ) chemical shift of the amide 

proton-amide nitrogen pair from where the NOE originates.

Figure 4.5 shows a few NOE connectivities in the spectrum  which gave an in

dication about the secondary structure of the protein (figure 2.2). First consider 

the NOEs to the NH proton of Tyr-85. This residue has an ^°N shift of 120ppm 

and an HN shift of 7.8ppm (see section 4.2.1). the cross-peaks which arise from 

this NOE can be found in the ^H-^H slice taken at <^A^=120ppm. By looking along 

a line parallel to the Fi (^H) axis and at a F3 (HN) frequency of 7.8ppm, we see 

cross-peaks corresponding to NOEs to the HN proton of Tyr-85. At an Fi (^H) 

chemical shift of 3.5ppm, we see a cross-peak, this is an NOE from the HN of 

Tyr-85 to the H a of Val-82. This is an aN(i,i-f-3) connectivity characteristic of an 

a-helix. Figure 4.5 shows this type of connectivity of this type for Ala- 8 6  NH - 

Phe-83 aH  and Lys-87 NH - Ala-84 aH. In fact all the residues in this example 

occur in a long a-helical region (see Secondary Structure). The final section of the 

spectrum  shows a slice corresponding to the ^®N chemical shift of Thr-116, again 

looking along the amide proton shift, there is an NOE to the aH  of Ala-6 . This is a 

long range NOE, occurring between two strands of a /?-sheet. Using a combination 

of data from this experiment and the previous ^H/^^C NOESY-HMQC experiment, 

a total of approximately 1200 NOEs (880 inter-residue) were found. Many errors
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were found when the structure calculations were started and consequently once an 

initial structure which had the correct fold had been generated, it was used as filter 

to correct and find new NOEs assignments.

In total, on first working through this spectrum and tha t from the previous 

experim ent, approximately 1000 NOEs (600 inter-residue) were assigned. However, 

it is an iterative process once an initial protein structure is generated. This is 

because this initial structure can be used as a distance filter to extract more NOEs 

from the spectra.
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Figure 4.5: Slices taken from the NOESY-HSQC spectrum.
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2 D H alf '^C -F ilte r N O E SY

This spectrum shows NOEs which occur between labelled protein and unlabelled 

ligand. The Fi dimension shows connections to all types of protons (i.e. ^^N-H, 

^^C-H and The Eg dimension shows connections to all protons ex cep t

those bonded to atoms (i.e. MTX). The proton chemical shift assignments for

MTX are known from earlier studies of the enzyme-MTX complex. At this stage 

it was already known which residues are near to the drug in the binding site from 

comparisons of x-ray and NMR studies and thus it was not difficult to identify 

specific NOEs between the ligand and the protein (figure 4.6).

'tfv lT X  a-P A B G  4^M TX N , i q , C H ,

O  L5451

o  L2752 

•
O  L1952  

0 “l 1951/L2751

«Hv» ^  T45y2
f

O  L19y 
•  L19pl

1 1 1 1 1 11 ; r m -j I r  I r [ 1 111 [ 11 I 11 1 1 1 1 [ I 11 1 1 1 1 I  I 1 1 1 Tv p  r r r

4 . 2  4 . 0  3 . 0  3 . 6  3 . 4  3 , 2  3 . 0

F 2  (ppm)

Figure 4.6: Section from the Half-filter-NOESY spectrum.

Looking at the section of the spectrum (figure 4.6), one can see NOEs which 

occur between the methyl group of N(10) of MTX and the sidechains of Leu-19, Leu- 

27, Thr-45 and Leu-54. The half-filtered spectrum also contained cross-peaks which 

had F2 frequencies equal to those of the ring protons of the tryptophan residues of
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the protein, dem onstrating tha t the Trp rings in the protein are not labelled. 

This stems from the fact tha t the strain of bacteria used for the fermentations 

are auxotrophic for tryptophan and unlabelled Trp was used in the fermentation. 

This means th a t in the metabolic pathway for DHFR synthesis, the Trp ring is not 

cleaved and rebuilt and thus remains labelled. However the aC  and j3C are 

labelled. The table in Appendix C lists all the protein-ligand NOEs found from this 

experiment and it also includes other NOEs found from previous work done in the 

laboratory.

4.2.3 N M R  Information Used To Find Local Geom etry  

Introduction

In order to obtain high quality 3D structures from NMR data, it is im portant to 

include torsion angle information and to have stereospecifically assigned pairs of 

prochiral protons and methyl groups in the protein.; If these data  are not available 

then the calculations will generate lower quality structures since these distance 

constraints are necessarily less specific.

A number of experiments have been used to obtain this information. Essentially 

all the techniques rely on having ^®N labelled protein samples and collecting ^H/^^N 

3D experiments. In the following sections three things will be discussed. Firstly, 

how the NMR spectra are assigned, secondly, how dihedral angles can be deduced 

and finally, how dihedral angles are found by using a computer program called 

AngleSearch.
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Figure 4.7: A polypeptide segment showing the torsion angles.
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4.2.4 N M R  Assignm ents 

iH/i^N TOCSY-HMQC

This experiment is im portant in obtaining stereospecific assignments of /?-methylene 

protons and for finding the Xi sidechain torsion angle restraints. In this experiment 

the intensity of the NH-/?H cross-peak depends upon and hence can provide 

information about Xi- The ^^a(3 coupling constant is related to the dihedral angle Xi, 

by a modified Karplus equation (see AngleSearch section). This means tha t one can 

calculate possible values of Xi- This is done by a semi-quantitative interpretation 

of the peak intensities of the two /?H cross-peaks in the 3D separated TOCSY- 

HMQC experiment (Clore et al. 1991).

R i
1+1 i+1 , ICONHHN niN

Hp,

H a

Xi =  180° %i =  -60° %i =  60°

Figure 4.8: The three staggered rotamers which amino acid residues can adopt.

In reference to figure 4.8, most of the Xi sidechain torsion angles lie close to 

three staggered rotamer conformations, 60°, -60° and 180° (Clore et al. 1991). The 

sidechain can be well ordered (where Xi is very close to one of the rotamers) or 

disordered (2 or 3  rotamers exist in equilibrium). When two protons are in a trans 

configuration the ^Jhh  value is large and will give rise to an intense cross-peak. 

Thus if we look at figure 4.8, the conformations which have 2 protons trans to each 

other are where xi =  180° and -60°. Thus in this experiment, when an NH-/5H
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cross-peak was seen, this meant that the residue was close to a Xi conformation of 

180° or -60°. If no cross-peak is seen at all then we have a conformation of x i  =  

60°.

However, in practice sometimes no cross-peaks can arise from a few factors. 

Firstly the value may be small, this means tha t there is not enough H a

m agnetization generated to be transferred onto the /?Hs. Another reason for no 

cross-peaks appearing is that there may be a signal-to-noise problem. This means 

tha t in a few cases there will be residues which give no NH-/5H cross-peak but it may 

not necessarily mean tha t the 60° conformation is correct. Also for some residues, 

two cross-peaks of equal intensity appear, this cannot be rationalized by using the 

rotam er diagram alone and the residue is said to be ’disordered’ (Clore et al. 1991). 

However, it could be undergoing some type of averaging process. It may be possible 

to rationalize this using a combination of other data (from other experiments).

The interpretation of the TOCSY-HMQC spectrum is illustrated using Asp-26 

and Phe-3 as examples.
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Figure 4.9: Sections from the TOCSY-HMQC spectrum  displaying the resonances 

of Phe-3 and Asp-26.

99



The assignment of the spectra is illustrated using Asp-26 and Phe-3 as an ex

ample. The spectra consist of TOCSY 2D spectra at successive slices

(figure 4.9). Looking at the slices corresponding to the resonance of Asp-25 and 

along the Ĥ v chemical shift we observe two cross-peaks. One cross-peak is at the 

Hq shift of Asp-26 and the other two are at the H/? shifts (one is more intense than 

the other). Ideally, there should only be one cross peak, but some magnetization 

may have been transferred to the second H/3. Thus the cross peak of the greater in

tensity is used to make the assignment. Going back to the rotam er diagram (figure 

4.8) we can see tha t this residue can be in one of two possible conformations either 

180° or -60°. We cannot determine the exact conformation usingthesedata alone. 

It needs to be combined with experiments such as HNHB and ROESY-HMQC in 

order for the correct assignment to be made (see later). For Phe-3, on looking at the 

relevant slice, we only observe the H a cross-peak. No H/? cross-peaks appear 

at all. Only one conformation can satisfy this condition, namely %i=-60°. Again, 

this can be confirmed by using data from other experiments.

ROESY-HMQC

This technique is also used to obtain torsion angle information. ROESY-based 

experiments are used rather than NOESY to reduce any errors in the cross-peak 

intensities which could arise from spin diffusion (Clore et al 1991).

The ROESY-HMQC experiment gives cross-peaks for all close range NOEs 

(within ~3Â ) from all parts of the protein. However, it is the intraresidue and 

sequential assignments which are im portant for determining local geometry. If we 

go back to the rotam er figure (figure 4.8)* is easy to see tha t intraresidue NOEs 

can be used to assign the x i angle. For example for Asp-25, the ROESY-HMQC
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spectrum  (figure 4.9) shows two cross-peaks for both ^Hs. This means th a t they 

are both near to the amide proton. Looking at the rotam er figure (figure 4.8), this 

result suggests tha t the conformation of this residue is 180°. However, one of the 

cross-peaks is less intense than its partner. This suggests tha t it may be between 

-60° and 180°. For Phe-3 we only see one cross-peak, which means th a t the residue 

is in a 60° or -60° conformation. The correct one can be determined by looking at 

d a ta  from other experiments previously mentioned. For example the assignment 

can be confirmed by observing the TOCSY-HMQC and HNHB data.
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Figure 4.10: Sections from the ROESY-HMQC spectrum displaying the resonances 

of Phe-3 and Asp-25.
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HNHB

The HNHB experiment also provides a method by which the x i  sidechain torsion 

angle can be deduced. It provides measurements of and ^Jis;v/ / /? 3  which

can be used to find Xi values. These coupling constants are calculated by integrating 

the NH-/?H cross-peak in the spectrum. In the spectrum, the intensity l]\[x of a 

cross-peak is related to the by the following expression (Archer et ai 1991):

Ij^x oc sm^(7rJ;vA'A) cos^{ttJn k ^ )
Ki^X

W here A is the HMQC delay in the HNHB pulse sequence and K refers to protons 

other tha t X (Bolshakov et ai in press). In our case the ratio of intensities is given 

by (Archer et ai 1991):

^ N p 2  _  t a ' n ? [ ' K j f 4 p 2 ^ )

I n p 3 tan^ij^JNpz^)

Now using this NMR information and AngleSearch (to be discussed later) it was 

possible to find the torsion angles. However, the observation of cross-peaks within 

the spectrum  can provide an indication of the conformation of the residues in ques

tion. This has been illustrated using Asp-25 and Phe-3 as examples.

Asp-25 shows only one very weak cross-peak for the H/3' proton (figure 4.11). It 

is possible tha t it can be in a 60° or -60° conformation (see figure 4.8), however since 

this one peak is very weak in comparison with other resonances it is more likely to 

be in a 180° conformation (neither protons are trans to the amide nitrogen). Again 

this result can be confirmed by using a combination of data from other experiments. 

Phe-3 shows two NH-/?H cross-peaks, however one is more intense than the other, 

this means tha t Xi cannot be 180° since the signals are intense. This residue is 

more likely to be in a 60° or -60° conformation.
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Figure 4.11: Section from the HNHB spectrum showing Asp-25 and Phe 3 H/3

resonances.
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HNHA

This experiment allows the to be measured. This coupling constant can

provide information about the backbone torsion angle (j). The analysis of this spec

trum  differs from the previous experiments in that it is a ratio of intensities tha t is 

used to deduce the value of J.

^  =  ta n \T ,J Q
^ d ia g

W here Ç is the homonuclear dephasing/rephasing delay in the pulse sequence (set 

to 13.05ms (Vuister & Bax 1993)). The spectra from this experiment show only 

cross-peaks for the H q  and HN resonances for each residue. The intensities of these 

signals were measured by integration and the values substituted into the above 

m athem atical expression to obtain values for ^JnNHa- Using Karplus dihedral angle 

expressions (Polshakov et al. in press) values of <}> were calculated for all residues. 

In practice the coupling constant values were increased by 15% to compensate for 

the effects of H q  relaxation (Vuister & Bax 1993).

Figure 4.12 shows one slice taken from the HNHA spectrum . It shows a 

series of resonances for residues Ala-6, Leu-54, Glu-93, Val-115 and Leu-131 from 

DHFR-MTX.
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Figure 4.12; Section from the HNHA spectrum.
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DQF-COSY of Stereoselectively labelled DHFR-M TX

Using a sample of stereoselectively labelled leucine ((2 S,4 R)[5 ,5 ,5 -^H3 ]-leucine), a 

sample of selectively deuterated DHFR-MTX was prepared (Ostler et ai 1993). 

W ithin this sample, one of the ^-methyl groups of each leucine was deuterated (i.e 

CD3 rather than CH3 ). NMR studies of this labelled m aterial allows stereospecific 

assignments of the leucine methyls to be made. This was achieved by running two 

DQF-COSY experiments, one using non-labelled (wild-type) DHFR and the other 

with the deuterated species. The assignments were made by comparing the high 

field region of the two spectra, observing the 'y/S correlations. This comparison 

immediately revealed which signal from the leucine m ethyl pair is missing in the 

spectrum  of the deuterated sample. The positions of the missing peaks have been 

circled in figure 4.13. In spectra plotted at a lower contour cut-off level, small 

residual signals can still be seen in the circled regions. These signals arise from the 

25% m onoprotiated m aterial which was present in the sample. A quick NOESY 

experiment was also run on the deuterated sample to detect the absence of relevant 

NOEs within the DHFR-M TX complex. Table 4.2 summarizes these NOEs (spectra 

not shown). Also included in this table are the stereospecific assignments obtained 

directly from the specific deuteration experiments. The assignments had been pre

viously based on correlating NOE connections with the crystal structure data: there 

was complete agreement with these new assignments. The is an indication tha t the 

overall structure in the crystal and solution are similar.
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absence of signals from the deu te ra ted  leucine m ethyl groups.

1 0 8



Table 4.2: Stereospecific assignments of leucine m ethyl protons for the DHFR-MTX 

complex

Residue 4-pro-R^ 

chemical shift

N0 Es2 to 

4-pro-R

4-pro-S ̂  

chemical shift

N0 Es2 to 

4-pro-S

Leu-4 1.17 M TX 2 NH2 , L4NH, L4o, 

Y29 £ 1 6 2

0.52 F30 Ô1 S2

Leu-12 0.93 T126NH 0.80 F122 S1 S2

Leu-19 0 .6 6 M TX H7,M TX NIOCH3 0.46

Leu-23 0.65 H153 S2 0.06

Leu-27 0.64 H22 Ô2 0 .0 1 L27a, M TX H7

Leu-54 -0.07 F30 £ 1 6 2  M 39f 0.36 L54q!

Leu-62 0.43 F106 £‘i£‘2 0.66

Leu-94 0.78 L94o, V95NH 0.78 F83 £i £ 2

Leu-113 -0.96 L131 Si, W133 63 0.30 W5 ( 3 , L113o

Leu-114 0.98 L4a 1.07 L1140, V157a

Leu-118 -0.33 L118NH, Q7NH, W21 62 -0.52 F122 £i£ 2 f L I5 I 0

Leu-131 -0.02 W133 £1, W5t7 0.44 F3 £i £ 2

Leu-151 1.15 N148/?i /?2 0.85 L151a

4.2.5 Using AngleSearch

Introduction

AngleSearch (written by V.I. Polshakov, N.I.M.R.) is a general program which cal

culates coupling constants and interproton distances for each torsion angle and for 

pairs of adjacent torsion angles in any biopolymer. It then does a grid search (in 

6° steps) to find which torsion angles and stereospecific assignments are consistent 

with the measured coupling constants and interproton distances or the intensity

^A ssignm ents o b ta in ed  using the  (2S,4R)[5,5,5-^H 3]-leucine D H F R -M T X

^T hese N O Es are those which best d is tin g u ish  th e  resonances o f th e  p ro -R  an d  pro-S  p ro tons
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data  related to them. The torsion angles in larger fragments of the molecule are 

explored by considering results from combinations of these one- and two-torsion 

angle fragments. For residues where data are inconsistent with a single conforma

tion, solutions were obtained based on averaging < J >  and <r~® > in m ixtures of 

conformers (Polshakov et al. in press).

C o u p lin g  C o n s ta n ts

AngleSearch systematically calculates three-bond coupling constants for various 

values of dihedral angles {0) by using generalized Karplus equations of the type.

 ̂J  =  Acos^B -f BcosB +  C

W here 0 is the torsion angle {(j) x  etc.) and A, B and C are constants for particular 

fragments in different residues.

Using a grid search, NMR-determined coupling constants are compared with values 

calculated from the Karplus equation. Heteronuclear coupling constants are also 

included in the calculations (see HNHA and HNHB). In favourable cases where 

a torsion angle can be described by more than one 3-bond coupling constant, an 

unambiguous determ ination of the angle can be made. Experimentally determined 

coupling constants can be obtained either by measuring peak position in m ultiplets 

(usually for molecules <10kDa) or by measuring peak intensities in molecules (>  

lOkDa). In the la tter case it is more difficult to measure precise values of coupling 

constants from the multiplets. How this was overcome was described in the previous 

NMR Assignment section.

Note tha t using HNHA and HNHB data, coupling constants were calculated, 

however, for the 3D TOCSY-HMQC spectra the relative intensities of the cross
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peaks were used to indicate larger or smaller values. These coupling constants 

were classified into to three groups small (2 - 7Hz), medium (4 - 9Hz) or large (6 - 

13Hz) before using them  in any calculations (Polshakov et al. in press).

In te rp r o to n  D is tan c e s

S p in  D iffusion  Obtaining any information about local geometry relies on 

getting good short range distance information between, say, NHs and H/?. However, 

in proteins this can be difficult due to problems with spin diffusion. This can best 

be explained with the use of a diagram.

(a) (b)

Figure 4.14: Spin diffusion.

If we have two protons and Hg in isolation (figure 4.14(a)), the relaxation 

mechanism which give rise to the NOE cross-peaks is direct, it only occurs between 

these two protons. This means that the intensity of the NOE cross-peak gives a 

clear indication of how far is from H^. However, if more protons are present, the 

situation becomes more complicated (figure 4.14(b)). Firstly m agnetization is still
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transferred between and Hg and will give rise to an NOE cross-peak, however 

He is also near and thus magnetization will be transferred from to He- Since 

He is also close to Hg, it can pass on this magnetization. This means tha t the cross

peak at Id# will be more intense since it has had more magnetization transferred 

to it. Thus Hg appears to be closer to H^ tha t it actually is. This relaxation 

phenomenon is spin diffusion and the more surrounding protons there are in the 

system, the more difficult it becomes to judge how far apart proton pairs are. This 

is because there are too many relaxation pathways for the m agnetization to be 

passed along. However, if the NOES Y mixing time is short, then the m agnetization 

th a t has been transferred from He will not have the tim e to be passed onto Hg, so 

the H^ - Hg cross-peak will not have this added enhancement. Thus the intensity 

of this signal will give a true representation of the distance.

As well as selecting short mixing times to help overcome these problems, ROESY- 

based experiments are used. ROESY cross-peaks are of opposite sign to those in 

NOES Y spectra. The signals which arise from spin diffusion are the same as those 

in NOESY. This means tha t it is possible to distinguish the two types of signal. 

However, a short mixing time ROESY is required to obtain good distance data.

D is ta n c e  C a lib ra tio n s  The experiments used to obtain interproton distances 

were 2D ^H-^H ROESY and ^^N/^H ROESY-HMQC with mixing times of 25 and 

40ms respectively. Intensities were calibrated by reference to H a(i) - HN(i-l-l) 

cross-peaks arising from residues in /^-strands; other interproton distances were 

then estim ated by classifying the intensities of the cross-peaks as:
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Very small (1,8 - 4.5Â)

Small (1.8 - 3.5Â)

Medium (1,8 - 3.2Â)

Large (1,8 - 2.8Â)

Very large (1,8 - 2.5k)

A pseudo-atom correction (lA ) was added to distances obtained from NOEs involv

ing m ethyl groups.

C a lc u la tio n s

Residues determ ined by <̂ , % and torsion angles include all amino acids in pro

teins (except for alanine and glycine residues). The initial calculations assume a 

fixed conformation but subsequently the input data are re-examined under the as

sum ption tha t there is averaging of the x i rot amers. Information has been obtained 

from the following experiments:

Experiment

TOCSY-HMQC

HNHB

HNHA

ROESY-HMQC

Measures

sHa

d(HN H a), d(HN H/9)

Dihedral Angles 

X i

<{>

Starting with an arbitrary assignment for the /5-methylene protons in each par

ticular sidechain, AngleSearch calculates ranges of the ÿ, and Xi values which are 

consistent with the input data, assuming a fixed conformation. The calculations are
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then repeated with the assignments of the (3 protons reversed. Usually, where good 

quality data are available, only one of the two sets of possible stereospecihc assign

ments gives a range of torsion angles fully consistent with the data. In this case, the 

m ethod provides a clear-cut stereospecific assignment for /?Hs as well as <̂ , •0 and 

X i  torsion angle constraints. In cases where lower quality input d a ta  are available, 

both sets of stereospecific assignments may give solutions of allowed torsion angles: 

for these, stereospecific assignments cannot be made using AngleSearch alone and 

the ranges of torsion angle solutions then embrace all the values predicted by both 

sets of assignments (Polshakov et ai in press).

Determining xi When /?-Protons Have Degenerate Chemical Shifts

Problems where pairs of protons have degenerate chemical shift can be overcome by 

combining different types of conformationally related data. Two experiments which 

are very useful for this situation are the 3D HNHB and ^^N/^H TOCSY-HMQC. 

As discussed previously, the HNHB experiment allows us to estim ate and

the TOCSY-HMQC experiment allows us to estim ate ^Ja/?.

Considering the rot amer diagram (figure 4.8), if there is no cross-peak in the 

TOCSY-HMQC spectrum, but a cross-peak appears in the HNHB, it can be de

duced that the residue is in a xi=60° conformation and the stereospecific assignment 

can be made. Also, if a cross-peak appears in the TOCSY-HMQC and none appears 

in the HNHB, the residue is in a xi=180° conformation and again, the stereospecific 

assignment can be made. Finally, if both sets of spectra show cross-peaks, it can be 

deduced that the residue is in a -60° conformation and once again a stereospecific 

assignment is possible.

AngleSearch operates in the same way as described above in th a t it combines
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two sets of information and to determine the conformation of the

residues.

Determination Of Conformations In Fragments Where There Is Only A 

Single /3-Proton

In residues such as threonine, valine and isoleucine, there is only one /3-proton and 

thus there is less three-bond coupling information available. Although there is less 

a  — p  proton distance information, this is compensated for by the ot — ^  methyl 

proton distance information available.

The 7 - C H 3  groups in valine are treated as pseudo atoms and again calculations 

are carried out for the two possible sets of assignments. In this way, using An

gleSearch, it was possible to determine the stereospecific assignments of the valine 

C H 3  groups and the 0, ^  and x i  torsion angles.

For threonine and isoleucine, the situation differs in that there is no longer 

the need to stereospecihcally assign the /3H. The program allows the successful 

determ ination of the <p, xjj and Xi torsion angles (Polshakov et al. in press).

Detection And Determination Of Mixtures Of Conformations Where 

There Is Conformational Averaging

The AngleSearch program has the ability to analyze averaged data  resulting from 

rotational isomers undergoing fast exchange. In this case the program fits the 

observed data to calculated mixtures of rotamers.

If the input data are of good quality it is relatively straightforward to obtain the 

ranges of cf) and ^  angles, Xi rotam er populations and stereospecific assignments 

which fit the observed data. This rotameric averaging has been recognized in sev
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eral previous studies and the term  ’disordered’ has been applied to describe such 

residues (Clore et al. 1991). The program identifies the residues which fall into this 

category and interprets the observed data in terms of mixtures of interconverting 

rotam ers. Again, the calculations are started with an arbitrary assignment for the 

/?CH2 protons and the program calculates the ÿ, ÿ  and Xi rotam er populations 

consistent with the input data. The calculation was then repeated with the /?CH2 

assignments reversed. As before, when good quality data are available only one set 

of stereospecific assignments gives a good results.

Residues Determined By ÿ And ij; Only

Glycines and alanines are fully defined by the variable backbone torsion angles 

(f) and For Ala residues, there is usually sufficient NOE data  involving the 

aCH , /?CH3 and NH protons to provide well-defined angles. Making stereospecific 

assignments of the QCH2 protons of glycines is a long standing problem which 

cannot be solved using coupling constants and local interproton distances alone. 

Methods which have been used involve labelling and using distance geometry 

or restrained molecular dynamics methods (during structure calculations). The 

la tter approach relies on using long-range NOEs from the protein protons to the 

glycine methylene protons and is usually only reliable where high quality structures 

are already available. However, stereospecific assignments of the Gly a  protons 

can be made by combining prediction from AngleSearch with torsion angle results 

obtained from calculated structures of fairly low quality.

Calculations are begun with an arbitrary set of assignments for a particular 

glycine a-C H 2 group and the ranges for the (f> and ÿ  are calculated. The calculations 

were then repeated with the a-C H 2 assignments reversed and a new set of allowed
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ranges of <j) and •0 are calculated. Next, ranges of 0 and ip are obtained using 

restrained molecular dynamics calculations to determine the solution structure of 

the protein complex where the glycine protons are included as pseudo-atoms. The 

ranges of 0 and 0  found from the AngleSearch program are compared with those 

found from structure calculations. In favourable cases, the ranges overlap with one 

of the two possible sets of stereospecific assignments (Polshakov et al. in press).

The X-gly peptide bond can exist in both cis and trans configurations. Angle

Search has been used to investigate this. For cis-Gly the distances (NH-Ha) are 

always large, thus if strong or medium NOEs are detected between the Gly aCH 

and the NH of the next residue, this indicates tha t a Gly trans-configuration is 

present.

For a Gly cis-configuration, in most cases NOEs are detected between the Gly 

aCH  and the aCH  of the next residue. Based in these connections, the program 

found tha t all the glycines in DHFR-MTX are trans- except for Gly 98 which has 

the cis-configuration.

General Results

All the results have been obtained by inputting the NOE and coupling constant 

data into AngleSearch and running calculations. Torsion angles have been found 

form 153 out of 162 residues (x i, 93 out of 162 residues, 0, 133 out of 162 residues 

and 0 ,1 2 7  out of 162 residues). Those amino acids for which no angle information 

was found were, Thr-1, Ala-2, Leu-19, Leu-23, Leu-27, Arg-31, Ala-119, Lys-161 

and Ala-162. Those which remained undetermined appear to be mainly terminal 

residues (both C- and N- term inal). One of the main reasons for not being able to 

make assignments was a lack of data, this can be due to NH exchange within the one
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residue, preventing relevant signals from being observed in the spectrum . Spectral 

overlap is also a problem which obscures the cross-peaks preventing the assignment 

process. As well as finding torsion angle information, it has been possible to identify 

residue sidechains which are averaging and also to calculate the rotam eric popula

tions which may exist. Of course many residues in the protein are predom inately in 

one conformation. The following amino acids occupied a particular conformation 

by a proportion greater than 75%: Gln-7, Asp-10, He-13, Trp-21, Asp-25, His-28, 

Thr-34, Val-41, Ser-48, Leu-62, Thr-63, Val-76, Val-82, Gln-92, Ile-96, Val-110, Leu- 

113, Thr-126, Thr-147, Asn-148, His-153 and Glu-156 (22 residues). The m ajority  

of these residues are in elements of secondary structure, which implies tha t they are 

likely to be strongly H-bonded, thus they exist predominately in one conformation. 

The next series of residues occupied a particular conformation by a proportion be

tween 75 - 60%: Arg-9, Leu-12, Lys-15, Asp-16, Tyr-29, Phe-30, Lys-37, Val-40, 

Thr-45, Glu-56, Thr-58, Val-60, Tyr-68, Gln-69, Val-74, Val-75, His-77, Phe-83, 

Tyr-85, His-89, Phe-106, Asp-108, Leu-114, Asp-125, Met-128, Leu-131, Lys-138, 

Ser-141, Thr-143, Asp-146, Leu-151, Thr-154, Tyr-155 and Trp-158 (35 residues). 

Another 15 residues occupied a particular conformation by between 60 - 40% and 

the remaining residues were either averaging or the residue assignments ere incom

plete for one reason or another (see table X in the Appendix). The residues which 

were found to be averaging were: Arg-43, Leu-51, Asp-67, Thr-104, Asp-111 and 

Thr-152. All these residues are either at the very end of a secondary structure 

element or within a loop. On observing the calculated structures, the sidechains of 

these residues, always appear to be pointing out into the solvent.

In some cases where there was a limited amount to data, it was possible to find 

some torsion angles, but not to stereospecifically assign the sidechain protons. This
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was true for Leu-4, Val-35, Ile-38, Tyr-46, Arg-52, Gln-65, Glu-66, Lys-87, Asp-91, 

Leu-94, Val-95, Gln-101, He-102, Lys 107, Val-115, Ser-121, Glu-123, Val-139, Ser- 

140, Arg-142, Val-144, Glu-145, Val-157 and Lys-160. Most prolines and glycines 

and some X2 values have been om itted from the list. This is because the torsion 

angle study had not been totally completed at the tim e of writing this thesis.

Appendix B lists all the dihedral angle information obtained from the calcula

tions using AngleSearch. Stereospecific assignments have been made for 74 out of 

162 residues. Values for dihedral angles have been found for: %i, 93 out of 162 

residues, <̂ , 133 out of 162 residues and ÿ , 127 out of 162 residues. In Appendix 

B there is also information about residues which are thought to be averaging and 

gives a measure of rotameric populations for all residues.
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Chapter 5

Structure Determ ination of the

D H FR -M T X  Complex

5.1 Secondary Structure Determ ination

5.1.1 Introduction

Chemical shift assignments are vital in order to characterize all the different nu

clei present in the protein. Patterns of cross-peaks help in identifying the signals 

from particular types of amino acids present (for example, how many Thr or Ala). 

This work was discussed in Chapter 4. Once the signals for all the amino acids 

have been accounted for, the determination of the solution structure is carried 

out in two stages. The first involves the identification of the secondary structure 

elements. This is im portant because it can lead to the resolution of ambiguous 

NOE assignments and help in the complete analysis of the ’long-range’ NOEs (>  

5 residues apart) required for the full structure calculations. Secondary structure 

elements were identified by detecting short to long range NOEs and three-bond
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coupling constants between backbone nuclei (^Jh sHo)- The second stage of the 

structure determ ination involved the use of non-sequential long range NOEs and 

dihedral angles, in conjunction with computational methods to generate a more 

accurate structural representation of the data (Wuthrich 1986),

5.1.2 Secondary Structure

The secondary structure of a protein describes how sections of the polypeptide 

chain assumes regular, repeating conformations (a-helices and /9-strands), These 

secondary structure elements have characteristic NOE patterns and scalar coupling 

constants (figure 2,2), The bar chart (figure 5,1) shows the short range NOEs 

identified in the various NOE experiments described previously.
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Figure 5.1: Sum m ary of the sequential and short range NOEs for the  D H FR -M TX  

com plex. The height of the  bar used to denote an N O E is an ind ication  of its 

intensity .
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It is possible to locate regions which show intense d;vyv(i,i+l) NOEs. These are 

very characteristic of a-helices and are clearly visible in the bar chart. They mainly 

occur between residues 24 - 35, 43 - 50, 81 - 89 and 101 - 110. These helical regions 

were also identified by the NOEs, da7v(i,i+3) and da/?(i,i+3). Again, from the bar 

chart it is clear to see tha t the a-helical regions of the protein give rise to these 

types of NOE patterns. The /^-strands are mainly identified by intense daiv(i,i+ l) 

and from figure 5.1 one can see that such NOEs are seen between residues 1 - 9 ,  

38 - 42, 55 - 62, 72 - 79, 92 - 98, 112 - 122 and 131-138. All the NOE data  were 

obtained from the NOESY-HMQC, ROESY-HMQC and 'H /'^ N

NOESY-HSQC experiments.

Another m ethod by which secondary structure was confirmed was by using the 

Chemical Shift Index, devised by D. S. W ishart (W ishart et al. 1992; W ishart & 

Sykes 1994). This technique involves calculating differences in H a and C a chemical 

shifts of each residue of the protein and the random coil values. Random coil 

chemical shift values of the H a and C a for the various amino acids were those 

reported in the literature (W ishart et al. 1992) and reproduced in the following 

table (table 5.1):
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Residue ^Ha range (ppm) ^^Ca range (ppm)

Ala 4.35 ±  0.10 52.5 ±  0.70

Asp 4.76 ±  0.10 54.1 ±  0.70

Glu 4.29 ±  0.10 56.7 db 0.70

Phe 4.66 ±  0.10 57.9 ±  0.70

Gly 3.97 ±  0.10 45.0 ±  0.70

His 4.63 ±  0.10 55.8 ±  0.70

He 3.95 ±  0.10 62.6 ±  0.70

Lys 4.36 ±  0.10 56.7 ±  0.70

Leu 4.17 ±  0.10 55.7 ±  0.70

Met 4.52 ±  0.10 56.6 ±  0.70

Asn 4.75 ±  0.10 53.6 ±  0.70

Pro 4.44 ±  0.10 62.9 ±  0.70

Gin 4.37 ±  0.10 56.2 ±  0.70

Arg 4.38 ±  0.10 56.3 ±  0.70

Ser 4.50 ±  0.10 58.3 ±  0.70

Thr 4.35 ±  0.10 63.1 ±  0.70

Val 3.95 ±  0.10 63.0 ±  0.70

Trp 4.70 ±  0.10 57.8 ±  0.70

Tyr 4.60 ±  0.10 58.6 ±  0.70

Table 5.1: Random coil chemical shift values (H a and C a) used for chemical shift 

index analysis (W ishart et al 1992)

124



The difference in the H a chemical shift of a particular residue and the random 

coil value was determined. If this difference (A5h ) was greater than the range 

specified in the table a score of +1 was given to tha t residue. If AS h  was less than 

the range specified a score of -1 was given, | These data were then plotted as a bar 

chart of residue number against ASf j  (see figure 5,2), The same procedure was 

followed using the carbon data. For the proton data, any ’dense’ groupings of four 

or more -1 values not interrupted by a +1 value is defined as an a-helix. Any ’dense’ 

groupings of three or more +1 values not interrupted by a -1 value was defined as 

a /5-strand, All other regions are designated as ’coil’ referring to loops, turns, etc, 

(figure 5,2) These rules are reversed for the carbon shifts (i,e, values of consecutive 

-f l values signify a-helical regions) (figure 5,3), It is possible to see in the bar 

graphs where the chemical shift differences show where the a-helical and /5-strand 

regions lie. They correspond quite closely to those seen from the NOE and coupling 

constant data previously discussed. However, this is still an empirical method and 

should be used in conjunction with NOE data to determine the secondary structure 

of proteins.
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Figure 5.2: Chemical Shift Index plots derived from proton chemical shifts.
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Figure 5.3: Chemical Shift Index plots derived from carbon chemical shifts.
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The secondary structure of this protein complex, derived from NOE (NMR) 

data, was first reported from this laboratory (Carr et al 1991). It was found to 

consist of the 4 a-helices (B, C, E, F) and 8 /^-strands (A - H) previously found in 

the x-ray crystal structure of the ternary complex of L.casei DHFR-MTX-NADPH 

(Bolin et ai 1982). Table 6.2 provides a comparison of the secondary structure 

information found in this study using extra distance and dihedral angles and in the 

work previously mentioned.

Elements Of Secondary Structure

This Study Carr et al x-ray

a-helices B 

(between residues) C

24 - 34 26 - 34 23 - 34

43 - 48 43 - 48 42 - 49

F 78-89 79 - 88 78 - 89

F 99 - 108 102 - 109 99 - 107

/^-strands A 

(between residues) B

2 - 9 2 - 7 1 - 7

3 8 -4 1 38-42 36 - 47

C 55 - 62 56 - 63 56 - 63

D 72 - 77 7 4 -7 6 74 - 76

F 92 -97 92 - 96 93-98

F 111 - 121 113 - 121 111 - 119

G 134 - 147 135 - 144 135 - 144

H 152 - 161 152 - 161 152 - 161,

Table 5.2: A comparison of secondary structure elements from L.casei DHFR-M TX 

from different studies

128



From the table we can see that in general all the data are in agreement with 

the correct number and types of secondary structure being present. The main 

differences lie in where certain elements start and finish. For the a-helices, the 

boundaries for these secondary structure elements are close when compared between 

the three studies. For example, in the present study, helix-B lies between residues 

24 - 34, for the previous NMR work (Carr et al. 1991) it appears to lie between 

residues 26 - 34 and finally in the ternary x-ray structure aB  is between residues 23 

- 34 (Bolin et al. 1982). The trend is similar for other a-helices in th a t the elements 

of secondary structures found from the three different studies only differ in length 

by 1 - 2 residues (see table 5.2).

For the /^-strands, the lengths of these structures seem to vary by a larger 

amount, generally between 2 - 4  residues. For example /?A for this present study 

stretches between residues 2 - 9 ,  for M. Carr’s study (1991) it lies between 2 - 7  and 

finally for the crystal structure, it has /?A between residues 1- 7.  The only exception 

here is /?B, where both the NMR studies suggest tha t it lies between residues 38 - 

42 (maximum), however for the crystal structure it ranges from residue 36 to 47, 

an increase in 5 residues. Often the actual lengths of the helices or strands (i.e. 

the number of residues within the structure) are the same, but they may be shifted 

one way or another by 1 - 2 residues. For example, this is true for strand-C  which 

between the two NMR studies where in one study fSC varies from 55 - 62 and the 

other varies from 56 - 63, this also occurs for /?E (see table 5.2).

Although all these differences, in general, are relatively small, they can be due 

to a number of factors. Differences between the two NMR studies and the x-ray 

work can be due to slight differences in the protein structure in the solution state 

to tha t in the crystalline state. There could be more flexibility at the ends of the
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structure elements making it appear that certain a-helices or /^-stands s tart and 

end at difference residues. Differences which arise between the two NMR studies 

are possibly due to the variety of different techniques applied to the system. In this 

study a larger amount of experiments were run using more modern equipment and 

more recently developed pulse sequences. Also with the use of pulse field gradients 

the amount of phase cycling was reduced which allowed for the increase in the 

acquisition times and thus producing spectra of a higher resolution. As well as 

technical reasons, the fact th a t more NMR experiments have been applied in this 

study to obtain, not only more NOE information but also to obtain dihedral angle 

information which has been im portant in confirming the secondary structure and 

generating a three-dimensional protein structure.

5.2 Structural Calculations

5.2.1 Introduction

At the moment there is no universally accepted single procedure for protein tertiary  

structure determ ination from NMR data. However, all the techniques used aim to 

fully sample the conformational space available to the protein while at the same 

tim e satisfying a set of constraints. This is achieved to varying degrees by the 

different approaches used. There are two general methods used to build structures 

from NMR data, based on either distance geometry or molecular dynamics. They 

differ in the way they calculate the structures and also in what kind of initial 

structure they require. However, they both have methods of optimization to bring 

the distance and torsion angle constraints and the structures into as close agreement 

as possible. This optim ization requires a scoring formula to measure the ’goodness
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of fit’ to the constraints (the error function).

Distance G eom etry

Distance geometry is a method by which distances between points are converted 

into coordinates of atoms. There are three main methods: metric m atrix (Havel et 

al 1983), variable function (Braun & Go 1985) and ellipsoid algorithms (Billeter et 

al 1987). However, it is the first two methods which have been widely used and 

they will be described here.

M etric M atrix M ethod

If all the possible interatom ic distances within a molecule were known, it would 

be possible to convert the distances into exact atom coordinates. However, NMR 

data are seldom sufficient to fully characterize the distances in the molecule. This 

makes the conversion process (called embedding) complicated (Havel et al 1983). 

In simple term s, based on the NMR data, a m atrix is built where the elements are 

the atom  coordinates.

Since, in essence, the NMR data provided!areincomplete, it generates a m atrix 

for which no one structure is compatible. By using certain approximation methods 

it is possible to project a 3D structure, however it will be distorted and further 

optimization is required to remove all the distance violations. This is achieved 

by first converting distance information into upper and lower bound (i.e. ranges) 

distance-matrices for all atom -atom  distances in the molecule. These distances are 

combined with information from allowed Van der Waals distances, standard bond 

lengths and angles. The distance geometry algorithm then ’smoothes’ the distance- 

bounds such tha t these distance-ranges (bounds) are reduced. In the embedded
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structures many distances fall outside their bounds so optimization is needed to 

minimize any distance or chiral violations which occur. The violations are expressed 

as error functions which measure the total violations of the constraints by the 

coordinates produced. Following this, these functions are then energy minimized, 

usually by a conjugate gradient method.

Variable Target Function

This method involves the minimization of a distance constraint error function (the 

target function) in variable dihedral space (Braun & Go 1985). Note tha t the target 

function here expresses distances, not atomic coordinates, as in the m etric m atrix 

method. During minimization, the dihedral angles </>, ip and % are varied. Bond 

lengths, bond angles and dihedral angles w are kept fixed. M inimization takes place 

at different levels to make sure tha t the energy of the structure gets as close to the 

global minimum as possible. Information gained at low level minimization is used 

for the next level and so on, iteratively. At these lower levels, local conformations are 

characterized. These satisfied long range constraints do not need large changes to 

local geometries. The quality of conformations is improved by repeating functional 

optimizations and weighting the distances and non-bonded constraints (Vlieg & van 

Gunsteren 1991).

Molecular Dynamics

A molecular dynamics (MD) simulation starts with some initial conformation (for 

example, an extended chain). Once this has been decided on, the structure is 

allowed to evolve over time under the influence of a force field. A force field is 

a m athem atical potential energy (PE) expression which describes all bonded and
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non-bonded interactions which occur in the molecule (McCammon et a i 1977; Mc- 

Cammon et a i 1979).

PE(total) =  PE(covalent) -j- PE(non-bond)

PE(non-bond) =  PE(Van der Waals) -f- PE(electrostatic) -f- PE(H-bonds)

In order to observe the structure evolving under this force field, the force acting 

on each atom  at a given tim e needs to be determined. The is done by differentiating 

the PE term s with respect to the coordinates (distance). Thus once the force 

has been calculated, this is related to the acceleration of the particle by Newton’s 

equations of motion. These are solved by numerical integration over small time 

steps to give both the velocity of the atom after the time step and the displacement 

of the atom  during the tim e step. Thus one can obtain a ’snapshot’ of how the 

molecule moves/behaves under the force field which is being applied.

The NM R data provide the experimental distance and dihedral angle con

straints which must also be satisfied. This is achieved by adding additional pseudo

energy term s to the PE(non-bond) term  described above. This is combined with a 

force constant (weighting factor) which is used to introduce the NMR constraints 

into the calculations in a controlled manner.

One type of MD calculation is Simulated Annealing (SA) (Kirkpatrick et ai 

1983). Annealing in scientific terms refers to the heating of a m etal or alloy to a 

predeterm ined tem perature for a given tim e and then cooling it to room tem perature 

to improve ductility and reduce brittleness. In MD calculations, SA is a protocol 

for finding low-energy structures by mimicking the natural processes of heating 

and cooling. During a SA simulation, it is possible to cross energy barriers which 

would be impossible to cross under normal conditions. This is done by setting
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the repulsion energy contribution (force constant) to a low value (Hommel et al. 

1992). The allows regions of the peptide chain to ’pass through’ each other if this 

is required by the experimental constraints. The process is enhanced by raising the 

tem perature at which MD is performed. As the simulation progresses the weighting 

of the experimental constraints and the repulsion force is increased to remove all 

close non-bonded contacts. In fact the repulsion force is scaled to its maximum 

value during the cooling process and the final structure is energy minimized to 

remove any remaining bad contacts or bond angles.

5.2.2 Protocol for Structure Calculations

Before any calculations can be started, the NOE information must be converted 

into interproton distances (see section 4.2.5). This involved calibrating the cross

peak intensities to known distances in proteins, (say H a(i) - HN(i-H ) signals in 

/^-strands) and classifying the intensities of the cross-peaks into strong, medium 

and weak. The MD method of SA was used to determine the structure of DHFR- 

MTX complex using the X-PLOR software package (Brunger 1992). It was decided 

tha t firstly, the structure of the protein alone would be calculated. The ligand 

would then be ’docked’ after the protein molecule had been folded correctly with 

no bad contacts. This is because the process would be far more complicated and 

would required larger amounts of computer time to try  and include both molecules 

at the start of the calculations.

5.2.3 The Calculations - Protein Alone

The initial structures were computed from distance constraints and dihedral angle 

restraints derived from unambiguous NOEs (800) and dihedral angles (50). Not
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all the NOEs and angles were used at the start of the calculation. First, it was 

decided to generate the general folds and secondary structure. The calculations 

were started from an extended strand. Figure 5.4 shows the procedure followed to 

general a three dimensional structure from distance data.
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Extended Chain ]
Minimized 

Extended Chain

Partially Folded I J
Chain

Fully Folded 
Chain

Cooled Folded 
Chain

Minimized Folded 
Chain

Stage I lOOOK

Stage II lOOOK

Stage III lOOOK - lOOK

Minimization

Figure 5 .4 : A flow diagram depicting the SA procedure used to generate the protein 

structure alone.
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During minimization and folding (Stage I of the MD routine), all the force 

constants are set to relatively low values:

S ta g e  I va lues:

F o rce  C o n s ta n t V alue

Dihedrals 5 kcal/mol/rad^

NOE 5 kcal/mol/Â^

Repulsion 0 . 0 0 1  kcal/mol/Â'^

Bond Angles 2 0 0  kcal/m ol/rad^

Bond Length 1 0 0 0  kcal/mol/Â^

Improper Angles 50 kcal/m ol/rad^

Tem perature lOOOK

For the first series of calculations all the NOE ranges are set between 0 - 5.5Â 

so as to not constrain the initial folding process too much and also to allow atoms 

to approach each other closely. W ith the repulsion force constant being small the 

atoms can essentially ’pass through’ each other allowing all energy barriers between 

different folds to be crossed. This allows many regions of conformational space to 

be sampled. The dynamics during this part of the simulation takes place at lOOOK. 

At the end of this sequence, the molecule is already partially folded.
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Stage II is another MD sequence where the molecule continues to fold.

S tag e  II values:

F orce C o n s ta n t V alue

Dihedrals 5 kcal/m ol/rad^

NOE Scaled from 5-50 kcal/mol/Â^

Repulsion 0 . 0 0 1  kcal/mol/Â^

Bond Angles 500 kcal/m ol/rad^

Bond Length 1 0 0 0  kcal/mol/Â^

Improper Angles 500 kcal/m ol/rad^

Tem perature lOOOK

The folding process is completed when these force constants are at their maxi

mum values. Now we have a fully folded protein, which has correct covalency.

Stage III is the cooling process which cools the system down to lOOK linearly.

S tag e  III v a lues: C o o ling

F orce  C o n s ta n t V alue

Dihedrals 2 0 0  kcal/m ol/rad^

NOE 50 kcal/mol/A^

Repulsion Scaled from 0.001-4 kcal/m ol/A^

Bond Angles 500 kcal/m ol/rad^

Bond Length 1 0 0 0  kcal/mol/A^

Improper Angles 500 kcal/m ol/rad^

Tem perature Scaled down from lOOO-lOOK

Thus at the end of this sequence we have a cooled folded polypeptide chain.
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A final minimization completes the calculation in which all the force constants 

are fixed at their maximum values. No Lennard-Jones terms were included in the 

force field. During this process the error function is minimized via a conjugate 

gradient procedure. The error function measures the total violations of the con

straints by the final coordinates. The structure will now have the correct secondary 

structure. Remember at this stage all the NOE distance ranges were large to allow 

the secondary structure to be determined. Structures which had very few viola

tions were selected using acceptance programs in X-PLOR (Brunger 1992). At this 

stage we had a series of structures with correct secondary structure. However the 

structures have to be refined to remove any remaining bad atom contacts, bond 

angles and bond lengths, in order to reduce the overall potential energy of the 

system. Refinement involved both molecular dynamics and energy minimization 

routines. All force constants are at their maxima. The dynamics are performed 

at high tem peratures of 2000K and cooled slowly to lOOK. Following this, another 

minimization procedure was applied to all the generated structures. In total the 

protein was subjected to 120ps of SA followed by 400 cycles of Powell conjugate 

minim ization as recommended by the X-PLOR manual (Brunger 1992).

Using all the structures generated from this first series of calculations an average 

structure was calculated. This protein structure was then used as a distance filter to 

obtain more NOEs from the NOES Y spectra. Because it is know known which parts 

of the polypeptide chain are close together it is possible to unambiguously identify 

previously unassigned NOEs in the spectrum. It was also useful at this stage to 

locate problem areas within the generated structure and go back to the spectra and 

check for any mis-assignments. Once more NOEs were assigned they were included 

in the NOE input files to be used in a second series of structure calculations. Also
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it was now possible to tighten the NOE distance ranges. Up until now the distance 

ranges were 0 - 5.5Â, now certain NOEs could be classified into distance ranges (for 

example, weak (1.8 - 5.5Â), medium (1.8 - 3.5Â) and strong (1.8 - 2.5Â)).

5.2.4 Calculations for Combined DHFR -h MTX Complex

The calculations described above have excluded the ligand methotrexate. The lig

and molecule has been ’docked’ into the protein by a method similar to that de

scribed by the Carlsberg group (Kragelund et ai 1993). The parameter files for all 

these calculations were constructed by Angelo Gargaro (N.I.M.R), using X-PLOR. 

The docking process begins by randomly placing the ligand relative to the protein. 

For example, at the start of the process 50 folded protein structures each with their 

randomly placed MTX molecules are included in the simulation (figure 5.5).

ligand

enzyme

Figure 5.5: Randomized protein and ligand before the docking process.
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Simulated annealing techniques were then used for the docking calculations. Be

fore any simulation was initiated, the randomized ’complex’ structures were energy 

minimized using protein-protein NOEs and ligand-ligand NOEs. This was to make 

sure the structures had no bad contacts, which can arise if the ligand is inside the 

protein molecule. Following this initial minimization, a 0.5ps MD simulation was 

performed at lOOOK with a low (0.001 kcal/mol/Â'^) repulsion force (mainly Van 

der Waals term s). The NOE force constant was scaled up from 1-5 kcal/m ol/Â^ 

throughout the simulation. The dihedral force was kept at 5 kcal/m ol/rad^ through

out the calculation.

This first series of MD was followed by a 2.5ps MD simulation with the following 

parameters:

Force Constant Value

NOE scaled up from 5-50 kcal/m ol/Â^

Dihedral 5 kcal/m ol/rad^

Repulsion 0.001 kcal/mol/A'*

Bond angles 200 kcal/m ol/rad^

Improper angles 50 kcal/m ol/rad^

This was followed by cooling to lOOK and by energy minimization. Again, 

no Lennard-Jones potentials were included in the force fields. The final MD was 

performed at 300K for 2ps with the following parameters:
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Force Constant Value

NOE 50 kcal/m ol/

Dihedral 2 0 0  kcal/m ol/rad^

Repulsion 1 kcal/m ol/

Bond angles 500 kcal/m ol/rad^

Improper angles 500 kcal/m ol/rad^

As before, the final structures were minimized using similar routines as previ

ously (from X-PLOR), but with the repulsion force constant was set rather that 

scaled to 4 kcal/m ol/A^. In to tal each preliminary protein structure and one random 

ligand structure was subjected to 3ps of SA (Ludvigsen & Poulsen 1992) followed 

by 1.2ps of restrained MD (Clore et a l 1985) at 300K and 4000 cycles of Pow

ell conjugate gradient minimization. This sequence produced structures of docked 

complexes w ith virtually no violations. Finally the structures were refined using 

X-PLOR refinement routines. An average structure was calculated and this was 

used as a filter to extract more NOE (distance) information from the NMR spec

tra  by eliminating possible ambiguities in the NOE data as previously described 

for the protein alone. The protein-ligand distance information was included in the 

main NOE input file and more molecular dynamics calculations were then run. All 

calculations were carried out on a Sun Sparc 10 workstation. The structures were 

visualized by applying the computer program Insight 11 from Biosym Technologies 

and analyzed using X-PLOR and PROCHECK (Laskowski et ai 1993).
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5.2.5 Calculations - Results 

Overall Protein Structure

The initial structures were computed solely from the distance and angle constraints 

derived from those NOEs and coupling constants which could be deduced unam 

biguously. The calculation were started from an extended strand structure. After 

running three series of structure calculations, a total of 40 final structures were 

calculated from 1200 NOEs, 256 torsion angle restraints (130 4> and 126 and 

with stereospecific assignments for 103 chiral centres.

Structural Statistics

Structural Statistic Average over 40 Average minimized

structures structure

rm sd from the experimental restraints

distance restraints (Â) 0.0286 0.0265

dihedral restraints (deg) 0.760 0.712

rmsd from ideal covalent geometry

bonds (Â) 0.0048 0.047

angles (deg) 0.49 0.49

impropers (deg) 0.36 0.35

Table 5.3: Statistics for the structural calculations

Table 5.3 summarizes the general statistics for the final 40 structures and the 

average minimized structure. The rmsd (root mean square deviation) values give a 

measurement of how closely the structures are to the NOE data and the dihedral 

data. For example the average minimized structure has an rmsd (over all the 

distances in the protein) of 0.0265Â and the rmsd of the dihedral angle restraints 

is 0.712°. If the structure fits both these types of restraints perfectly, both these
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values quoted above would be 0 Â and 0° respectively. One would expect these 

values for the average minimized structure to be very close to the values averaged 

for all the 40 structures and in fact they are all very close.

The structures were reasonably well defined with the average structure having an 

rmds of the backbone atoms of 1.98Â and 2.42Â for all non-hydrogen atoms (a high 

resolution structure tends to have the former value at around 0.9Â (see (Kraulis et 

al 1994) for an example). Superimpositions of the backbone showed regions where 

the protein is not well defined (see figure 5.7). These occurred between residues 

Asp-10 - Leu-23, Val-62 - Gly-72 and from Ser-121 - Trp-133. If these regions were 

removed from the analysis, the corresponding rmsd for the backbone is reduced to 

1.70Â.

The positions of the sidechains adopted a variety of conformations. The stereo

chemistry of each of the amino acids was checked using PROCHECK (Laskowski et 

ai 1993) and were found to be in favourable conformations. The stereochemistry of 

the averaged minimized structure as judged by the (f> and ip angles in a Ramachan- 

dran plot are also in good agreement (figure 5.6) with 75% of all the residues are in 

the most favored regions with 25% of the residues in additionally allowed regions. 

In general, the poorly defined areas of the structures could be due to either a lack 

of structural restraints or to genuine mobility. In our case both these, factors are 

applicable to this complex since there are still a num ber of unassigned NOE signals 

in the spectra. However it is quite likely that the structure variations result from 

the lack of structural restraints included in the calculations.
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Ramachandran Plot
minimize

W)(U13

- 135 -

135 -90 45 0 45
Phi (degrees)

P lot statistics

Residues in most favoured regions (A,B,L| 107
Residues in additional allowed regions [a.b.l.p] 29
Residues in generously allowed regions [-a,-b,-l,-p] 6
Residues in disallowed regions 0

Number of non-glycine and non-proline residues 142
Number of end-residues (excl. Gly and Pro) 2

Number of glycine residues (shown as triangles) 10
Number of proline residues 8

Total number of residues 162

B ased on an an a ly sis  o f  1 18 structu res  o f  reso lu tion  o f  at least 2 .0  A ngstrom s 
and  R -fac to r no g re a te r than 20 % . a good q uality  m odel w ou ld  be expected  

to  have o v er 9 0%  in the m ost favoured  reg ions

75.4%
20.4%
4.2%
0 .0%

100.0%

Figure 5.6: A Ramachandran plot of the averaged minimized structure using the 

PRO CHECK software.
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M T X M vlna

Figure 5.7; Figure of 5 superimposed structures of DHFR-MTX.
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The averaged minimized structure was compared with the crystal structu re  of 

the ternary  complex L.casei DHFR-MTX-NADPH, which we re-minimized. The 

crystal structure coordinates were obtained from the Brookhaven Protein D ata 

Bank. An overall rm sd of 1.85Â was found between the NMR derived structure 

and the minimized crystal structure (for non-hydrogen atoms). This means tha t 

the backbone and heavy atoms are indeed similar to that found in the x-ray struc

ture. Table 5.4 shows the individual rmsds between the backbone of the secondary 

structure elements in the crystal and solution structures.

Structure Element Residue Ranges Within 

The X-ray Structure

RMSD (Â)

aB (23 - 34) 0.588

aC (42 - 49) 0.581

aE (78 - 89) 0.318
aF (99 - 107) 0.279

(1-7) 0.679
/?B (36 - 42) 0.873

PC (56 - 63) 0.907

PD (74 - 76) 0.329
/3E (93 - 98) 0.578

/?F (111 - 119) 0.773

PC (135 - 144) 0.962

/3H (152 - 161) 0.639

Table 5.4: Root m ean square deviations between the crystal structure of the ternary 

complex (with NADPH) and the NMR solution structure of L.casei DHFR-MTX

147



These m easurements give an indication of how close these structure elem ents are 

to each other (between the NMR and x-ray determined structures). The smallest 

rmsd occurs for a F  for which the value id 0.279Â. the largest value occurs for 

sheet which has an rm sd of 0.962Â. In general the rmsds of the a-helices between 

0.279Â (for aF ) to 0.588Â for aB . There is a little more variance for the (3 sheets, 

the rmsds range from 0.329Â for /?D to 0.962Â for ^G . These differences can arise 

from a num ber of factors. Firstly (and more likely), there is still NOE da ta  to be 

obtained from the spectra, this means that these rmsd values may be different for 

subsequent structures (which are being calculated at the moment). Also there is 

the possibility tha t the absence of the co-factor NADPH (which is present in the 

crystal structure) may be influencing this difference. Some interactions between 

the protein and the co-factor are not in the NMR derived complex thus causing a 

change in the protein conformation. Another possibility is tha t the NMR structure 

was studied in solution, whereas for the x-ray structure, the complex was crystalline. 

For example, crystal packing forces could be influencing the conformations in the 

solid state.

The Binding Site

In these structures, the MTX binding site in the NMR structure is quite poorly 

defined (figure 5.8). However the general picture appears to be very similar to tha t 

in the crystal structure. The same residues are in contact with the drug, namely. 

Leu-4, Trp-5, Ala-6 , Leu-19, Asp-26, Leu-27, Ser-48, Phe-49, Leu-54, Ala-97 and 

Thr-116. Although the same residues are adjacent to the drug the distances between 

MTX and the protein are consistently greater in the NMR structure than in the 

x-ray structure. The rm sd between these two structures is 3Â. This could be due to
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HbaT

Figure 5.8: The binding site within L.casez-DHFR-MTX.

some of the NOE ranges in the X-PLOR input file, which have not been narrowed 

down enough, however, this is being improved.
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The pteridine ring is the most well defined part of the MTX molecule. This 

is reflected in the superimposition of all the MTX molecules from all the accepted 

protein complexes. The pteridine ring always occupies essentially the same region 

in space. This is because there are more distance constraints to this part of the 

drug. However, the p-aminobenzoyl ring and the glutam ate moiety are less well- 

defined. The is easily seen in the superimpositions of the structures and this part 

of the drug occupies a variety of positions. However, this is also seen in the x-ray 

structure where this moiety is not so well defined. The p-aminobenzoylglutamate 

(pABG) portion occupies a hydrophobic pocket formed by the helix aB  on one side 

and by the short loop Pro-50 - Leu-54, connecting aC  to on the other. The 

m ethotrexate glutam ate fragment actually extends to the surface of the protein 

and is partially exposed to the solvent. It also appears to be in contact with fewer 

residues, the closest residues in the crystal structure are His-28 and Arg-57, with 

His-28 having its He located, on average, only 3.1Â from the 7 -carboxylate group.

The N(10)-C(9) bridge between the pteridine ring and the pABG was less well 

defined. Torsion angles measurements (figure 5.9) were made for all 40 structures. 

Ti was found to range from approximately 125° - 179° with the average value of 

159.4°. T2 ranged from 52° - 106° with an average torsion angle of 82.1°, finally T3 

ranged between 157° - 90° with an average value of 127.8°. In the minimized crystal 

structure the values of r i ,  T2 and 73 were 158.32°, 55.86° and 166.92° respectively.
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151



Chapter 6

D iscussion and Review

Dihydrofolate reductase is an intracellular receptor for a num ber of drug molecules. 

Inhibition of the DHFR-catalyzed reaction prevents the biosynthesis of purines, 

thym idylate and certain amino acids. Inhibition of the enzyme by various an

tifolate drugs is used to treat several human diseases previously mentioned in the 

introduction. An im portant feature of these drugs is that some show selective in

hibition of DHFR from different species. It is thought tha t these species selective 

drugs exploit differences in the active site regions of the parasite and host enzymes.

Another interesting aspect of DHFR biochemistry is th a t binding studies have 

revealed several examples of cooperative binding. This refers to a change in the 

binding ability of the drug in the presence or absence of the coenzyme (NADPH). 

Cooperative binding effects have not been investigated in this study: however NMR 

structural studies of the ternary complex DHFR-MTX-NADPH, in solution are 

planned and comparisons with present results in the binary complex could give 

information about the origins of the cooperative binding.
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Possibilities for Comparing Structures of a Series of DH FR Complexes 

in Solution

Since DHFRs are relatively small (18 - 22kDa) they are proving to be amenable to 

NMR techniques. Although a considerable amount of structural information has 

been acquired from x-ray crystallography for DHFRs from several species, there 

have been no studies of a series of complexes on the enzyme from one species. This 

means tha t structural comparisons between different ligand complexes have been 

difficult. For example, there have been three x-ray structures reported for E.coli 

DHFR complexes, binary complexes with both MTX and TMP, and one TM P- 

NADPH ternary complex, but no binary complex with, say, NADPH. Of course 

there may have been problems with obtaining crystals for such a study. However, 

some of the x-ray studies which have been reported, have not had their coordinates 

deposited in the Brookhaven Protein Data Bank. There is clearly the need for 

accurate data  on a related series of different ligand complexes formed with the 

same proteins. It would also be invaluable to have data on complexes formed by the 

same ligand binding to different DHFRs to allow for making structural comparisons 

between complexes formed with different species of enzymes. Such studies will allow 

one to address the origins of specific binding.

NMR data  about a family of complexes may be easier to collect than  x-ray 

data  which requires crystals. In this study, the enzyme-MTX complex has been 

investigated. Structural information gained from this structural study can be used 

to help in investigating other L.casei complexes where less complete NMR data  

are available. NMR, in comparison to x-ray crystallography, can be useful in tha t 

there is no problem with obtaining suitable crystals for the study although suitable
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solution conditions need to be found. There is also the question of an NMR study in 

the solution state being more biologically relevant. Furthermore, a protein is not a 

static system and NMR allows the structure and dynamics of the macromolecule to 

be studied in solution. However, questions concerning enzyme stability in solution 

must also be taken into account.

The DHFR Structure

L.casei Dihydrofolate reductase contains 12 elements of secondary structure, 4 a- 

helices and 8  /3-sheets as predicted by the x-ray crystal structure of the ternary 

complex and earlier NMR studies. The structure was determined by a combination 

of heteronuclear multidimensional NMR techniques and molecular dynamics calcu

lations. The final structure in this study was calculated from 1200 NOEs and 256 

(in total) torsion angle restraints. The backbone rmsd found was 1.98Â (as good 

high resolution structure has an rmsd of about 0.9Â). Thus there is still some work 

to be done in order to reduce this value. However when less defined regions were 

removed from the rmsd analysis, this value was reduced to 1.70Â.
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Comparisons have been made between the NMR structure of the binary complex 

(with MTX) and the ternary x-ray crystal structure and is is possible to see tha t 

both structures are very similar. An overall rmsd between the averaged minimized 

structure and the x-ray structure was 1.85Â (for non-hydrogen atoms only). Differ

ences which have been found (e.g. positions of the secondary structure elements) 

between both the crystal structure data and M. C arr’s (1991) work have been dis

cussed in chapter 5. These differences with the x-ray work can be a ttribu ted  to a 

change in phase for the structural study and the absence of NADPH in the present 

work. For the previous NMR work (Carr et ai 1991) differences could arise from 

the different NMR experiments used. Also more types of NMR data were used to 

generate the structure (i.e. torsion angles and stereospecific assignments). How

ever, the overall resolution of the structure must be improved in order to make 

proper quantitative measurements for comparative studies. This is being done at 

the moment by assigning more NOEs and thus increasing the number of distance 

constraints for the structure calculations.

This present study has allowed us for the first tim e to determine the structure of 

this complex from NMR data de novo. Previously, x-ray data (from L.casezDHFR- 

MTX-NADPH) was used in conjunction with NMR data to answer questions con

cerning the protein. However, with the development of multidimensional heteronu

clear NMR techniques, it has been possible to obtain the necessary detailed as

signments and distance information to allow structural information of be obtained 

directly. This work described in this thesis represents the most detailed NMR 

structural work on DHFR to date.
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Sidechain Conformations in the DHFR-MTX Complex

As has been previously said, the NMR structure presented here has been char

acterized by distance constraints, torsion angle measurements and stereospecific 

assignment. It has also been possible to identify the sidechains of residues which 

are undergoing any averaging processes. Amino acids which are essentially in a fixed 

conformation tend to be in elements of secondary structure. This is because these 

residues may be hydrogen bonded to surrounding groups which obviously restricts 

any motion. Residues were also fixed in one conformation within the MTX binding 

site. This could be due to an interaction between tha t residue and m ethotrexate.

Rapid rotational averaging shown by certain amino acids will occur most readily 

for residues having sidechains which were not adjacent to bulky groups. This is most 

likely to occur on the surface to the protein where there is less contact with other 

residues and more contact with the surrounding solvent (where loosely bound H2 O 

molecules are exchanging with each other). The sidechains of those residues which 

were found to be averaging tended to point out into solution rather than interacting 

closely with other residues. However, even for surface residues there is always 

the possibility that the sidechain will exist predominately in a single conformation 

resulting in some specific sidechain interaction (e.g. a charge interaction with a 

neighbouring residue).
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The Binding Site

In general the binding pocket is poorly defined. However, it is similar to that in 

the crystal structure with the same residues lining the binding site. This has been 

attributed to some of the distance constraints not being narrowed down enough 

(which is being undertaken at the moment).

The m ethotrexate molecule was found to be in the same conformation in the 

NMR solution structure as in the x-ray study. It is known that this moiety is in

verted relative to the ring orientation of folate when bound to the enzyme, although 

the pABG portions of both molecules appear to bind in the same way. On study

ing all 40 protein-ligand structures, the pteridine ring conformation did not vary a 

great deal, however what was noticed was the apparent conformational flexibility 

of the connecting bridge between the pABG and pteridine moieties. It has been 

shown in the past tha t the flexibility between these portions in folates allows the 

pteridine ring to exist in alternative binding modes / citekmelectrostatic. This could 

be further investigated by examining the dynamics of the drug within the binding 

site and in an isolated environment, the energetics and possibility of pteridine ring 

flipping

In summary, this investigation has generated the structure of the complex Lac

tobacillus casei dihydrofolate reductase - M ethotrexate in solution using NMR spec

troscopy. It has been possible for the first time to calculate the structure of a DHFR 

complex solely from NMR data. The data collected for this study have been the 

most detailed yet, including distance not only (NOE) information but also dihedral 

angle information and rotameric populations of residues. Although there is still 

room for improvement in the resolution of the structure, the information which it
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will finally provide will be invaluable to the the structural investigation of other 

L.casei DHFR complexes, which are presently being studied (mentioned above). 

For example, the structure can now be used as a filter to help to assign ambiguous 

NOEs without relying on crystal structure information. Using this structural infor

mation obtained from complexes of DHFR with various ligands should increase our 

understanding of the specificity of ligand binding in these systems and contribute 

to designing new inhibitors.

f
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Table of all and chemical shift assignments iov L.casei DHFR-MTX complex

Residue N C a cp Cy C6 HN H a HPI HP2 Hyl Hy2 H61 H52 Other

1 Thr 62.67 68.69 4.19 4.43 1.22 21.82(Cy2)
2 Ala 131.80 50.32 22.32 8.77 5.99 1.53
3 Phe , 120.30 54.07 40.57 8.82 5.99 3.53 3.26
4 Leu 125.25 53.69 47.57 26.82 8.89 6.18 2.05 1.33 2.34 1.16 0.53 25.69(C01) 30.94(C62)
5 Trp 128.05 58.20 33.07 9.29 5.56 3.55 3.55
6 Ala 121.70 49.82 21.82 8.57 5.44 1.40
7 Gin 114.75 52.70 35.62 32.32 8.97 6.17 2.33 1.93 2.39 2.13
8 Asp 120.20 52.32 41.32 8 .42__ 4.69 4.21 2.85
9 Arg 115.35 58.07 "^7.66 4.11 1.77 1.58 1.42
10 Asp 118.75 54.82 42.57 8.42 5.04 2.97 2.68
11 Gly 107.20 45.32 7.94 4.58 (H a l)  

3.51 (Ho2)
12 Leu 124.55 56.82 44.07 26.94 9.02 4.37 1.93 1.70 1.70 0.93 0.80 24.07(051) 26.19(052)
13 lie 112.16 60.94 41.44 ,13.32 8.94 5.21 2.36 1.13 0.70 0.89 25.69(Oyl) 17.94(0y2) 1.33(y2)
14 Gly 106.50 45.32 7.49 4.35 (H a l) 

3.81 (Ha2)
15 Lys 122.10 55.32 35.19 25.07 29.07 8.54 4.39 1.71 1.45 1.27 1.14 1.71 1.57 41.94(Oe) 2.94(el) 2.94(e2)
16 Asp 129.35 55.45 40.32 10.12 4.28 2.93 2.43
17 Gly 104.50 45.52 8.98 3.97 (H a l) 

3.47 (Ha2)
18 His 117.65 53.70 30.57 7.81 4.98 3.25 3.25
19 Leu 53.07 41.94 27.44 4.23 1.53 0.39 1.41 0.66 0.46 25.19(051) 23.69(052)
20 Pro 62.09 32.08 27.98 51.29 4.32 2.40 1.78 1.29 3.07 0.82
21 Trp 111.25 55.13 30.07 5.73 4.69 2.51 2.33
22 His 118.64 55.77 31.82 8.29 4.91 3.17 2.92
23 Leu 126.68 50.82 44.57 26.82 9.02 4.81 1.83 1.05 1.05 0.65 0.07 23.45(051) 24.69(Od2)
24 Pro 58.20 43.07 3.72 2.28 1.87 2.18 1.74 3.70 2.90
25 Asp 113.19 58.20 43.07 8.62 4.29 3.03 2.28
26 Asp 116.45 56.45 44.07 6.93 5.37 2.55 2.31
27 Leu 121.15 58.07 40.19 26.32 7.37 3.90 1.81 1.08 1.48 0.63 0.02 25.07(Odl) 21.07(052)
28 His 115.70 57.07 28.05 7.82 4.67 3.51 3.37
29 Tyr 123.85 61.57 38.57 7.91 4.17 3.39 3.09
30 Phe 121.05 61.77 38.82 9.12 3.59 3.51 2.63

OÏ
oo



O i

Residue N C a cp Cy C8 HN H a Hpi Hp2 Hyl Hy2 H5I HÔ2

31 Arg 121.55 8.14 3.66 1.97 2.03
32 Ala 121.10 55.38 19.07 7.86 3.96 1.37
33 Gin 111.95 7.89 4.05 1.26 1.93 1.35 1.45
34 Thr 105.80 62.67 71.07 7.36 4.19 3.72 0.27
35 Val . 120.45 64.95 31.82 8.11 3.82 2.06 1.00 1.00
36 Gly 111.35 45.32 9.24 4.21 (H a l)

37 Lys
3.91 (Ho2)

120.25 7.88 4.65 1.98 1.71
38 He 119.02 62.07 37.94 14.57 8.41 4.13 1.87 1.77 0.77 1.03
39 Met 129.30 53.71 31.20 8.79 5.25 2.39 2.27 2.14
40 Val 128.60 61.07 32.57 9.13 5.09 1.80 0.71 0.63
41 Val 119.70 58.20 37.70 9.16 5.57 2.35 1.25 0.97
42 Gly 105.85 44.20 8.24 4.69 (H a l)

43 Arg
4.21 (Ha2)

118.60 59.82 30.82 26.32 43.09 8.64 3.57 1.50 1.27 1.05 1.05 2.85 2.49
44 Arg 116.90 59.27 29.07 27.45 43.07 8.28 3.95 1.95 1.85 1.73 1.61 3.17 3.17
45 Thr 118.70 67.20 68.70 7.85 3.75 4.04 1.11
46 Tyr 123.20 61.07 40.45 8.28 ' 2.89 2.79 2.79
47 Glu 112.15 58.20 29.07 37.45 8.04 3.59 2.09 1.85 2.81 2.31
48 Ser 114.35 58.95 63.82 7.46 4.38 4.05 3.89
49 Phe 123.80 52.45 37.01 7.19 4.47 2.81 2.81
50 Pro 64.51 31.95 27.98 51.24 4.30 2.38 2.02 2.38 2.22 4.11 3.48
51 Lys 116.35 54.82 34.82 24.32 29.07 6.85 4.28 1.65 1.55 1.30 1.30 1.65 1.65
52 Arg 118.80 52.07 31.82 25.70 43.07 8.04 4.39 1.37 1.33 1.05 1.05 2.69 2.69
53 Pro 62.84 33.94 24.50 49.98 4.60 2.36 2.03
54 Leu 121.54 53.07 40.82 26.32 9.20 4.35 1.27 0.93 1.15 -0.07 0.36
55 Pro 62.70 33.38 27.79 50.91 4.47 2.02 2.34 2.07 1.90 3.72 3.41
56 Glu 112.70 57.87 26.82 37.45 9.10 3.89 2.37 2.31 2.19 2.13
57 Arg 112.45 54.32 31.90 27.99 43.09 7.76 4.73 1.73 1.39 1.25 1.19 3.21 2.93
58 Thr 118.90 63.32 68.82 8.42 4.41 4.15 1.16
59 Asn 126.95 62.57 39.57 9.69 5.06 3.13 2.29 6.89 8.00
60 Val 125.90 60.45 32.51 9.27 4.82 1.87 0.61 0.37
61 Val 126.50 59.82 33.07 8.73 4.69 1.56 0.37 -0.12
62 Leu 128.45 52.82 43.07 27.57 8.19 4.76 1.55 0.73 1.17 0.43 0.66
63 Thr 119.60 58.70 69.32 8.48 4.75 3.73 0.93

7.33(e)

5.75(el) 6.54(e2) 
21.57(Cy2)
21.32(Cy1) 21.32(Cy2)

28.19(Cyl) 19.07(Cy2) 0.70(y2)

20.70(Cyl) 21.82(Cy2) 
24.57(Cyl) 18.57(Cy2)

20.82(Cy2)

22.44(C51) 26.32(C82)

21.32(Cy2)

21.82(Cyl) 21.57(Cy2) 
20.07(Cyl) 19.57(Cy2) 
25.69(C51) 23.82(C62) 
17.82(Cy2)



o

Residue N C a Cp Cy C5 HN H a HPI HP2 Hyl Hy2 H61 H52 Other

64 Mis 56.52 4.74 3.43 3.32
65 Gin 121.90 56.45 28.07 33.07 8.35 4.13 2.05 1.97 2.37 2.37
66 Glu 127.20 59.45 29.57 36.32 8.73 3.31 1.89 1.85 2.21 1.99
67 Asp 115.90 52.70 40.26 8.42 4.65 2.83 2.63
68 Tyr 121.10 60.38 39.70 7.19 4.16 2.92 2.61
69 Gin 126.00 54.59 30.82 33.57 7.59 4.31 1.89 1.73 2.27 2.27
70 Ala 126.35 51.07 20.13 8.31 4.35 1.02
71 Gin 123.50 57.63 31.90 33.57 8.54 4.09 2.05 2.05 2.39 2.39
72 Gly 113.38 45.32 8.93 4.25 (H a l)

73 Ala
3.71 (Ha2)

122.90 49.82 20.70 7.96 4.84 1.13
74 Val 122.95 62.07 32.45 8.73 3.98 1.71 0.61 0.45 20.07(Cyl) 20.07(Cy2)
75 Val 127.50 62.01 32.45 8.41 4.65 1.97 0.85 0.79 22.32(Cyl) 22.32(Cy2)
76 Val 120.00 58.20 35.32 8.79 4.43 2.19 0.67 0.53 21.82(Cyl) 19.07(Cy2)
77 His 113.70 54.32 30.20 8.78 5.49 3.53 3.05
78 Asp 114.65 52.92 43.57 7.35 4.65 2.93 2.93
79 Val 119.15 66.07 31.82 8.33 3.43 1.83 0.61 0.61 21.82(Cyl) 21.82(Cy2)
80 Ala 123.05 55.45 17.45 8.39 4.33 1.53
81 Ala 120.20 54.76 18.95 8.25 4.35 1.66
82 Val 119.70 67.20 30.57 7.71 3.53 2.49 1.11 0.79 24.07(Cyl) 22.32(Cy2)
83 Phe 117.65 62.07 38.07 7.90 4.54 3.35 3.04
84 Ala 122.40 55.32 17.95 8.68 4.25 1.59
85 Tyr 120.00 62.57 38.07 7.85 4.14 3.28 3.20
86 Ala 122.60 55.95 17.82 8.88 4.00 1.75
87 Lys 117.80 58.69 32.44 25.19 29.07 8.22 4.07 2.02 1.97 1.68 1.58 1.73 1.73 41.94(Ce) 3.01(el) 3.01(e2)
88 Gin 114.40 55.95 29.07 34.07 7.27 4.09 1.87 1.87 2.45 2.33
89 His 117.45 53.82 29.20 7.57 4.81 3.50 2.74
90 Pro 64.57 31.82 27.70 51.38 4.50 2.21 2.05 1.94 3.44 3.28
91 Asp 116.60 54.26 40.32 8.87 4.57 2.72 2.75
92 Gin 119.00 54.95 33.47 35.82 7.86 4.88 2.27 2.09 2.37 2.27
93 Glu 121.90 55.87 33.02 31.32 8.29 4.42 2.33 2.33 2.77 2.69
94 Leu 122.70 54.82 44.82 27.44 8.51 4.99 1.66 1.66 1.48 0.78 0.78 25.32(C51) 25.32(C52)
95 Val 126.50 60.95 34.70 9.47 4.84 1.88 0.95 0.88 21.82(Cyl) 21.95(Cy2)
96 Re
97 Ala

127.85
128.40

59.32
51.51

36.32
20.07

9.72
9.18

4.52
5.98

2.58
1.73

1.46 0.89 -0.09 27.94(Cyl) 20.19(Cy2) 0.54(y2)



-c

Residue N C a c p Cy 06 HN H a Hpi HP2 HyI Hy2 H61 H62

98 Gly 102.45 42.57 6.00 4.21 (H a l) 
2.25 (Ha2)

99 Gly 107.90 45.32 7.84 4.05 (H a l)

100 Ala
3.75 (Ha2)

123.95 57.07 18.45 9.04 4.02 1.59
101 Gin 115.14 58.70 27.45 34.07 8.94 4.15 2.11 2.11 2.55 2.41
102 ne 121.40 60.87 34.69 26.19 8.94 7.26 3.83 1.81 1.50 1.23 0.66
103 Phe 117.80 59.88 37.45 7.73 4.05 2.73 2.54
104 Thr 114.10 67.76 68.82 8.32 3.75 4.24 1.27
105 Ala 122.20 54.82 17.42 7.27 4.11 1.33
106 Phe 112.30 59.32 42.57 7.46 4.99 3.91 2.99
107 Lys 120.35 60.44 31.82 23.44 29.57 7.56 4.09 2.02 2.02 1.65 1.40 1.80 1.75
108 Asp 117.95 55.95 40.95 8.64 4.81 2.83 2.56
109 Asp 118.00 54.82 44.32 8.00 4.95 3.12 2.69
110 Val 117.15 61.57 32.57 7.02 3.89 1.28 0.45 0.39
111 Asp 121.45 54.82 43.70 8.55 4.99 2.99 2.75
112 Thr 117.30 62.07 73.26 7.71 5.57 3.93 1.41
113 Leu 123.15 53.69 41.44 26.57 9.62 5.03 1.90 1.43 0.91 -0.95 0.30
114 Leu 125.75 54.19 42.57 27.07 9.41 5.35 2.60 1.63 1.77 0.96 1.07
115 Val 121.60 58.70 34.32 7.95 4.32 0.61 0.61 -0.01
116 Thr 124.85 60.45 68.77 8.51 4.92 4.04 0.56
117 Arg 127.00 54.32 31.82 28.32 43.07 9.19 4.73 1.73 1.37 1.19 1.27 3.21 2.91
118 Leu 129.60 56.44 42.19 31.32 9.15 4.53 1.88 1.07 0.93 -0.33 -0.51
119 Ala 120.60 53.70 19.13 8.38 4.06 1.37
120 Gly 103.25 44.20 8.14 4.21 (H a l)

121 Ser
3.55 (Ha2)

111.70 56.51 64.32 7.66 5.06 3.58 3.58
122 Phe 126.25 57.07 42.17 9.69 4.76 3.35 2.89
123 Glu 119.97. 55.95 30.82 36.32 8.33 4.59 2.05 2.05 2.33 2.23
124 Gly 107.41 45.70 8.17 4.12 (H a l) 

4.03 (Ha2)
125 Asp 115.50 53.82 43.63 8.48 4.95 3.05 2.65
126 Thr 116.75 62.70 71.82 7.73 4.68 3.76 1.23
127 Lys 128.00 54.82 35.19 25.69 29.07 8.80 5.07 1.91 1.69 1.53 1.28 1.70 1.70
128 Met 119.20 54.67 28.92 31.34 8.80 4.11 2.01 1.41 1.53 1.41

Other

26.19(C y1) 18.19(Cy2 ) 0.69(y2) 

21 .82 (Cy2)

1.75 4 1 .9 4 (0 6 ) 3.09(61) 3.09(62)

18.45(Cy1) 24.57(C y2)

21.32(C y2 )
22.94(051) 24.07(062) 
25.69(061) 26.32(062) 
19.57(Oy1) 21.82(Oy2) 
21.95(Oy2)

22.69(061) 25.57(062)

20.70(O y2)
4 1 .9 4 (0 6 ) 2 .99(61) 2.99(62)
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Torsion angles, stereospecific assignments and %, rotam eric populations in the DHFR.MTX complex

Residue 4)

Torsion Angles 

^  Xi X2

Rotameric Populations % 

Pl80 P-60

1

PéO

Stereospecific 

Assignment (ppm)

Phe-3 -120±27 120187 63124 - - - - 0.2310.15 0.2610.04 0.5110.05 H p"=3.21;H p '=3 .48

Leu-4 -120±33 120163 -11419 (5) (5) (5) (5) not determined (5)

Trp-5 -120±45 120175 60127 (1) (1) (1) (1)

Ala-6 -120±9 111160 -- - - - - - - - - — - - - - - - - -

Gln-7 -120±33 63130 60127 - - - - 0.1510.15 010.15 0.8510.15 H p:=1.88,H P^=2.28

Asp-8 -90±3 195124 63118 - - - - 0.210.06 0.2510.04 0.5510.05 H P M .1 6 ;H P ’=2.8

Arg-9 6±9 -57112 42115 0.0510.05 0.3510.05 0.610.05 H P '= 1 .7 7 ;H p '= 1 .5 8

A sp -10 -120±27 30127 -81112 - - - - 0.0310.02 0.7910.05 0.1810.05 H P*=2.63;H P'=2.92

L eu-12 -69±6 -6916 -16516 0.6910.3 0.1610.1 0.1610.1 H P ^ 1 .8 8 ;H P '= 1 .6 5

He-13 -120±9 -12019 51124 (5) 0.0910.1 0.1410.15 0.7710.2 not determined (5)

X  G ly-14 0±87 1801141 - - - - - - - - - - - - -- - - - - not determined (5)

Lys-15 -120±39 120139 171124 - - - - 0.7410.13 0.2310.1 0.0210.01 H p := 1 .6 6 ;H P '= L 4

A sp -16 60±15 120187 -81112 - - - - 0.110.05 0.6910.1 0.2110.05 H p M .3 8 ;H p M .8 8

H is-18 -120±33 01183 60121 (1) (1) (1) (1)

L eu-19 (3) (3) (3) (3) - - - - -- - - - - not detemined (3)

Trp-21 -120±33 331168 , 60121 - - - - 0.110.05 0.110.05 0.7910.2 H p '= 2 .46 ,H p"= 2.28

His-22 17716 (3) (3) - - - - — - - - - not determined (3)

Leu-23 -14419 01183 -162115 (3) -- H p '= 1 .0 ;H p '= 1 .7

Asp-25 -5116 -69124 -159112 0.7810.15 0.0410.05 0.1810.1 H P '= 2 .98 ;H P '= 2 .23



-<Iü«

Residue 4>

Torsion Angles 

4; Xi Xz

Rotameric Populations 

Piro P-60

1

Peo

Stereospecific 

Assignment (ppm)

A sp-26 -87±6 -48±21 189±27 0.57±0.15 0.18±0.1 0.25±0.15 HP^=2.26;HP^=2.5

Leu-27 -66±9 -36±9 -75±18 (5) -- -- — H p"=1.76;H p '=1.03

His-28 -60±9 -57±30 -60±33 -- 0.16±0.1 0.84±0.15 0±0.15 H P"=3.46;H P '=3.32

Tyr-29 -66±3 -51 ±24 186±27 -- 0.66±0.15 0.18±0.1 0.16±0.15 H p ^ 3 .0 4 ;H p ’=3.34

Phe-30 -54±3 -63±30 180±33 -- 0.6±0.35 0.3±0.1 0.1 ±0.05 H P^=2.58;H P '=3.46

Arg-31 -57±6 -51 ±24 180±33 -- (2) (2) (2) HP"=1.97;HP*=2.03

Ala-32 -57±6 -45±18 -- -- -- -- — --

Gln-33 -120±45 -54±27 -75±12 -- 0.16±0.15 0.52±0.1 0.32±0.05 H p M .2 6 ;H p '= 1 .9 3

Thr-34 -120±15 -18±51 54±21 0.05±0.05 0.06±0.05 0.89±0.1

Val-35 - 5 1 ±6 147±36 -60±33 -- (1) (1) (1) not determined (1)

Gly-36 -75±6 0±51 -- -- -- — H P M .1 6 ;H P '= 3 .8

Lys-37 -99±6 -129±42 75±6 -- 0.32±0.05 0.05±0.05 0.62±0.1 HP*=1.98;HP*=1.71

Ile-38 -120±57 117±36 -57±30 (2) 0.2±0.2 0.7±0.3 0.1±0.1 not determined (2)

M et-39 -93±6 117±66 (I) (1) (1) (1) (1)

Val-40 -120±21 135±30 180±33 — 0.62±0.3 0.24±0.2 0.13±0.1 H y '= 0 .66 ;H y^ . 5 8

Val-41 -111±18 162±9 -60±9 0.02±0.02 0.96±0.05 0.02±0.02 H y ‘=1 .2 ;H y '=0.92

A rg-43 -57±6 -39±18 averaged . . . 0.24±0.1 0.38±0.03 0.38±0.03 ---



Torsion Angies Rotameric Populations Stereospecific

Residue 4̂ Xi P l80 P-60 Poo Assignment (ppm)

Arg-44 -69±6 -604=33 averaged -- 0.0410.05 0.5610.05 0.3610.05 ---

Thr-45 -69±6 -574=30 -814=12 --- 0.0710.1 0.6410.15 0.2610.15 --

Tyr-46 -51±6 -604:33 (1) --- (1) (1) (1) not determined (1)

Glu-47 -71±6 -484:15 844=9 --- 0.2510.15 0.0510.05 0.710.2 H P '= 2 .0 4 ;H P '= 1 .8

Ser-48 -87±6 34=24 1804=33 --- 0.7710.2 0.1210.1 0.1146.1 H P M ; H P ’=3.84

Phe-49 -66±3 (1) (1) --- (1) (1) (1) not determined (1)

Pro-50 (5) (5) (5) --- --- --- not determined (5)

Lys-51 -120±33 (4) averaged (4) (4) (4) (4) --

Arg-52 -120±15 1474:24 (1) --- (1) (1) ( I ) ( I )

Leu-54 -78±3 (3) (3) --- — --- not determined

Pro-55 1444:27 45118 -- --- — --- H p ^ 2 .0 4 ;H P '= 2 .3 4

Glu-56 60±15 394=18 -60133 --- 0.1310.15 0.7210.20 0.1510.15 H P^=2.26;H P '=2032

Arg-57 -120±57 1534:18 57130 --- 0.2410.2 0.2110.1 0.5510.15 H P^=2.55;H p '=1.85

Thr-58 -1084:33 150115 -93124 0.0710.08 0.7310.10 0.1910.06 ---

A sn-59 -904=3 1084=45 3619 --- (3) (3) (3) Hp^=2.24;HP*=3.08

Val-60 -1204=27 1204:45 - 186133 --- 0.7210.25 0.1910.15 0.0946.1 H y '= 0 .5 6 ;H y '=6.32

Val-61 -1204:21 1234=60 183130 --- (3) (3) (3) H y '= 0 .3 2 ;H y '=  -0.17

Leu-62 -1204:33 123460 165124 (5) 0.8710.1 0.1110.1 0.0110.02 HP^=0.68;HP^=1.5

0 5



Residue 4>

Torsion Angles 

 ̂ Xi Xi

Rotameric Populations 

Pl80 P-60 Poo

Stereospecific 

Assignment (ppm)

Thr-63 -126±27 01183 171112 . . . 0.8410.15 0.0110.02 0.1510.1 . . .

His-64 (3) (3) (3) ---- . . . . . . ---- not determined (3)

Gln-65 60±147 150133 (2) ---- (2) (2) (2) not determined (2)

Glu-66 -18±51 39118 (2) (2) (2) (2) not determined (2)

Asp-67 -135112 -15178 averaged ---- 0.410.01 0.410.01 0.210.01 ----

Tyr-68 -63±6 123160 -17716 ---- 0.6510.25 0.1610.15 0.1910.15 H P ^ 2 .8 7 ;H P ’=2.56

Gln-69 -117130 144127 -66127 ---- 0.0910.01 0.6210.07 0.2910.05 H p ^ l .6 8 ; H p ’=1.84

Ala-70 -15316 102151 ---- ---- ---- — ---- ----

Gin-71 -5419 117166 (I ) — ( I) (1) (I) (1)

Ala-73 -120127 144139 ---- — — ---- ---- ----

Val-74 -120127 111124 168115 0.7110.3 0.1810.2 0.110.15 H y '=0.4; H y ̂ =0.56

Val-75 -120133 120133 171118 ---- 0.6110.25 0.1810.2 0.2110.2 H y '= 0 .7 4 ;H y M ).8

Val-76 -117118 159112 -6019 ---- 0.0310.05 0.8910.15 0.0710.05 H y '= 0 .6 2 ;H y M ).4 8

His-77 -120127 30127 -60133 0.1410.15 0.6210.15 0.2410.1 H P '= 3 ;H P '= 3 .4 8

A sp-78 -16516 117166 (1) ---- (1) (1) (1) (1)

Val-79 (1) (1) (1) ---- (1) (1) (1) not detemined (1)

A la-80 -5716 -45118 ---- ---- ---- . . .

Ala-81 -6 3 i6 -45118 ---- . . . ---- -- ---- . . .

Vai-82 -7819 -45118 159112 . . . 0.7710.15 0.1310.12 O .liO .l H y '=0.74; H y ^  1.06



oo

Residue 4>

Torsion Angles 

X, Xî

Rotameric Populations %, 

Pl80 P-60

1

Pao

Stereospecific 

Assignment (ppm)

Phe-83 -63±6 -39±24 -63118 — 0.0510.05 0.710.1 0.2510.05 H P '= 2 .99 ;H p '= 3 .30

Ala-84 63±6 -45±18 ----- — ----- — —

Tyr-85 -69±6 -39dbl2 180121 — 0.710.15 0.1510.1 0.1510.1 H P '= 3 .23 ;H P '= 3 .15

Ala-86 -57±6 -45±18 — — — — ---

Lys-87 -63±6 -51±12 (1) — (1) (1) (1) not detemined (1 )

Gln-88 -84±3 9±6 (1) — (1) (1) (1) (1)

H is-89 -120±21 159±108 -78115 — 0.110.1 0.710.15 0.210.1 H p'=2.69, Hp"=3.45

A sp -9 1 -90±3 -24±63 (1) — (1) ( I ) (!) not detemined ( I)

Gln-92 -120±21 111160 -78115 — 0.110.1 0.7510.1 0.1510.05 H P '= 2 .22 ;H P '= 2 .04

Glu-93 -120±51 168121 -51124 — (2) (2) (2) H P '= 1 .78 ; H P '=  2.00

Leu-94 -120±39 114151 -60133 (1) (1) (1) (1) (1)

Val-95 -117±24 123160 168115 — (1) (1) (1) (1)

Ile-96 -120±33 120139 -57130 -60127 0.1510.15 0.8510.15 0.010.05 H y " =  1.41; H y "  = 0.84

Ala-97 -120±15 -18169 ----- ----- ----- ----- ----- -----

Gly-98 63±12 60163 ----- - - - ----- ----- H a '= 4 .16 ; H a '= 2.20 (3)

Gly-99 -81±6 -114169 - — - ----- - - - ----- ----- H a '= 3.70; H a '= 4.00 (3)

A la -100 -48±9 -36115 — ----- — ----- ----- -----

Gln-101 -69±12 -42115 (3) ----- (3) (3) (3) not determined (3

He-102 -87±6 -60127 -7 8 1 1 5 (2) 0.0510.05 0.7510.15 0.2010.10 not determined (2)
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Residue 4>

Torsion Angles 

Xi Xi

Rotameric Populations %,

Pl80 P-60 PéO

Stereospecific 

Assignment (ppm)

P h e-103 -57±6 -60133 -75112 --- 0.0510.05 0.7510.05 0.2010.05 HP" = 2.68; HP" = 2.49

T h r-104 -57±6 -54127 averaged -- 0.2510.10 0.2010.10 0.5510.15

Ala-105 -63 ±6 -45118 -- -- ------- --- ---

Phe 106 -120±27 36133 -66127 ------- O.lOiO.lO 0.6510.10 0.2510.05 HP" = 2.94; HP" = 3.86

L ys-107 -48±9 -3 6 i6 (1) (1) (1) (1) not determined (1)

A sp -108 -87±6 -42145 -60145 ------- 0.0510.05 0.6510.05 0.3010.05 HP" = 2.51; HP" = 2.78

A sp -109 -120±15 27124 -60145 ------- 0.1010.10 0.6510.10 0.2510.05 HP" = 2.64; HP" = 3.07

V al-110 -69±6 117130 78115 ------- 0.1010.10 O.lOlO.lO 0.8010.20 Hy ' = 0.40; Hy" = 0.34

A sp -1 11 -111±12 -27112 averaged 0.2010.10 0.4510.05 0.3510.05 ---

Thr-112 -120±21 141118 -45118 ------- 0.2010.20 0.7510.20 0.0510.05 -------

Leu-113 -120±21 120151 -57130 -63130 O.lOlO.lO 0.9010.10 0 .0 1 0 .0 5 H P "=  1.85; HP" =1.38 

H ô ' = -1.00; HÔ" = 0.25

L eu-114 -120127 120151 -60133 -66127 0.1510.15 0.7010.15 0.1510.05 H p "=  2.55; HP" = 1 .5 8  

H ô '=  0.91; H ô "=  1.02

Val-115 -12019 156127 (2) --- (2) (2) (2) not determined (2)

Thr-116 -12019 14419 - -1819 --- (5) (5) (5) —

A rg -117 -117124 114145 78112 -- (5) (5) (5) H p "=  1.68; H p "=  1.32

L eu-118 -8 7 1 6 144127 -78115 -81112 (5) (5) (5) H P "=  1.02; H p "=  1.8

A la-119 -391144 51148 — — — —— —
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Residue 4>

Torsion Angles 

Xi Xi

Rotameric Populations 

Pl80 P-60 PôO

Stereospecific 

Assignment (ppm)

G ly-120 0±81 180451 ------- — ------ ------- ------- not determined (5)

Ser-121 -120±27 120451 ( I ) — (I) (1) (1) not determined ( 1 )

P he-122 -120±21 120451 -57430 — 0.1540.15 0.5940.15 0.2740.1 H P '= 2 .84 ;H P '= 3 .3

G lu-123 -1204=51 120451 (1) — (1) (1) ( I ) not determined ( 1 )

G ly-124 04=183 180451 — — — ------- — not determined (5)

A sp-125 -1204=15 -21430 48421 — 0.7140.1 0.2=fc0.1 0.0940.1 H p '= 3 ;H p '= 2 .6

T hr-126 -1114=18 120463 -72415 — 0.0140.01 0.9840.05 0.0140.01

Lys-127 -1204:21 120469 -66427 (5) 0.1140.1 0.7940.2 0.140.1 H p '= 1 .6 4 ;H p '= 1 .8 6

M et-128 -63±6 120451 -180433 --- 0.640.25 0.1740.1 0.2340.10 H p '= 1 .3 6 ;H P '= L 9 6

He-129 -694:6 66430 (5) — ------- not determined (5)

Leu-131 -1204=27 153418 -75418 (5) 0.1540.15 0.6540.15 0.19=1=0.05 H P '= 0 .45 ;H P '= 0 .16

A sn-132 -114445 120463 -165418 — 0.5640.3 0.240.1 0.2440.15 H P '= 3 ;H P '= 2 .67

T rp -133 -5746 -42415 -9649 — 0.1140.05 0.5540.05 0.3440.05 H P '= 2 .92 ;H P '= 3 .16

A sp-134 -7546 -24457 -60445 — 0.1140.05 0.5540.05 0.3440.05 H P '=2 .7 ;H P '=2 .81

A sp-135 -10249 21418 -60445 — 0.1640.15 0.5840.15 0.2740.15 H p '= 2 .72 ;H P '= 2 .49

P he-136 -120415 150433 - -57430 — 0.1340.1 0.7540.2 0.1240.1 H p '= 3 .3 ;H p '= 3 .23

T hr-137 -120421 162421 -57430 — 0.2240.2 0.5340.2 0.2440.2 —

Lys-138 -8746 117484 -165418 — 0.640.3 0.1840.2 0.2240.15 H p '=  -0.79; H P '=  1.08

V al-139 -99424 -57418 (1) (1) (1) (1) not determined ( 1 )



00

I^esidue <t>

Torsion Angles 

t  Xi Xz

Rotameric Populations Xi 

Pi8o P -6 0  Peo

Stereospecific 

Assignment (ppm)

S er-140 -120±51 1594=24 ( 3 ) ------- ( 3 ) ( 3 ) ( 3 ) not determined (3)

Ser-141 -120±33 1204=51 180127 — 0.7110.3 0.1410.1 0.1510.1 H p '= 3 .41 ;H P '= 3 .56

A rg -142 -120±27 1204=99 (1) ------- (1) ( 1 ) ( 1 ) not determined ( 1 )

T h r-143 -117±36 784=45 -60127 — 0.210.1 0.6710.1 0.1310.1 --

Val-144 -120±15 1204:51 ( 1 ) ------- ( 1 ) (I) (1) (1)

Glu-145 -120±51 120151 ( I ) ------- ( 1 ) ( I) (1) ( I)

A sp -146 -132±15 1204=51 -165112 -- 0.654=0.2 0.1310.1 0.2210.1 H p '= 1 .9 7 ;H p '= 3 .0 6

T hr-147 -814=12 -514=24 60133 ------- 0.8510.05 0.0810.05 0.0610.01 --

A sn-148 -1204=33 1204=51 171124 -- 0.8410.1 0.1110.1 0.0410.05 H P ^2 .79 ;H P ^= 3 .2

A la-150 -754=6 -154=36 -75112 -- -- -- -------

L eu-151 -1204:27 94:48 -75112 0.1210.05 0.6310.05 0.2510.05 H P '= 1 .95 ;H P '= 1 .69

T hr-152 -634:6 120151 averaged ------- 0.1810.1 0.3710.15 0.4510.02 --

H is-153 -1414:27 168115 60127 --- 0.0710.05 0.0910.05 0.8410.1 H P '= 2 .07 ;H P '= 2 .64

T h r-154 -1204=15 132127 -60133 -- 0.2610.15 0.6710.15 0.0710.1 --

T yr-155 -1204:27 120151 -60127 -- 0.1810.15 0.610.15 0.2210.07 H P '= 2 .56H P '= 2 .74

G lu -156 -1204=27 123160 - -57130 0.1510.1 0.8510.1 010.1 H p:= 2 .34 ;H P '=1 .96

V al-157 -1204=15 123160 (1) -- (1) ( 1 ) (1) not determined (1)

Trp-158 -1204=21 144145 -57130 — 0.110.02 0.610.02 0.310.02 H P '= 3 .08 ;H P '= 3 .

G in-159 -1204=21 144127 -63130 0.910.05 0.5410.05 0.3610.05 H p '= 1 .99 ;H p '= 2 .18



Residue

Torsion Angles 

4; Xi X2

Rotameric Populations %,

Pl80 P-60 P60

Stereospecific 

Assignment (ppm)

Lys-160 -63±6 120±69 (3) (3) (3) (3) (3) not determined (3)

00
t o

(1)

(2)

(3)

(4)

Not determined: degenerate chemical shifts 

Not determined: overlap o f signals 

Not enough data: weak signals 

Incompleted Note: DHFR has 1-162 residues.



Appendix C

183



Table of all distance conti aints used in the structure calculations, in X-PLOR format 
(not including intraresidue NOEs)

Set message=offecho=off 
clas long 
! HN(i)-HN(j)
assign (resid 3 and name hn) (resid 114 and name hn) 
assign (resid 5 and name hn) (resid 116 and name hn) 
assign (resid 37 and name hn) (resid 58 and name hn) 
assign (resid 113 and name hn) (resid 158 and name hn) 
assign (resid 117 and name hn) (resid 154 and name hn) 
assign (resid 137 and name hn) (resid 159 and name hn) 
assign (resid 142 and name hn) (resid 155 and name hn) 
assign (resid 144 and name hn) (resid 153 and name hn) 
assign (resid 156 and name hn) (resid 115 and name hn) 
assign (resid 157 and name hn) (resid 140 and name hn) 
! KN(i)-CaHCi)
assign (resid 2 and name hn) (resid 95 and name ha) 
assign (resid 3 and name hn) (resid 113 and name ha) 
assign (resid 5 and name hn) (resid 115 and name ha) 
assign (resid 13 and name hn) (resid 127 and name ha 
assign O'esid 37 and name hn) (resid 57 and name ha) 
assign (resid 39 and name hn) (resid 59 and name ha) 
assign (resid 40 and name hn) (resid 96 and name ha) 
assign (resid 41 and name hn) O'esid 61 and name ha) 
assign (resid 63 and name hn) (resid 77 and name ha) 
assign (resid 94 and name hn) (resid 1 and name ha) 
assign (resid 95 and name hn) (resid 39 and name ha) 
assign (resid 97 and name hn) (resid 41 and name ha) 
assign (resid 96 and name hn) (resid 3 and name ha)

112 and name hn) (resid 2 and name ha)
114 and name hn) (resid 4 and name ha)
116 and name hn) (resid 6 and name ha)
119 and name hn) (resid 153 and name ha)
120 and name hn) (resid 150 and name ha)

dL
4.5 4.5
4.5 4.5
3.5 3.5

3.5 3.5
3.5 3.5
3.5 3.5
3.5 3.5

0.0
0.0
0.5

0.5
0.5
0.5
0.5

4.5
3.5
3.5

4.5 0.0
3.5 0.5
3.5 0.5

assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign O'esid 
assign (resid 
assign (resid 
assign (resid

125 and name hn) (resid 12 and name ha)
140 and name hn) (resid 156 and name ha)
140 and name hn) (resid 158 and name ha)
161 and name hn) (resid 136 and name ha)

' HN(i)-CbHO)
assign (resid 14 and name hn) (resid 127 and name hb* 
assign (resid 38 and name hn) O'esid 57 and name hbl)  
assign (resid 38 and name hn) (resid 57 and name hb2) 
assign (resid 11 1 and name hn) (resid 1 and name hb) 
assign (resid 121 and name hn) (resid 150 and name hb’
' CaH(i)-CaHCi) 
assign (resid 2 and name ha) 
assign (resid 4 and name ha) 
assign (resid 6 and name ha) 
assign (resid 7 and name ha)
assign (resid 
assign (resid

(resid 113 and name ha) 
(resid 115 and name ha) 
(resid 117 and name ha) 
(resid 13 and name ha)

12 and name ha) (resid 127 and name ha) 
39 and name ha) (resid 96 and name ha)

3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5

) 3 5 1 : i 0.5
4.5 4.5 0.0
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5

4.5 4.5 0.0
3.5 3.5 0.5
3.5 3.5 0.5

3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5

) 4.5 4.,5 0.0
) 4.5 4.:5 0.0
*) 5.5 5 .5 0.5

3.5 3.5; 0.0
) 4.5 4.:5 0.0
) 4.5 4.:5 0.0
) 3.5 3.;5 0.5

) 5.5 5. 5 0.0
4.5 4.51 0.0
4.5 4.5' 0.0

4.5 4.5 0.0
*) 5.5 5 .5 0.5

4.5 4.5 0.0
4.5 4.5 0.0
4.5 4.5 0.0

4.5 4.5 0.0
4.5 4.5 0.0

4.5 4.5 0.0
assign (resid 62 and name ha) (resid 77 and name ha) 4.5 4.5 0.0 
assign (resid 114 and name ha) (resid 157 and name ha) 4.5 4.5 0.0 

! 5 and name ha) (resid 6 and name ha) 4.5 4.5 0.0assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid

116 and name ha) (resid 
136 and name ha) (resid
153 and name ha) (resid
154 and name ha) (resid 
158 and name ha) (resid

' CaH(i)-CbH(i)
assign (resid 2 and name hb*) (resid 95 and name ha) 
assign (resid 2 and name ha) (resid 112 and name hb)

155 and name ha) 4.5 
160 and name ha) 4.5 

118 and name ha) 4.5 
143 and name ha) 4.5 
138 and name ha) 4.5

6.5
4.5

4.5
4.5
4.5
4.5
4.5

6.5
4.5

0.0
0.0
0.0
0.0
0.0

0.0
0.0

L O W E t  L l W t r

UPPER
d L - c lp lu S
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assign (resid 3 and name ha) (resid 96 and name hb) 4.5 4.5 0.0 
assign (resid 4 and name ha) (resid 114 and name hb2) 4.5 4.5 0.0
assign O'esid 4 and name ha) (resid I I 4 and name hb 1 ) 4.5 4.5 0.0
assign (resid 6 and name ha) (resid 116 and name hb) 4.5 4.5 0.0 
assign (resid 6 and name hb*) (resid 116 and name ha) 6.5 6.5 0.0 
assign (resid 8 and name ha) (resid 118 and name h b l)  4.5 4.5 0.0 
assign (resid 60 and name ha) (resid 74 and name hb) 4.5 4.5 0.0 
assign (resid 73 and name hb*) (resid 59 and name ha) 6.5 6.5 0.0 
assign (resid 73 and name ha) (resid 59 and name hb2) 4.5 4.5 0.0
assign (resid 73 and name ha) (resid 59 and name h b l)  4.5 4.5 0.0
assign (resid 110 and name ha) (resid la n d  name hb) 4.5 4.5 0.0 
assign (resid 127 and name hb2) (resid 12 and name ha) 4.5 4.5 0.0
assign (resid 127 and name hb 1 ) (resid 12 and name ha) 4.5 4.5 0.0
assign O'esid 136 and name ha) (resid 160 and name hb*) 6.5 6.5 0.0
assign (resid 136 and name hb2)(resid 160 and name ha) 4.5 4.5 0.0
assign (resid 136 and name hbl)(resid 160 and name ha) 4.5 4.5 0.0
assign (resid 141 and name ha)(resid 156 and name hb2) 4.5 4.5 0.0 
assign (resid 143 and name hb)(resid 154 and name ha) 4.5 4.5 0.0 
assign (resid 146 and name hb2)(resid 152 and name ha) 4.5 4.5 0.0
assign O'esid 146 and name hb 1 )0'esid 151 and name ha) 4.5 4.5 0.0
assign (resid 153 and name ha)(resid 118 and name hb2) 4.5 4.5 0.0 
assign (resid 153 and name hb2)(resid 118 and name ha) 4.5 4.5 0.0
assign (resid 153 and name hb 1 )(resid 118 and name ha) 4.5 4.5 0.0
assign (resid 153 and name ha)(resid 119 and name hb*) 6.5 6.5 0.0 
! CbH(i)-CbHCj)
assign (resid 34 and name hb) (resid 57 and name hb2) 4.5 4.5 0.0
assign (resid 34 and name hb) (resid 57 and name hb 1 ) 4.5 4.5 0.0
assign (resid 43 and name hb2) (resid 63 and name hb) 4.5 4.5 0.0
assign (resid 43 and name h b l)  (resid 63 and name hb) 4.5 4.5 0.0
assign (resid 76 and name hb) (resid 81 and name hb*) 6.5 6.5 0.0
assign (resid 113 and name hb2) (resid 158 and name h b l)  4.5 4.5 0.0 
assign (resid 113 and name h b l)  (resid 158 and name h b l)  4.5 4.5 0.0 
assign (resid 141 and name hb 1 )(resid 156 and name hb2) 4.5 4.5 0.0 
assign O'esid 146 and name hb2)(resid 151 and name h b l)  4.5 4.5 0.0 
assign (resid 146 and name hb 1 )(resid 151 and name h b l)  4.5 4.5 0.0 
assign (resid 154 and name hb)(resid 117 and name hb2) 4.5 4.5 0.0 
! others
! long range Thr hg2*
assign (resid 2 and name ha) (resid 112 and name hg2*) 6.5 6.5 0.0 
assign (resid 6 and name ha) (resid 116 and name hg2*) 6.5 6.5 0.0 
assign (resid 34 and name hg2*)(resid 95 and name hg*) 7.5 7.5 0.0 
assign (resid 34 and name hg2*)(resid 95 and name hb) 6.5 6.5 0.0 
assign (resid 34 and name hg2*)(resid 97 and name hb*) 7.5 7.5 0.0 
assign (resid 68 and name hb2)(resid 63 and name hg2*) 6.5 6.5 0.0 
assign (resid 68 and name hb 1 )(resid 63 and name hg2*) 6.5 6.5 0.0 
assign O'esid 116 and name hg2*)(resid 153 and name hb2) 6.5 6.5 0.0 
assign (resid 116 and name hg2*)(resid 153 and name h b l)  6.5 6.5 0.0 
assign (resid 116 and name hg2*)(resid 153 and name ha) 6.5 6.5 0.0 
assign (resid 141 and name ha)(resid 154 and name hg2*) 6.5 6.5 0.0 
assign (resid 143 and name ha)(resid 154 and name hg2*) 6.5 6.5 0.0 
assign (resid 143 and name hb)(resid 154 and name hg2*) 6.5 6.5 0.0 
assign O'esid 145 and name hb*)(resid 152 and name hg2*) 7.5 7.5 0.0 
assign (resid 143 and name hg2*)(resid 154 and name ha) 6.5 6.5 0.0 
assign (resid 159 and name ha)(resid 112 and name hg2*) 6.5 6.5 0.0 
! long range Val hg*
assign (resid 35 and name hg*) (resid 38 and name hn) 6.5 6.5 0.0
assign (resid 35 and name hg*) (resid 56 and name hb2) 6.5 6.5 0.0
assign (resid 35 and name hg*) O'esid 56 and name h b l)  6.5 6.5 0.0
assign O'esid 35 and name hg*) O'esid 58 and name hn) 3.5 3.5 0.5 
assign (resid 40 and name hg2*)(resid 82 and name hg2*) 7.5 7.5 0.0 
assign (resid 40 and name hg2*)(resid 96 and name ha) 6.5 6.5 0.0 
assign O'esid 40 and name hg2*)(resid 98 and name hn) 3.5 3.5 0.5
assign O'esid 41 and name hgl *)(resid 46 and name ha) 6.5 6.5 0.0
assign (resid 41 and name hgl*)(resid 61 and name h g l* ) 7.5 7.5 0.0 
assign (resid 41 and name hgl *)(resid 61 and name hg2*) 7.5 7.5 0.0
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assign (resid 41 and name hg2*)(resid 97 and name ha) 6.5 6.5 0.0 
assign (resid 41 and name hg2*)(resid 97 and name hb*) 7.5 7.5 0.0 
assign (resid 38 and name hg2*)(resid 60 and name hg2*) 7.5 7.5 0.0 
assign (resid 40 and name ha) (resid 60 and name hgl *) 6.5 6.5 0.0 
assign (resid 43 and name ha) (resid 61 and name hg2*) 6.5 6.5 0.0 
assign (resid 43 and name ha) (resid 61 and name hgl *) 6.5 6.5 0.0 
assign O’esid 43 and name hb2) (resid 61 and name hg2*) 6.5 6.5 0.0 
assign (resid 43 and name h b l)  (resid 61 and name hg2*) 6.5 6.5 0.0 
assign (resid 68 and name hb2) (resid 75 and name hgl *) 6.5 6.5 0.0 
assign O'esid 68 and name hb 1 ) (resid 75 and name hg l* ) 6.5 6.5 0.0 
assign (resid 69 and name ha) (resid 75 and name hg2*) 6.5 6.5 0.0 
assign (resid 69 and name ha) (resid 75 and name h g l* ) 6.5 6.5 0.0 
assign (resid 76 and name hgl*)(resid 62 and name ha) 6.5 6.5 0.0 
assign (resid 76 and name hg2*)(resid 81 and name hb*) 7.5 7.5 0.0 
assign (resid 76 and name hgl *)(resid 81 and name hb*) 7.5 7.5 0.0 
assign (resid 76 and name hgl *)(resid 82 and name hg2*) 7.5 7.5 0.0 
assign (resid 76 and name hgl *)(resid 82 and name ha) 6.5 6.5 0.0 
assign (resid 2 and name hb*) (resid 95 and name hg*) 7.5 7.5 0.0 
assign (resid 4 an d n a m e h b 2 ) (resid 95 and name hg*) 7.5 7.5 0.0 ! add 
assign O'esid 4 and name h b l)  (resid 95 and name hg*) 7.5 7.5 0.0 ! add 
assign (resid 110 and name hgl *)(resid 3 and name ha) 6.5 6.5 0.0 
assign O'esid 157 and name hg*)(resid 112 and name ha) 7.5 7.5 0.0 ! add 
assign (resid 157 and name hg*)(resid 114 and name ha) 7.5 7.5 0.0 ! add 
assign (resid 157 and name hg*)(resid 140 and name hb*) 7.5 7.5 0.0 
! long range Leu hg
assign (resid 113 and name hg) (resid 158 and name h b l)  4.5 4.5 0.0 
assign (resid 153 and name ha) (resid 118 and name hg) 4.5 4.5 0.0 
assign O'esid 153 and name hb2)(resid 118 and name hg) 4.5 4.5 0.0 
assign (resid 153 and name hbl)0 'esid  118 and name hg) 4.5 4.5 0.0 
! long range Leu hd*
assign (resid 3 and name h b l)  (resid 113 and name hdl *) 6.5 6.5 0.0 
assign (resid 3 and name hb2) (resid 113 and name h d l* ) 6.5 6.5 0.0 
assign (resid 6 and name hb*) (resid 118 and name hd2*) 7.5 7.5 0.0 
assign (resid 21 and name hb2) (resid 151 and name h d l* ) 6.5 6.5 0.0
assign (resid 21 and name hb 1 ) (resid 151 and name hd l* ) 6.5 6.5 0.0
assign (resid 30 and name ha) (resid 4 and name hd2*) 6.5 6.5 0.0 
assign (resid 54 and name hd2*)(resid 49 and name hb*) 7.5 7.5 0.0 
assign (resid 62 and name hdl*)0 'esid  79 and name ha) 6.5 6.5 0.0 
assign O'esid 94 and name hd*) (resid 38 and name hb) 6.5 6.5 0.0 
assign (resid 113 and name hd2*)(resid 158 and name hb2) 6.5 6.5 0.0 
assign (resid 113 and name hdl *)(resid 158 and name hb2) 7.5 7.5 0.0 
assign (resid 113 and name hdl *)(resid 158 and name h b l)  6.5 6.5 0.0 
assign (resid 113 and name hdl *)(resid 3 and name ha) 6.5 6.5 0.0 
assign (resid 124 and name hn) (resid 12 and name hd2) 5.5 5.5 0.0 
assign (resid 124 and name hn) (resid 12 and name h d l)  5.5 5.5 0.0 
assign (resid 127 and name ha)(resid 12 and name hd2*) 6.5 6.5 0.0 
assign (resid 127 and name ha)(resid 12 and name hdl *) 7.5 7.5 0.0 ! add 
assign (resid 127 and name hb2)(resid 12 and name hd2*) 7.5 7.5 0.0 ! add 
assign O'esid 127 and name hb 1 )(resid 12 and name hd2*) 7.5 7.5 0.0 ! add 
assign (resid 131 and name hd2*)(resid 113 and name hdl *) 7.5 7.5 0.0 
assign (resid 146 and name hb2)(resid 151 and name hd2*) 6.5 6.5 0.0
assign O'esid 146 and name hb2)(resid 151 and name hd l* ) 7.5 7.5 0.0 ! add
assign (resid 146 and name hb 1 )(resid 151 and name hd2*) 6.5 6.5 0.0
assign (resid 151 and name ha)(resid 118 and name hdl *) 6.5 6.5 0.0
assign (resid 151 and name ha)0'esid 118 and name hd2*) 6.5 6.5 0.0
assign (resid 153 and name ha)(resid 118 and name hd2*) 6.5 6.5 0.0
assign (resid 153 and name ha)(resid 118 and name hdl *) 7.5 7.5 0.0 ! add
assign (resid 153 and name hb2)(resid 118 and name hdl *) 6.5 6.5 0.0 
assign O'esid 153 and name hbl)0 'esid  118 and name hdl *) 6.5 6.5 0.0 
assign (resid 157 and name ha)(resid 114 and name hd2*) 7.5 7.5 0.0 ! add 
! long range ile hd*
assign (resid 38 and name hdl *)(resid 86 and name ha) 6.5 6.5 0.0
assign (resid 38 and name hdl *)(resid 89 and name hb2) 6.5 6.5 0.0
assign (resid 38 and name hdl *)(resid 89 and name h b l)  6.5 6.5 0.0
assign (resid 42 and name ha*) (resid 102 and name h d l* ) 7.5 7.5 0.0
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assign (resid 86 and name hb*) (resid 38 and name h d l* )  7.5 7.5 0.0 
assign (resid 92 and name h b l)  (resid 38 and name h d l* )  6.5 6.5 0.0 
assign (resid 100 and name hb*)(resid 13 and name h d l* )  7.5 7.5 0.0 
assign (resid 100 and name ha)(resid 13 and name h d l* )  6.5 6.5 0.0 
assign (resid 103 and name hb2)(resid 129 and name h d l* ) 6.5 6.5 0.0
assign (resid 103 and name hb 1 )(resid 129 and name hd 1*) 6.5 6.5 0.0
assign (resid 104 and name ha) (resid 129 and name h d l* )  6.5 6.5 0.0 
assign (resid 107 and name hd*)(resid 129 and name h d l* )  7.5 7.5 0.0
assign (resid 107 and name he*)(resid 129 and name h d l* )  6.5 6.5 0.0
assign (resid 126 and nam e hb) (resid 13 and name h d l* )  6.5 6.5 0.0 
! long range ile hg l * methylene
assign (resid 102 and name hgl * )(resid 42 and name hn ) 6.5 6.5 0.0 
! long range ile hg2* methyl
assign (resid 7 and name ha) (resid 13 and name hg2*) 6.5 6.5 0.0 
assign (resid 7 and name hb2) (resid 13 and name hg2*) 6.5 6.5 0.0 
assign (resid 7 and name h b l)  (resid 13 and name hg2*) 6.5 6.5 0.0 
assign (resid 41 and name ha) (resid 102 and name hg2*) 6.5 6.5 0.0 
assign (resid 96 and name hg2*)(resid 103 and name ha) 6,5 6.5 0.0 
assign (resid 96 and name hg2*)(resid 102 and name hg2*) 7.5 7.5 0.0 
assign (resid 96 and name hg2*)(resid 102 and name hb) 6.5 6.5 0.0 
assign (resid 100 and name ha) (resid 129 and name hg2*) 6.5 6.5 0.0 
assign (resid 100 and name hb*)(resid 129 and name hg2*) 7.5 7.5 0.0 
assign (resid 129 and nam e hg2*)(resid 103 and name h b l)  6.5 6.5 0.0 
assign (resid 129 and name hg2*)(resid 103 and name hb2) 6.5 6.5 0.0 
! long range lys
assign (resid 12 and name ha) (resid 127 and name hg*) 6.5 6.5 0.0 
assign (resid 136 and name ha) (resid 160 and name hd*) 7.5 7.5 0.0 ! add 
assign (resid 136 and name ha) (resid 160 and name hg*) 6.5 6.5 0.0 
assign (resid 137 and name hb)(resid 161 and name hg*) 6.5 6.5 0.0 
! long range glu
assign (resid 141 and name ha)(resid 156 and name hg*) 6.5 6.5 0.0 
assign (resid 141 and name hbl)(resid  156 and name hg*) 6.5 6.5 0.0 
assign (resid 141 and name hb2)(resid 156 and name hg*) 6.5 6.5 0.0 
assign (resid 156 and name ha) (resid 140 and name hn) 5.5 5.5 0.0 
! long range pro 
! long range tyr
assign (resid 29 and name he*) (resid 155 and name hd*) 7.5 7.5 1.0 
assign (resid 46 and name hd*) (resid 61 and name hg2*) 7.5 7.5 1.0 
assign (resid 46 and name hd*) (resid 68 and name he*) 7.5 7.5 1.0 
assign (resid 85 and name hd*) (resid 74 and name h g l* )  7.5 7.5 1.0 
! long range arg
assign (resid 47 and name ha) (resid 52 and name hd*) 6.5 6.5 0.0 
assign (resid 57 and name hb*) (resid 36 and name hn) 5.5 5.5 0.5 
assign (resid 57 and name hb*) (resid 37 and name hn) 5.5 5.5 0.5 
assign (resid 57 and name hn) (resid 35 and name h g l* )  4.5 4.5 1.0 
! long range val
assign (resid 41 and name ha) (resid 45 and name hg2*) 6.5 6.5 0.0 
assign (resid 41 and name hb) (resid 45 and name hg2*) 6.5 6.5 0.0 
assign (resid 41 and name hg2*) (resid 45 and name hb) 6.5 6.5 0.0 
assign (resid 41 and name hg2*)(resid 45 and name hg2*) 7.5 7.5 0.0 
assign (resid 41 and name h g l* )  (resid 45 and name hb) 6.5 6.5 0.0 
! long range asp
assign (resid 146 and name hb*) (resid 151 and name hn) 5.5 5.5 1.0 
assign (resid 125 and name hn) (resid 12 and name hd l *) 4.5 4.5 1.0 
assign (resid 78 and name hn) (resid 62 and name h d l* )  4.5 4.5 1.0 
! long range his
assign (resid 22 and name hd2 )(resid 27 and name h d l*  ) 5.0 5.0 1.0 ! Stereo 
assign (resid 77 and name hel )(resid 66 and name ha ) 4.5 4.5 0.5 
assign (resid 77 and name hd2 )O'esid 66 and name ha ) 4.5 4.5 0.5 
assign (resid 77 and name hel )(resid 63 and name hg2* ) 4.5 4.5 1.0 
assign (resid 77 and name hd2 )(resid 62 and name h d l*  ) 4.5 4.5 1.0 
assign (resid 153 and name hel )(resid 23 and name hd2* ) 4.5 4.5 1.0 
assign (resid 153 and name hel )(resid 23 and name hg ) 4.5 4.5 0.5 
assign (resid 153 and name hel )(resid 144 and name hg2* ) 4.5 4.5 1.0 
assign (resid 153 and name hd2 )(resid 116 and name hg2* ) 4.5 4.5 1.0
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assign (resid 153 and name hd2 )(resid 155 and name he* ) 4.5 4.5 2.5 
assign (resid 153 and name hd2 )(resid 118 and name h d l*  ) 4.5 4.5 1.0 
! long range trp
assign (resid 5 and name hel )(resid 128 and name he* ) 4.5 4.5 1.0 
assign (resid 5 and name hel )(resid 13 and name hg2*) 4.5 4.5 1.0 
assign (resid 5 and name hel )(resid 115 and name hb* ) 4.5 4.5 1.0
assign (resid 5 and name hel )(resid 115 and name hg* ) 4.5 4.5 2.0
assign (resid 5 and name hz2 )(resid 113 and name hdl *) 4.5 4.5 1.0
assign (resid 5 and name hh2 )(resid 128 and name hg* ) 4.5 4.5 1.0
assign (resid 5 and name hdl )(resid 115 and name hg* ) 4.5 4.5 2.0
assign (resid 21 and name hel )(resid 6 and nam e hb* ) 4.5 4.5 1.0 
assign (resid 21 and name hz2 )(resid 118 and name hdl *) 4.5 4.5 1.0 
assign (resid 21 and name he3 )(resid 122 and name hd* ) 4.5 4.5 2.5 
assign (resid 21 and name hz2 )(resid 7 and name ha ) 4.5 4.5 0.5 
assign (resid 21 and name hz2 )(resid 6 and name hb* ) 4.5 4.5 1.0 
assign (resid 133 and name he3 )(resid 113 and name h d l* ) 4.5 4.5 1.0 
assign (resid 133 and name hh2 )(resid 128 and name he* ) 4.5 4.5 1.0
assign (resid 158 and name he3 )(resid 137 and name ha ) 4.5 4.5 0.5
assign (resid 158 and name hz2 )(resid 138 and name hb* ) 4.5 4.5 1.0
assign (resid 158 and name hz3 )(resid 137 and name ha ) 4.5 4.5 0.5
assign (resid 158 and name he3 )(resid 113 and name hdl *) 4.5 4.5 1.0
assign (resid 158 and name hdl )(resid 157 and name ha ) 4.5 4.5 0.5 
assign (resid 158 and name hdl )(resid 156 and name hb* ) 4.5 4.5 1.0 
assign (resid 158 and name hh2 )(resid 133 and name he3 ) 4.5 4.5 0.5 
assign (resid 158 and name hz3 )(resid 133 and name he3 ) 4.5 4.5 0.5 
assign (resid 158 and name he3 )(resid 133 and name he3 ) 4.5 4.5 0.5 
assign (resid 158 and name he3 )(resid 136 and name hb* ) 4.5 4.5 1.0 
! long range phe
assign (resid 3 and name hn) (resid 113 and name hd2*) 5.5 5.5 0.0 
assign (resid 3 and name hd*) (resid 103 and name hd*) 7.5 7.5 1.0 
assign (resid 3 and name hd*) (resid 96 and name hn) 5.5 5.5 2.5 
assign (resid 3 and name hd*) (resid 96 and name hb) 6.5 6.5 1.0 
assign (resid 30 and name he*) (resid 54 and name h d l* )  7.5 7.5 1.0 
assign (resid 30 and name hd*) (resid 97 and name hb*) 7.5 7.5 1.0 
assign (resid 30 and name he*) (resid 4 and name hd2*) 4.5 4.5 3.5 
assign (resid 49 and name hd*) (resid 54 and name h d l* )  7.5 7.5 1.0 
assign (resid 49 and name he*) (resid 54 and name h d l* )  7.5 7.5 1.0 
assign (resid 49 and name hz ) (resid 39 and name he* ) 4.5 4.5 1.0 
assign (resid 49 and name hd*) (resid 39 and name he* ) 4.5 4.5 3.5 
assign (resid 49 and name he*) (resid 39 and name he* ) 4.5 4.5 3.5 
assign (resid 83 and name he*) (resid 79 and name hg2*) 7.5 7.5 1.0 
assign (resid 83 and name he*) (resid 103 and name hz) 7.5 7.5 1.0 
assign (resid 103 and name hz) (resid 5 and name ha) 7.5 7.5 1.0 
assign (resid 106 and name hd*) (resid 109 and name hb2) 7.5 7.5 1.0 
assign (resid 106 and name he*) (resid 96 and name h d l* ) 7.5 7.5 1.0 
assign (resid 106 and name hd*) (resid 40 and name hg2*) 7.5 7.5 1.0 
assign (resid 136 and name hd*) (resid 113 and name hdl *) 7.5 7.5 1.0 
assign (resid 136 and name he*) (resid 113 and name h d l* ) 7.5 7.5 1.0 
assign (resid 136 and name hd*) (resid 158 and name hb2) 7.5 7.5 1.0 
assign (resid 136 and name hd*) (resid 159 and name ha) 7.5 7.5 1.0 
assign (resid 136 and name he*) (resid 159 and name ha) 7.5 7.5 1.0 
assign (resid 136 and name hd*) (resid 160 and name hb*) 7.5 7.5 1.0 
assign (resid 136 and name he*) (resid 160 and name hd*) 7.5 7.5 1.0 
! long range met
assign (resid 128 and name hn) (resid 7 and name hg*) 4.5 4.5 1.5 
! long range gly
assign (resid 124 and name hn) (resid 12 and name hd*) 7.5 7.5 1.0 
assign (resid 98 and name hn) (resid 40 and name hgl *) 7.5 7.5 0.0
assign (resid 98 and name hn) (resid 41 and name hgl *) 7.5 7.5 0.0
! long range asn
assign (resid 59 and name hd2*) (resid 71 and name hb*) 6.5 6.5 1.0 
assign (resid 148 and name hd2*) (resid 151 and name hdl *) 7.5 7.5 0.0 
! long range Thr
assign (resid 104 and name hn) (resid 129 and name h d l* )  5.5 5.5 1.0 
! long range Gin
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assign (resid 33 and name he2*) (resid 95 and name hg2*) 7.5 7.5 0.0 
clas short 
! NH(i)-NH(i+2)
assign (resid 10 and name hn) (resid 12 and name hn) 4.5 4.5 0.0 
assign (resid 131 and name hn) (resid 133 and name hn) 4.5 4.5 0.0 
! CaH(i)-NH(i+2)
assign (resid 8 and name ha) (resid 10 and name hn) 4.5 4.5 0.0 
assign (resid 35 and name ha) (resid 37 and name hn) 4.5 4.5 0.0 
assign (resid 47 and name ha) (resid 49 and name hn) 4.5 4.5 0.0 
assign (resid 55 and name ha) (resid 57 and nam e hn) 4.5 4.5 0.0 
assign (resid 66 and name ha) (resid 68 and name hn) 3.5 3.5 0.5 
assign (resid 76 and name ha) (resid 78 and name hn) 4.5 4.5 0.0 
assign (resid 132 and name ha) (resid 134 and name hn) 4.5 4.5 0.0
assign (resid 153 and name ha) (resid 155 and name hn) 3.5 3.5 0.5
! CaH(i)-NH(i+3)
assign (resid 24 and name ha) (resid 27 and name hn) 3.5 3.5 0.5 
assign (resid 25 and name ha) (resid 28 and name hn) 3.5 3.5 0.5 
assign (resid 26 and name ha) (resid 29 and name hn) 4.5 4.5 0.0 
assign (resid 27 and name ha) (resid 30 and name hn) 3.5 3.5 0.5 
assign (resid 29 and name ha) (resid 32 and name hn) 4.5 4.5 0.0 
assign (resid 30 and name ha) (resid 33 and name hn) 3.5 3.5 0.5 
assign (resid 35 and name ha) (resid 38 and name hn) 3.5 3.5 0.5 
assign (resid 44 and name ha) (resid 47 and name hn) 4.5 4.5 0.0 
assign (resid 45 and name ha) (resid 48 and name hn) 3.5 3.5 0.5 
assign (resid 79 and name ha) (resid 82 and name hn) 3.5 3.5 0.5 
assign (resid 81 and name ha) (resid 84 and name hn) 4.5 4.5 0.0 
assign (resid 82 and name ha) (resid 85 and nam e hn) 3.5 3.5 0.5 
assign (resid 83 and name ha) (resid 86 and name hn) 3.5 3.5 0.5 
assign (resid 84 and name ha) (resid 87 and name hn) 3.5 3.5 0.5 
assign (resid 86 and name ha) (resid 89 and name hn) 3.5 3.5 0.5 
assign (resid 101 and name ha) (resid 104 and name hn) 4.5 4.5 0.0
assign (resid 102 and name ha) (resid 105 and name hn) 3.5 3.5 0.5
assign (resid 104 and name ha) (resid 107 and nam e hn) 3.5 3.5 0.5
! CaH(i)-NH(i+4)
assign (resid 81 and name ha) (resid 85 and name hn) 4.5 4.5 0.5 
assign (resid 47 and name ha) (resid 51 and name hn) 4.5 4.5 0.5 
! CaH(i)-CbH(i+3)
assign (resid 23 and name hg) (resid 26 and name hb2) 4.5 4.5 0.0 
assign (resid 23 and name hg) (resid 26 and name h b l)  4.5 4.5 0.0 
assign (resid 25 and name ha) (resid 28 and name hb2) 4.5 4.5 0.0 
assign (resid 25 and name ha) (resid 28 and name h b l)  4.5 4.5 0.0 
assign (resid 26 and name ha) (resid 29 and name hb2) 4.5 4.5 0.0 
assign (resid 26 and name ha) (resid 29 and name h b l)  4.5 4.5 0.0 
assign (resid 27 and name ha) (resid 30 and name hb2) 4.5 4.5 0.0 
assign (resid 29 and name ha) (resid 32 and name hb*) 4.5 4.5 0.0 
assign (resid 32 and name ha) (resid 35 and name hb) 4.5 4.5 0.0 
assign (resid 79 and name ha) (resid 82 and name hb) 4.5 4.5 0.0 
assign (resid 80 and name ha) (resid 83 and name h b l)  4.5 4.5 0.0 
assign (resid 80 and name ha) (resid 83 and name hb2) 4.5 4.5 0.0 
assign (resid 82 and name ha) (resid 85 and name hb2) 4.5 4.5 0.0 
assign (resid 84 and name ha) (resid 87 and name hb*) 6.5 6.5 0.0 
assign (resid 85 and name ha) (resid 88 and name hb*) 4.5 4.5 0.0 
assign (resid 86 and name ha) (resid 89 and name h b l)  4.5 4.5 0.0 
assign (resid 100 and name ha)(resid 103 and name hb2) 4.5 4.5 0.0 
assign (resid 100 and name ha)(resid 103 and name h b l)  4.5 4.5 0.0 
assign (resid 102 and name ha)(resid 105 and name hb*) 6.5 6.5 0.0
assign (resid 103 and name ha)(resid 106 and name hb*) 4.5 4.5 0.0
assign (resid 104 and name ha)(resid 107 and nam e hb*) 4.5 4.5 0.0
assign (resid 106 and name ha)(resid 109 and name hb 1 ) 4.5 4.5 0.0
assign (resid 107 and name ha) (resid 110 and name hb) 4.5 4.5 0.0 
! CaH(i)-CbH(i+4)
assign (resid 41 and name ha) (resid 45 and name hb) 4.5 4.5 0.0 
! CbH(i)-CbH(j) short range
assign (resid 41 and name hb) (resid 45 and name hb) 4.5 4.5 0.0 
assign (resid 68 and name hb2) (resid 65 and name hb*) 6.5 6.5 0.0
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assign (resid 68 and name h b l)  (resid 65 and name hb*) 6.5 6.5 0.0 
assign (resid 148 and name hb2)(resid 151 and name hb2) 4.5 4.5 0.0 
assign (resid 148 and name hb 1 )(resid 151 and name hb2) 4.5 4.5 0.0 
! GaH(i)-CaH(j) short range
assign (resid 66 and name ha) (resid 69 and name ha) 4.5 4.5 0.0 
! Others 
! Gin
assign (resid 7 and name he2*) (resid 11 and name ha*) 5.5 5.5 1.0
assign (resid 65 and name hg2*) (resid 67 and name hn) 6.5 6.5 0.0
! Asn
assign (resid 148 and name hd2*)(resid 150 and name hb*) 5.5 5.5 1.0 
assign (resid 148 and name hb* )(resid 151 and name hn) 5.5 5.5 1.0 
assign (resid 148 and name hn) (resid 146 and name hb*) 5.5 5.5 1.0 
assign (resid 148 and name hb2)(resid 151 and name hg) 4.5 4.5 0.0 
assign (resid 148 and name hb 1 )(resid 151 and name hd2*) 6.5 6.5 0.0 
assign (resid 148 and name hb2)(resid 151 and name hd2*) 6.5 6.5 0.0 
! Asp
assign (resid 8 and name hb2) (resid 10 and name hn) 4.5 4.5 0.0
assign (resid 10 and name hn) (resid 12 and name h d l* )  6.5 6.5 0.0
assign (resid 25 and name hn (resid 23 and name h d l* )  6.5 6.5 0.0
assign (resid 91 and name hn) (resid 88 and name hb*) 5.5 5.5 1.0
assign (resid 26 and name hn) (resid 23 and name h d l* )  5.5 5.5 1.0
assign (resid 67 and name hn) (resid 65 and name hg*) 5.5 5.5 0.5
assign (resid 78 and name hn) (resid 76 and name h g l* )  6.5 6.5 0.0
!G ly
assign (resid 120 and name hn) (resid 118 and name hb*) 5.5 5.5 1.0 
assign (resid 7 and name he2*) (resid 11 and name hn) 6.5 6.5 0.0 
assign (resid 120 and name hn) (resid 122 and name he*) 7.5 7.5 0.5 
assign (resid 99 and name hn) (resid 102 and name hgl *) 6.5 6.5 0.0 
assign (resid 14 and name ha*) (resid 12 and name hn) 3.5 3.5 0.5 
assign (resid 14 and name hn) (resid 12 and name h d l* )  5.5 5.5 0.0 
assign (resid 99 and name hn) (resid 102 and name hgl 2) 3.5 3.5 0.5 
assign (resid 99 and name hn) (resid 102 and name hgl 1) 3.5 3.5 0.5 
! Tyr
assign (resid 68 and name hn) (resid 65 and name hg*) 5.5 5.5 0.5 
! Ser
assign (resid 140 and name hn) (resid 138 and name hg*) 5.5 5.5 0.5
!

assign (resid 21 and name hn) (resid 19 and name hb*) 5.5 5.5 1.0 
! Lys
assign (resid 51 and name hn) (resid 49 and name hb*) 5.5 5.5 1.0 
assign (resid 51 and name hn) (resid 54 and name hd2*) 5.5 5.5 0.0 
assign (resid 51 and name hg2*)(resid 54 and name h d l* )  7.5 7.5 0.0 
assign (resid 51 and name hb*)(resid 54 and name h d l* )  7.5 7.5 0.0 
assign (resid 107 and name ha)(resid 110 and name hg2*) 6.5 6.5 0.0 
assign (resid 138 and name hd*)(resid 141 and name hb2) 6.5 6.5 0.0 
assign (resid 138 and name hd*)(resid 141 and name h b l)  6.5 6.5 0.0 
assign (resid 138 and name hel)(resid  141 and name hb2) 4.5 4.5 0.0 
assign (resid 138 and name hel)(resid  141 and name h b l)  4.5 4.5 0.0 
assign (resid 141 and name ha) (resid 138 and name hd*) 6.5 6.5 0.0 
! Leu
assign (resid 26 and name hb2) (resid 23 and name h d l* )  6.5 6.5 0.0
assign (resid 26 and name hb 1 ) (resid 23 and name h d l* )  6.5 6.5 0.0
assign (resid 27 and name hdl *)(resid 30 and name hb2) 6.5 6.5 0.0
assign (resid 27 and name hdl*)(resid  30 and name hb 1 ) 6.5 6.5 0.0
assign (resid 94 and name hd*)(resid 96 and name hdl *) 7.5 7.5 0.0 
assign (resid 115 and name hgl *)(resid 113 and name hb2) 6.5 6.5 0.0 
assign (resid 115 and name hgl *)(resid 113 and name h b l)  6.5 6.5 0.0 
assign (resid 151 and name hn) (resid 148 and name hb2) 3.5 3.5 0.5 
assign (resid 151 and name hn) (resid 146 and name hb2) 3.5 3.5 0.5 
! Val
assign (resid 63 and name hb) (resid 61 and name hg2*) 6.5 6.5 0.0 
assign (resid 76 and name hb) (resid 78 and name hn) 4.5 4.5 0.0 
assign (resid 79 and name ha) (resid 82 and name h g l* )  6.5 6.5 0.0 
assign (resid 79 and name hg*) (resid 82 and name hb) 6.5 6.5 0.0
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113 and name hdl *)(resid 110 and name hg2*) 7.5 7.5 0.0 
113 and name hdl *)(resid 110 and name h g l* ) 7.5 7.5 0.0

assign (resid 
assign (resid 
! Ala
assign (resid 84 and name ha) (resid 87 and name hd*) 6.5 6.5 0.0 

100 and name ha)(resid 103 and name hd*) 7.5 7.5 0.0 
100 and name hb*)(resid 103 and name hd*) 8.5 8.5 0.0

assign (resid 
assign (resid 
! lie 
assign (resid 
assign (resid

13 and name hgl*)(resid  15 and nam e hn) 6.5 6.5 0.0 
129 and name h g l* )  (resid 131 and name h d l* )  7.5 7.5 0.0 

assign (resid 96 and name hg2*) (resid 98 and name hn) 3.5 3.5 0.5 
assign (resid 131 and name hd2*)(resid 129 and nam e hb) 6.5 6.5 0.0 
!P he
assign (resid 30 and name ha) (resid 34 and name hg2*) 6.5 6.5 0.0 
! Met
assign (resid 41 and name hg2*)(resid 39 and nam e hg2*) 7.5 7.5 0.0 
assign (resid 41 and name hgl *)(resid 39 and nam e hg2*) 7.5 7.5 0.0 
! Arg
assign (resid 52 and name ha) (resid 54 and name hdl *) 6.5 6.5 0.0 
!T h r

104 and name ha)(resid 107 and name hd*) 6.5 6.5 0.0 
104 and name hg2*)(resid 106 and name hb2) 6.5 6.5 0.0 
104 and name hg2*)(resid 107 and name hd*) 7.5 7.5 0.0 
154 and name hg2*)(resid 156 and name hg2*) 7.5 7.5 0.0

149 and name hg2*)(resid 152 and name hg2*) 7.5 7.5 0.0

assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid

11 and name hn)
12 and name hn) 
14 and nam e hn) 
18 and name hn)

assign (resid 
assign (resid 
assign (resid 
assign (resid 
! Pro
assign (resid 
clas seq
! N H (i)-N H (i+ l)
assign (resid 7 and name hn) (resid 8 and name hn) 
assign (resid 8 and name hn) (resid 9 and name hn)

10 and name hn) (resid 9 and name hn)
10 and name hn) (resid
11 and name hn) (resid 
13 and name hn) (resid 
17 and name hn) (resid

assign (resid 25 and name hn) (resid 26 and name hn) 
assign (resid 26 and name hn) (resid 27 and name hn) 
assign (resid 27 and name hn) (resid 28 and name hn) 
assign (resid 29 and name hn) (resid 30 and name hn) 
assign (resid 30 and name hn) (resid 31 and name hn) 
assign (resid 31 and name hn) (resid 32 and name hn) 
assign (resid 33 and name hn) (resid 34 and name hn) 
assign (resid 34 and name hn) (resid 35 and nam e hn) 
assign (resid 37 and name hn) (resid 38 and name hn) 
assign (resid 43 and name hn) (resid 44 and name hn) 
assign (resid 44 and name hn) 
assign (resid 46 and name hn) 
assign (resid 47 and name hn) 
assign (resid 48 and name hn) 
assign (resid 56 and name hn) 
assign (resid 66 and name hn) 
assign (resid 67 and name hn) 
assign (resid 72 and name hn) 
assign (resid 76 and name hn) 
assign (resid 77 and name hn) 
assign (resid 81 and name hn) 
assign (resid 82 and name hn) 
assign (resid 83 and name hn) 
assign (resid 84 and name hn) 
assign (resid 85 and name hn) 
assign (resid 86 and name hn) 
assign (resid 87 and name hn) 
assign (resid 88 and name hn) 
assign (resid 91 and name hn) 
assign (resid 93 and name hn) 
assign (resid 97 and name hn)

4.5 4.5 0.0

(resid 45 and name hn) 
(resid 47 and name hn) 
(resid 48 and name hn) 
(resid 49 and name hn) 
(resid 57 and name hn) 
(resid 67 and name hn) 
(resid 68 and name hn) 
(resid 73 and name hn) 
(resid 77 and name hn) 
(resid 78 and name hn) 
(resid 82 and name hn) 
(resid 83 and name hn) 
(resid 84 and name hn) 
(resid 85 and name hn) 
O'esid 86 and name hn) 
(resid 87 and name hn) 
(resid 88 and name hn) 
(resid 89 and name hn) 
(resid 92 and name hn) 
(resid 94 and name hn) 
(resid 98 and name hn)

4.5 4.5 0.0
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.0
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
4.5 4.5 0.0
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
4.5 4.5 0.0
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
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102 and name hn)
103 and nam e hn)
104 and name hn)
105 and nam ehn)
106 and name hn)
108 and name hn)
109 and nam e hn)
110 and name hn) 
112 and nam e hn) 
120 and name hn) 
122 and name hn) 
126 and name hn)
134 and name hn)
135 and name hn)
136 and nam e hn) 
140 and nam e hn) 
143 and name hn) 
148 and name hn)
151 and name hn)
152 and name hn)

assign (resid 101 and name hn) (resid 
assign (resid 102 and name hn) (resid 
assign (resid 103 and name hn) (resid 
assign (resid 104 and name hn) (resid 
assign (resid 105 and name hn) (resid 
assign (resid 107 and name hn) (resid 
assign (resid 108 and name hn) (resid 
assign (resid 109 and name hn) (resid 
assign (resid 111 and name hn) (resid 
assign (resid 119 and name hn) (resid 
assign (resid 121 and name hn) (resid 
assign (resid 125 and name hn) (resid 
assign (resid 133 and name hn) (resid 
assign (resid 134 and name hn) (resid 
assign (resid 135 and name hn) (resid 
assign (resid 139 and name hn) (resid 
assign (resid 142 and name hn) (resid 
assign (resid 147 and name hn) (resid 
assign (resid 150 and name hn) (resid 
assign (resid 151 and name hn) (resid 
! C aH (i)-N H (i+ l) 
assign (resid 1 and name ha) 
assign (resid 3 and name ha) 
assign (resid 4 and name ha) 
assign (resid 5 and name ha) 
assign (resid 6 and name ha) 
assign (resid 7 and name ha) 
assign (resid 8 and name ha) 
assign (resid 10 and name ha) (resid 
assign (resid 12 and name ha) (resid 
assign (resid 13 and name ha) (resid 
assign (resid 15 and name ha) (resid 
assign (resid 16 and name ha) (resid 
assign (resid 17 and name ha) (resid 
assign (resid 20 and name ha) (resid 21 and name hn) 
assign (resid 24 and name ha) (resid 25 and name hn) 
assign (resid 29 and name ha) (resid 30 and name hn) 
assign (resid 31 and name ha) (resid 32 and nam e hn) 
assign (resid 32 and name ha) (resid 33 and nam e hn) 
assign (resid 33 and name ha) (resid 34 and nam e hn) 
assign (resid 34 and name ha) (resid 35 and nam e hn) 
assign (resid 38 and name ha) (resid 39 and nam e hn) 
assign (resid 39 and name ha) (resid 40 and nam e hn) 
assign (resid 40 and name ha) (resid 41 and name hn) 
assign (resid 41 and name ha) (resid 42 and name hn) 
assign (resid 42 and name ha*) (resid 43 and name hn) 
assign (resid 45 and name ha) (resid 46 and name hn) 
assign (resid 46 and name ha) 
assign (resid 47 and name ha) 
assign (resid 55 and name ha) 
assign (resid 56 and name ha) 
assign (resid 57 and name ha) 
assign (resid 58 and name ha) 
assign (resid 59 and name ha) 
assign (resid 60 and name ha) 
assign (resid 64 and name ha) 
assign (resid 65 and name ha) 
assign (resid 66 and name ha) 
assign (resid 67 and name ha) 
assign (resid 68 and name ha) 
assign (resid 70 and name ha) 
assign (resid 71 and name ha) 
assign (resid 73 and name ha) 
assign (resid 75 and name ha) 
assign (resid 76 and name ha)

3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
4.5 4.5 0.0
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.0
5.5 5.5 0.0
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5

(resid 2 and name hn) 
(resid 4 and name hn) 
(resid 5 and name hn) 
(resid 6 and name hn) 
(resid 7 and name hn) 
(resid 8 and name hn) 
(resid 9 and name hn)

11 and name hn)
13 and name hn)
14 and name hn)
16 and name hn)
17 and name hn)
18 and name hn)

3.5
3.5
3.5 3.5
3.5 3.5
3.5 3.5
3.5 3.5
3.5 3.5

3.5 3.5
4.5 4.5
4.5 4.5
3.5 3.5

3.5 0.5
3.5 0.5 

0.5 
0.5 
0.5 
0.5 
0.5

0.5 
0.0 
0.0 
0.5 
0.53.5 3.5

3.5
4.5 4.5
3.5 3.5

3.5 0.5 
0.0

3.5
3.5
3.5 3.5
4.5 4.5

0.5
3.5 0.5
3.5 0.5 

0.5

3.5
3.5

3.5
0.0
0.5

3.5 3.5
3.5 3.5

3.5 0.5 
0.5 
0.5

3.5
3.5

(resid 47 and nam e hn) 
(resid 48 and nam e hn) 
(resid 56 and name hn) 
(resid 57 and name hn) 
(resid 58 and name hn) 
(resid 59 and nam e hn) 
(resid 60 and name hn) 
(resid 61 and name hn) 
(resid 65 and name hn) 
(resid 66 and nam e hn) 
(resid 67 and nam e hn) 
(resid 68 and nam e hn) 
(resid 69 and name hn)

71 and name hn)
72 and nam e hn) 

(resid 74 and nam e hn) 
(resid 76 and nam e hn) 
(resid 77 and name hn)

3.5
3.5

3.5 3.5
3.5 3.5
4.5 4.5
3.5 3.5
3.5
4.5
3.5
3.5 3.5

0.5 
1.5 

0.5 
0.5 
0.0 
0.5 

3.5 0.5
4.5 0.0
3.5 0.5

(resid
(resid

3.5 3.5
3.5 3.5
3.5 3.5
3.5 3.5
3.5
3.5
3.5
3.5

0.5 
0.5 
0.5 
0.5 
0.5

3.5 0.5
3.5 0.5
3.5 0.5
3.5 0.5

3.5 3.5
3.5
3.5

0.5
3.5 0.5
3.5 0.5
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assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid

77 and name ha) (resid 
79 and name ha) (resid
81 and name ha) (resid
82 and name ha) (resid
83 and name ha) (resid
84 and name ha) (resid
85 and name ha) (resid 
88 and name ha) (resid
91 and name ha) (resid
92 and name ha) (resid
93 and name ha) (resid
94 and name ha) (resid
95 and name ha) (resid
96 and name ha) (resid 
98 and name ha*) (resid
101 and name ha) (resid
102 and name ha) (resid
103 and name ha) (resid
104 and name ha) (resid
105 and name ha) (resid
106 and name ha) (resid
107 and name ha) (resid
108 and name ha) (resid
109 and name ha) (resid
110 and name ha) (resid
111 and name ha) (resid
112 and name ha) (resid
113 and name ha) (resid
114 and name ha) (resid
115 and name ha) (resid
116 and name ha) (resid
117 and name ha) (resid
118 and name ha) (resid
119 and name ha) (resid
120 and name ha*)(resid
121 and name ha) (resid
122 and name ha) (resid
123 and name ha) (resid
124 and name ha*)(resid
125 and name ha) (resid
126 and name ha) (resid 
128 and name ha) (resid
130 and name ha) (resid
131 and name ha) (resid
132 and name ha) (resid
133 and name ha) (resid
135 and name ha) (resid
136 and name ha) (resid
137 and name ha) (resid
139 and name ha) (resid
140 and name ha) (resid
141 and name ha) (resid
143 and name ha) (resid
144 and name ha) (resid
145 and name ha) (resid
146 and name ha) (resid
147 and name ha) (resid
150 and name ha) (resid
151 and name ha) (resid
152 and name ha) (resid
153 and name ha) (resid 
155 and name ha) (resid
157 and name ha) (resid
158 and name ha) (resid
159 and name ha) (resid

78 and name hn) 
80 and name hn)
82 and name hn)
83 and name hn)
84 and name hn)
85 and name hn)
86 and name hn) 
89 and name hn)
92 and name hn)
93 and name hn)
94 and name hn)
95 and name hn)
96 and name hn)
97 and name hn) 
99 and name hn)
02 and name hn)
03 and name hn)
04 and name hn)
05 and name hn)
06 and name hn)
07 and name hn)
08 and name hn)
09 and name hn)
10 and name hn)
11 and name hn)
12 and name hn)
13 and name hn)
14 and name hn)
15 and name hn)
16 and name hn)
17 and name hn)
18 and name hn)
19 and name hn)
20 and name hn)
121 and name hn)

122 and name hn)
123 and name hn)
124 and name hn)
125 and name hn)

126 and name hn)
127 and name hn)
129 and name hn)
131 and name hn)
132 and name hn)
133 and name hn)
134 and name hn)
136 and name hn)
137 and name hn)
138 and name hn)
140 and name hn)
141 and name hn)
142 and name hn)
144 and name hn)
145 and name hn)
146 and name hn)
147 and name hn)
148 and name hn)
151 and name hn)
152 and name hn)
153 and name hn)
154 and name hn)
156 and name hn)
158 and name hn)
159 and name hn)
160 and name hn)

3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5

3.5
3.5
3.5
3.5
3.5
3.5
3.5

0.5
0.5
0.5
0.5
0.5
0.5
0.5

3.5 0.5
3.5 0.5
3.5 0.5
3.5 0.5
3.5 0.5

0.5
0.5

3.5
3.5

6.5 6.5 0.0
3.5 3.5 0.5

3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
4.5
3.5
3.5
3.5
3.5

3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
4.5
3.5
3.5
3.5
3.5

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.0 
0.5 
0.5 
0.5 
0.5

3.5 3.5 0.5
3.5 3.5 0.5

4.5 4.5 0.0
3.5 3.5 0.5
3.5 3.5 0.5
3.5 3.5 0.5

3.5 3.5 0.5
3.5
3.5
3.5
3.5
3.5
4.5
4.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
4.5
3.5
3.5
3.5
3.5
3.5
3.5

3.5
3.5
3.5
3.5
3.5
4.5
4.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
4.5
3.5
3.5
3.5
3.5
3.5
3.5

0.5
0.5
0.5
0.5
0.5
0.0
0.0
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.0
0.5
0.5
0.5
0.5
0.5
0.5
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assign (resid 160 and name ha) (resid 161 and nam ehn) 3.5 3.5 0.5 
! C bH (i)-N H (i+l)
assign (resid 1 and name hb) (resid 2 and name hn) 4.5 4.5 0.0 
assign (resid 2 and name hb*) (resid 3 and nam ehn) 3.5 3.5 1.5
assign (resid 3 and name hb*) (resid 4 and nam ehn) 3.5 3.5 1.5
assign (resid 5 and name hb*) (resid 6 and name hn) 6.5 6.5 0.0
assign (resid 6 and name hb*) (resid 7 and nam ehn) 3.5 3.5 1.0
assign (resid 7 and name hb2) (resid 8 and name hn) 4.5 4.5 0.0
assign (resid 8 and name hb2) (resid 9 and nam ehn) 3.5 3.5 1.0
assign (resid 8 and name h b l)  (resid 9 and nam ehn) 3.5 3.5 0.5
assign (resid 10 and name h b l)  (resid 11 and nam ehn) 4.5 4.5 0.0
assign (resid 12 and name h b l)  (resid 13 and nam ehn) 3.5 3.5 0.5
assign (resid 24 and name hb*) (resid 25 and nam ehn) 3.5 3.5 1.0
assign (resid 27 and name hb2) (resid 28 and name hn) 4.5 4.5 0.0
assign (resid 28 and name hb*) (resid 29 and nam ehn) 3.5 3.5 1.0
assign (resid 31 and name hb*) (resid 32 and nam ehn) 3.5 3.5 1.0
assign (resid 32 and name hb*) (resid 33 and name hn) 6.5 6.5 0.0
assign (resid 33 and name hb*) (resid 34 and nam ehn) 3.5 3.5 1.0
assign (resid 35 and name hb) (resid 36 and nam ehn) 3.5 3.5 0.5
assign (resid 41 and name hb) (resid 42 and nam ehn) 3.5 3.5 0.5
assign (resid 43 and name hb2) (resid 44 and name hn) 4.5 4.5 0.0
assign (resid 44 and name hb2) (resid 45 and nam ehn) 3.5 3.5 0.5
assign (resid 45 and name hb) (resid 46 and nam ehn) 4.5 4.5 0.0
assign (resid 47 and name h b l)  (resid 48 and nam ehn) 3.5 3.5 0.5
assign (resid 66 and name hb*) (resid 67 and name hn) 6.5 6.5 0.0
assign (resid 69 and name hb2) (resid 70 and nam ehn) 3.5 3.5 0.5
assign (resid 73 and name hb*) (resid 74 and name hn) 3.5 3.5 0.5
assign (resid 76 and name hb) (resid 77 and nam e hn) 3.5 3.5 0.5
assign (resid 78 and name hb*) (resid 79 and name hn) 6.5 6.5 0.0
assign (resid 79 and name hb) (resid 80 and nam ehn) 3.5 3.5 0.5 
assign (resid 80 and name hb*) (resid 81 and nam ehn) 6.5 6.5 0.0
assign (resid 81 and name hb*) (resid 82 and nam ehn) 3.5 3.5 1.0
assign (resid 83 and name hb2) (resid 84 and nam ehn) 4.5 4.5 0.0
assign (resid 84 and name hb*) (resid 85 and nam ehn) 3.5 3.5 1.0
assign (resid 85 and name hb2) (resid 86 and name hn) 3.5 3.5 0.5
assign (resid 85 and name hb 1 ) (resid 86 and nam ehn) 3.5 3.5 0.5
assign (resid 86 and name hb*) (resid 87 and nam ehn) 3.5 3.5 1.0
assign (resid 87 and name hb*) (resid 88 and nam ehn) 3.5 3.5 1.0
assign (resid 88 and name hb*) (resid 89 and nam ehn) 3.5 3.5 1.0
assign (resid 93 and name hb2) (resid 94 and name hn) 4.5 4.5 0.0
assign (resid 93 and name h b l)  (resid 94 and nam ehn) 4.5 4.5 0.0 
assign (resid 102 and name hb) (resid 103 and name hn) 3.5 3.5 0.5 
assign (resid 103 and nam ehb2)(resid 104 and nam ehn) 3.5 3.5 0.5 
assign (resid 104 and name hb) (resid 105 and name hn) 3.5 3.5 0.5 
assign (resid 105 and name hb*)(resid 106 and name hn) 3.5 3.5 1.0 
assign (resid 107 and name hb*)(resid 108 and nam ehn) 3.5 3.5 1.0 
assign (resid 118 and name hb2)(resid 120 and name hn) 3.5 3.5 0.5
assign (resid 111 and name hb*)(resid 112 and nam e hn) 3.5 3.5 1.0
assign (resid 119 and name hb*) (resid 120 and nam e hn) 3.5 3.5 1.0
assign (resid 123 and name hb*) (resid 124 and name hn) 5.5 5.5 0.0
assign (resid 133 and name hb2)(resid 134 and name hn) 3.5 3.5 0.5
assign (resid 137 and name hb) (resid 138 and nam ehn) 4.5 4.5 0.0
assign (resid 139 and name hb) (resid 140 and name hn) 3.5 3.5 0.5
assign (resid 140 and name hb*)(resid 141 and name hn) 3.5 3.5 1.0
assign (resid 145 and name hb*)(resid 146 and name hn) 6.5 6.5 0.0
assign (resid 146 and name hbl)(resid  147 and name hn) 4.5 4.5 0.0
assign (resid 147 and name hb) (resid 148 and nam ehn) 3.5 3.5 0.5 
assign (resid 150 and name hb*)(resid 151 and name hn) 3.5 3.5 1.0
assign (resid 153 and name hb2)(resid 154 and name hn) 3.5 3.5 1.0
assign (resid 154 and name hb) (resid 155 and name hn) 4.5 4.5 0.0 
assign (resid 159 and name hbl )(resid 160 and name hn) 3.5 3.5 0.5 
! other sequential 
! thr
assign (resid 1 and name hg2*) (resid 2 and nam ehn) 3.5 3.5 0.5 
assign (resid 34 and name hn) (resid 35 and name hg*) 5.5 5.5 0.0
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assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
!h is
assign (resid 
assign (resid 
I ile
assign (resid 
assign (resid

45 and name hg2*) (resid 46 and nam e hn) 3.5 3.5 0.5 
112 and name ha) (resid 113 and name hg) 4.5 4.5 0.0 
112 and name ha) (resid 113 and name h d l* )  6.5 6.5 0.0
112 and name ha) (resid 113 and name hd2*) 6.5 6.5 0.0
112 and name hg2*)(resid 113 and name h d l* )  7.5 7.5 0.0 
112 and name hg2*)(resid 113 and name ha) 6.5 6.5 0.0
112 and name hg2*)(resid 113 and nam e hg) 6.5 6.5 0.0
147 and name hg2*)(resid 148 and name hn) 6.5 6.5 0.0
154 and name hg2*)(resid 155 and nam e hn) 3.5 3.5 0.5
153 and name hn) (resid 152 and name hg2*) 6.5 6.5 0.0
153 and name ha) (resid 152 and name h ^ * )  6.5 6.5 0.0

154 and name hb) (resid 153 and name ha) 4.5 4.5 0.0
154 and name hg2*)(resid 153 and nam ehn) 6.5 6.5 0.0

13 and name hgl *)(resid 14 and nam ehn) 3.5 3.5 0.5
13 and name hd l *)(resid 14 and name hn) 3.5 3.5 0.5

assign (resid 96 and name hd l *)(resid 97 and name hb*) 7.5 7.5 0.0 
assign (resid 129 and name ha)(rcsid 130 and name hd*) 6.5 6.5 0.0 
assign (resid 129 and name ha)(resid 130 and name hg2*) 6.5 6.5 0.0 
assign (resid 129 and name hb)(resid 130 and name hd*) 6.5 6.5 0.0 
assign (resid 129 and name hg2*)(resid 130 and nam e hd*) 7.5 7.5 0.0 
assign (resid 129 and name hd 1 *)(resid 130 and name hd*) 7.5 7.5 0.0 
! leu
assign (resid 12 and name h d l* )  (resid 13 and name hn) 6.5 6.5 0.0 
assign (resid 27 and name hg) (resid 28 and name hn) 4.5 4.5 0.0 
assign (resid 54 and name ha) (resid 55 and name hd*) 3.5 3.5 0.5 
assign (resid 54 and name hd2*)(resid 55 and name hd*) 3.5 3.5 0.5 
assign (resid 114 and name ha) (resid 115 and name hg2*) 6.5 6.5 0.0 
assign (resid 115 and name hg l *)(resid 116 and nam e ha) 6.5 6.5 0.0 
! lys
assign (resid 37 and nam ehn) (resid 38 and name h g l* )  3.5 3.5 0.5
assign (resid 51 and name hg2*) (resid 52 and nam ehn) 6.5 6.5 0.0
assign (resid 107 and name hg2*)(resid 108 and nam ehn) 6.5 6.5 0.0 
I val
assign (resid 41 and name hg2*)(resid 42 and nam ehn) 3.5 3.5 1.0 
assign (resid 41 and name h g l* )  (resid 40 and name ha) 6.5 6.5 0.0 
assign (resid 41 and name hg*) (resid 42 and name hn) 5.5 5.5 0.0 
assign (resid 60 and name ha) (resid 61 and name h g l* )  6.5 6.5 0.0 
assign (resid 60 and name hg2*) (resid 61 and nam ehn) 6.5 6.5 0.0
assign (resid 74 and name hg2*) (resid 75 and name hn) 3.5 3.5 0.5
assign (resid 75 and name hn) (resid 76 and name h g l* )  6.5 6.5 0.0 
assign (resid 75 and name hg2*) (resid 76 and name hn) 6.5 6.5 0.0 
assign (resid 76 and name hn) (resid 75 and name hg l *) 3.5 3.5 0.5 
assign (resid 76 and name hgl *) (resid 77 and name hn) 3.5 3.5 0.5 
assign (resid 79 and name hg*) (resid 80 and name hn) 6.5 6.5 0.0 
assign (resid 80 and name ha) (resid 79 and name hg*) 6.5 6.5 0.0 
assign (resid 110 and name hg2*)(resid 111 and name hn) 6.5 6.5 0.0 
assign (resid 157 and name hg*)(resid 158 and name hn) 6.5 6.5 0.0
assign (resid 157 and name hg*)(resid 158 and name ha) 6.5 6.5 0.0
! arg
assign (resid 43 and name hg2*) (resid 44 and name hn) 6.5 6.5 0.0 
! pro
assign (resid 50 and name hg2*) (resid 51 and nam ehn) 3.5 3.5 0.5 
assign (resid 90 and name hd*) (resid 91 and nam ehn) 6.5 6.5 0.0 
! gin
assign (resid 69 and name ha) (resid 70 and name hb*) 6.5 6.5 0.0 
assign (resid 69 and name hg2*)(resid 70 and name hb*) 7.5 7.5 0.0 
assign (resid 101 and name hn)(resid 102 and name h g l* )  6.5 6.5 0.0 
assign (resid 101 and name ha)(resid 102 and name h g l* )  6.5 6.5 0.0 
assign (resid 101 and name hb*)(resid 102 and name hdl *) 7.5 7.5 0.0 
assign (resid 101 and name hb*)(resid 102 and name h g l* )  7.5 7.5 0.0 
! ala
assign (resid 82 and name hg 1 *)(resid 81 and name hb*) 7.5 7.5 0.0 
assign (resid 73 and name ha) (resid 74 and name hg2*) 6.5 6.5 0.0
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assign (resid 
! phe
assign (resid
! gly
assign (resid 
assign (resid 
assign (resid 
! glu
assign (resid 
assign (resid 
assign (resid

81 and name hb*) (resid 82 and name ha) 6.5 6.5 0.0

83 and name ha) (resid 84 and name hb*) 6.5 6.5 0.0

98 and name ha*) (resid 99 and name h a l)  6.5 6.5 0.0
98 and name ha*) (resid 99 and name ha2) 6.5 6.5 0.0
14 and nam ehn) (resid 13 and name hg l 2) 4.5 4.5 0.0

145 and name hg2*)(resid 146 and name hn) 6.5 6.5 0.0 
67 and name hb2) (resid 66 and name ha) 4.5 4.5 0.0 
123 and name h g l)  (resid 124 and name hn) 4.5 4.5 0.0

! Ligand to ligand NOEs 
!set message=off echo=olf end
assign (resid 170 and name hal)(resid  170 and name hb* ) 3.5 3.5 0.5 
assign (resid 170 and name hn 1 )(resid 170 and name hb* ) 4.5 4.5 1.5 
assign (resid 170 and name h41)(resid 170 and name h42) 2.5 2.5 0.5 
assign (resid 170 and name hi*)(resid 170 and name h8) 3.5 3.5 0.5 
assign (resid 170 and name hal)(resid  170 and name hg*) 4,5 4.5 1.5 
set message=on echo=on end

ILigand to protein NOEs 
!set message=off echo=ofT end
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assing (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid 
assign (resid

70 and name hbl * )(resid 27 and name h d l*  ) 4.5 4.5 2.5 
70 and name hal )(resid 54 and name hd2* ) 4.5 4.5 1.5 

49 and name he* ) 4.5 4.5 4.0 
49 and name hd* ) 4.5 4.5 4.0 
48 and name ha ) 4.5 4.5 1.5 
48 and name hb* ) 4.5 4.5 2.5 
27 and name hd2* ) 4.5 4.5 2.5

4.5 4.5 1.5
4.5 4.5 2.5

70 and name hi* ) (resid 
70 and name hi* ) (resid 
70 and name hi* ) (resid 
70 and name hi* ) (resid 
70 and name hi* ) (resid 
70 and name hi*) (resid 19 and name hg) 
70 and name hi*) (resid 19 and name hb*)
70 and name hi*) (resid 19 and name h d l* )  4.5 4.5 2.5 
70 and name h8 ) (resid 27 and name hd2* ) 4.5 4.5 1.5 
70 and name h8 ) (resid 19 and name hd* ) 4.5 4.5 2.5 
70 and name h9* ) (resid 45 and name hg2* ) 4.5 4.5 2.5 
70 and name h4* ) (resid 5 and name ha ) 3.5 3.5 1.5 
70 and name h4* ) (resid 97 and name ha ) 3.5 3.5 1.5 
70 and name h4* ) (resid 30 and name he*) 3.5 3.5 4.0 
70 and name h4* ) (resid 4 and name hg ) 3.5 3.5 1.5 
70 and name h i * ) (resid 6 and name hb*) 4.5 4.5 2.5 
70 and name h i*  ) (resid 116 and name h g l)  4.5 4.5 1.5 
70 and name h7 ) (resid 6 and name hb* ) 3.5 3.5 1.5
70 and name h7 ) (resid 30 and name hb*) 4.5 4.5 1.5 
70 and name h7 ) (resid 27 and name hd2*) 4.5 4.5 1.5 
70 and name h7 ) (resid 19 and name h d l* )  4.5 4.5 1.5 
70 and name hgl * )(resid 28 and name hel ) 4.5 4.5 1.5

set message=on echo=on end
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Stereospecific assignments o f  the leucine methyl resonances in the 
‘H N M R  spectrum o f  Lactobacillus easel dihydrofolate reductase
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Chemistry and Molecular Sciences, The University of Sussex, Palmer, Brighton BN! 9QJ, UK

Received 4 January 1993; revised version received 15 January 1993

A general method is described for the stereospecific assignment o f methyl resonances in protein NMR spectra based on selective deuteration 
procedures. A selectively deuterated dihydrofolate reductase from L easel was prepared by incorporating stereoselectively deuterated L-leucine, 
(35.4R)[5.5.5*'H,]leucine. By comparing the COSY spectra o f the dihydrofolate reductase-methotrexate complexes formed using deuterated and 
non-deuterated enzyme the stereospecific assignments for resonances o f all 13 leucine residues were obtained by noting the absence of cross-peaks

in spectra from the deuterated proteins.

Dihydrofolate reductase: Stereospecific NMR assignment; Deuterated leucine

1. INTRODUCTION

NMR spectroscopy, in combination with computa
tional procedures such as distance geometry calcula
tions is now a well-established method for obtaining 
detailed three dimensional structures o f proteins in solu
tion. To apply such methods, it is first necessary to 
assign the NMR signals to specific protons in the pro
tein. The precision o f the structures obtained in this way 
is dependent not only upon the number o f  intraresidue 
constraints identified but also upon how well the con
straints can be defined. In the absence o f  stereospecific 
assignments it is necessary to add relatively large correc
tion factors to the intraresidue distance constraints to 
allow for either assignment being correct. For example, 
in the case of the diastereotopic methyl groups o f valine 
and leucine residues, the correction used is 2.4 A on 
distance constraints which typically fall in the range 2.0 
to 6.0 A. Thus for the most precise structure determina
tions it is essential to obtain stereospecific assignments 
for the various pairs o f diastereotopic protons and 
methyl groups in the protein. Such assignments can also 
be important for defining specific protein-ligand inter
actions based on intramolecular NOEs.

Clearly, it is important to have more direct methods 
o f making stereospecific assignments for residues such 
as these. Here, we report a direct method for making 
such assignments, based on NM R studies o f  stereoselec
tively deuterated proteins prepared by biosynthetic in
corporation of stereoselectively deuterated amino acids

Correspondence address: J. Feeney, Laboratory o f Molecular Struc
ture. National Institute for Medical Research, Mill Hill, London NW7 
lAA, UK.

such as leucine. The usefulness o f this approach is dem
onstrated by its application to L  easel dihydrofolate 
reductase (DHFR) where it has been used to obtain the 
stereospecific assignments for the methyl groups o f 12 
o f the 13 leucine residues (the methyls of Leu-94 have 
degenerate chemical shifts).

Selective deuteration has frequently been used to 
identify the 'H signals from a particular amino acid type 
[1-6] and has also been used to make stereospecific 
assignments for methylene protons in Gly (7) and Asp/ 
Asn residues [8]. The present application is the first 
example o f the use o f stereoselective deuterium labelling 
for the assignment o f diastereotopic pairs of methyl 
resonances in protein NMR spectra.

In earlier studies, stereospecific assignments for leuc
ine and valine methyl resonances were obtained by ap
plying 2D half-filter NMR experiments to pro
teins labelled stereospecifically in the leucine and valine 
residues with "C using the method o f  "biosynthetic frac
tional '*C labelling* [9-11].

2. MATERIALS AND METHODS
The synlhesis o f (25,4/lX5.5.5-’HJIeucine (I) using pyroglulamic 

acid as a chiral template has already t^ n  described (I2|.

(I)

NMR studies of the stereospecifically labelled L-leucine used in this 
study showed the sam ple to  contain  abou t 25% o f m onoprotiaied

Published by Elsevier Science Publishers B. K 177
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Table I

Stereospecific assignments o f leucine methyl protons for the DHFR-MTX complex

Residue 4-pro-R* chemical shift NOEs' to 4-pro-R 4-pro-J " chemical shift NOEs' 10 4-pro-.y

L4 1.17 MTX 2NH„ L4NH, XAa, Y29, 0.52 F30
L12 0.93 TI26NH 0.80 FI22
L19 0.66 MTX H7, MTX NIOCH, 0.46
L23 0.65 HI53 J, 0.06
L27 0.64 H22 J, 0.01 L27o, MTX H7
L54 -0.07 F30 e,z„ M39z 0.36 L54«
L62 0.43 F 106 e,£, 0.66
L94 0.78 L94a, V95NH 0.78 F83 c,c,
LII3 -0.96 LI3I WI33 z, 0.30 W 5('„ LII3a
LII4 0.98 L4a 1.07 LI 14a, VI57a
L1I8 -0.33 LII8NH, Q7NH, W2I z, -0.52 FI22 z,e„ LISIa
LI3I -0.02 WI33 z„ W5? 0.44 F3 z,z,
LI5I 1.15 NI48^„ N I4 % 0.85 L15la

‘Assignments obtained using the (2,S,4/{}[5.S.S-^HJleucine DHFR
'These NOEs are those which best distinguish the 'H resonances o f leucine 4>pro>R and 4 pro«J methyl protons

species (CHDJ in the pro<R methyl group but no deuterium in the 
prO'S methyl group.

To prepare the selectively deuterated protein an 18 litre fermenta
tion o f Lactobacillus case! was grown on a fully defined medium 
containing I g o f the selectively deuterated leucine together with all 
the other amino acids. The labelled DHFR was isolated and purified 
from this fermentation using methods described previously (13). The 
1:1 binary complex o f the labelled DHFR with methotrexate (MTX) 
(from Sigma Chemical Company) was prepared as described previ
ously (14]. The final NMR sample contained 1.2 mM DHFR.MTX  
dissolved in D ,0 ,500 mM in K.CI, 50 mM in potassium phosphate at 
pH 6.5.

'H NMR spectra were recorded at 308K using Varian 600 MHz and 
Brulcer 500 MHz NMR spectrometers. The 2D DQF.COSY and 
NOESY spectra were recorded with the transmitter frequency on the 
residual HDD signal, the latter being set in the centre o f the spectrum 
in both  dim ensions. Quadrature phase sensitive detection in FI was 
obta ined  by incrementing the phase o f the preparatory pulse (15,16). 
4K data  points were recorded for each o f 512 r, experiments.

The chemical shifts were measured from dioxan and then referenced 
to DSS (the dioxan resonance is 3.75 ppm downheld from DSS (2.2- 
dimethyl-2'silapentane-5-sulphonate) at 308K).

3. RESULTS A N D  DISCUSSION

L  casei dihydrofolate reductase has 13 leucine resi
dues. In earlier studies, we were able to identify the 
leucine and valine methyl resonances by analysing 2D  
COSY and TOCS Y spectra and also by comparing 2D  
COSY spectra o f normal and [y-'Hjvaline DHFR com-

Fig. I. The high field ‘aliphatic* region o f  the 2D DQF.COSY 'H 
contour plot for the dihydrofolate reductase.methotrexate comlex 
recorded at 308K (a) selectively deuterated enzyme incorporating 
(2S,4R)(5,5,5-’HjJJeucine (I) (b) non-deuterated enzyme. TTte posi
tions o f the leucine cross-peaks involving the 4-pro-R methyl group 
are circled in (a) and the methyl pairs from each leucine are joined with 
a line in (b). Although the two samples were recorded at different 
frequencies (600 and 500 MHz, respectively) the spectra presented on 

the ppm scale are directly comparable for present purposes.

plexes (6J. The availability o f a sample o f (2S.4R) [5,5,5- 
^HJIeucine DHFR now allows us to use a similar ap
proach to obtain stereospecific assignments for each 
diastereotopic pair o f leucine methyls. Fig. I shows the 
high field regions of DQF.COSY spectra obtained from 
the deuterated and non-deuterated DHFR.MTX com
plexes. A comparison o f the two spectra immediately 
reveals the signal from each pair o f Leu yl5  cross-peaks 
which is missing in the spectrum of the deuterated en
zyme. The missing peaks have been circled in Fig. la to 
indicate their location. In spectra plotted at a lower 
contour cut-off level small residual signals can still be 
seen in the circled regions: these signals arise from the 
25% o f the monoprotiated material which is present in 
the sample. At this level, the monoprotiated impurity 
clearly does not complicate the stereospecific assign
ment o f the leucine methyl resonances.

In earlier studies, we assigned several o f the leucine 
methyl resonances by using a combination o f NOE and 
crystal structure data and assuming that the solution 
and crystal structures are similar [14]. More recently we 
have also used this approach to provide stereospecific 
assignments for some o f the leucine residues and Table 
I summarises the relevant NOEs observed and used for 
making the assignments for the DHFR.MTX complex 
(spectra not shown). Included in Table I, are the stere
ospecific assignments obtained directly from the stere
ospecific deuteration experiments and these agree com
pletely with those obtained by correlating NOE and 
X-ray structural data. This is further evidence that the 
solution and crystal structures o f dihydrofolate reduc
tase complexes are similar. More recently 3D '^C/'H 
and '*N/'^C/'H experiments on complexes formed with 
uniformly "C- and ‘*N-labelled DHFR [17] have pro
vided complete 'H/'*N/'^C resonance assignments for 
all the leucine residues o f DHFR without recourse to
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crystallographic data thus confirming the earlier assign* 
ments.

The "C'labelling method previously used to make 
stereospecific assignments for methyl groups [9-11] has 
the advantage of being general for both valine and leuc
ine residues; however, it requires the use of relatively 
complex 'H /"C  half filtered NMR experiments. In con
trast, the incorporation of stereospecifically deuterated 
leucine into a protein allows direct access to the stere
ospecific assignment information using simple 'H -'H  
correlation experiments.
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S U M M A R Y

'^C-based three-dimensional 'H -'H  correlation experiments have been used to determine essentially com
plete '^C and 'H resonance assignments for the amino acid side chains of uniformly '^C/'^N labelled L  casei 
dihydrofolate reductase in a complex with the drug methotrexate. Excellent agreement is observed between 
these assignments and an earlier set of partial assignments made on the basis o f correlating nuclear Over- 
hauser effect and crystal structure data, indicating that the tertiary structure o f the enzyme is similar in 
solution and in the crystal state.

IN T R O D U C rn O N

D ihydro fo la te  reductase  (D H F R ) ca ta lyses the red u c tio n  o f  d ih y d ro fo la te  to  te trah y d ro fo la te  
using N A D P H  as coenzym e. T h e  enzym e is o f  considerab le  pharm aco log ica l in te rest since it is 
the ta rg e t fo r a n u m b er o f  an ticancer, an tim a la ria l an d  an tib ac te ria l d rugs, collectively know n as 
an tifo la tes  (B lakley, 1985). M an y  unansw ered  q uestions still exist concern ing  the in te ractions 
betw een D H F R  an d  its ligands; fo r exam ple , little is know n  a b o u t the s tru c tu ra l basis fo r the 
species selectivity o f  ce rta in  an tifo la te  d rugs, n o r  a b o u t the orig ins o f  the co o p era tiv ity  between 
the su b stra te  and  coenzym e b ind ing  sites. In  o rd er  to  add ress ques tions o f  this type, we have been 
using N M R  spectroscopy  to  exam ine selected b inary  an d  te rn a ry  com plexes o f  L. casei D H F R , 
w ith the aim  o f  de term in ing  th e ir  deta iled  th ree-d im ensional (3D ) s tru c tu re  in so lu tion . T he first 
step  in th is p rocess is to  o b ta in  essentially  com plete  sequence-specific 'H , '*N and  '^C resonance

*To whom correspondence should be addressed. 

0925-2738/S 10.00 © 1993 ESCOM Science Publishers B.V.
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assignm ents, a ta sk  w hich is n o t s tra ig h tfo rw ard  since L  casei D H F R  is a relatively large p ro te in  
by N M R  crite ria  (162 residues, M , 18 300).

R ecently , we pub lished  several stud ies th a t com bined  un iform  '^N labelling o f  L  casei D H F R  
w ith  3D  ' W H  T O C S Y -H M Q C  (M ario n  et al., 1989a), N O E S Y -H M Q C  (M ario n  et al., 1989b) 
and  H M Q C -N O E S Y -H M Q C  (F renk ie l e t al., 1990; Ik u fa  et al., 1990) experim en ts (C arr  et al., 
1991). T h is  a p p ro a c h  enab led  us to  overcom e the p rob lem s resu lting  from  am ide p ro to n  chem i- 
cal-sh ift degeneracy  a n d  to  m ake sequence-specific b ackbone  resonance assignm ents for 146 o f  
the 162 residues in the m eth o trex a te  (M T X ) com plex o f  D H F R .- In  ad d itio n , we w ere ab le to 
determ ine the  seco n d ary  s tru c tu re  o f  the  p ro tein  in so lu tio n  and  to  show  th a t it w as sim ilar to  th a t 
observed in the crysta l s ta te  (Bolin e t a l., 1982),

F o r  p ro te in s  o f  the size o f  D H F R , the  ability  to  trace  ou t com plete am ino  acid spin  system s 
using 'H  N M R  m eth o d s is severely lim ited , n o t only  by signal overlap , b u t also  by the absence o f 
m any  possib le cross peaks. T h is la tte r  p rob lem  arises because the p ro to n -p ro to n  coup ling  co n 
stan ts  active in m a g n etisa tio n  tran sfe r a re  sm all (3 -15  H z) com pared  to  the linew idths o f  the ‘H 
resonances (>  20 H z). R ecently , it has been show n th a t these p roblem s can  be overcom e for 
p ro te in s o f  up  to  a b o u t 250 am ino  acids, by exam ining  uniform ly  '^C labelled p ro te in s  w ith 3D 
'^C /'H  H C C H -C O S Y  an d  H C C H -T O C S Y  experim ents (Bax et al., 1990a,b; Ik u ra  et al., 1991a), 
w hich m ake  use o f  the  large sing le-bond  C -H  (120-140  H z) an d  C -C  (35-45  H z) coup lings to  
o b ta in  th ro u g h -b o n d  p ro to n -to -p ro to n  co rre la tions. T h e  po ten tia l o f  this a p p ro a ch  has been 
d em o n stra te d  in stud ies o f  the  p ro te in s  in terleukin  ip  (153 residues) (C lore et al., 1990) and  
ca lm odu lin  (148 residues) (Ik u ra  et a l., 1991a,b), w here these m ethods led to  the d e te rm in a tio n  o f 
com plete '^C and  'H  resonance assignm ents fo r the side chains.

In th is re p o rt we describe essentially  com plete 'H  an d  '^C resonance assignm ents fo r the side 
chains o f  all the  n o n a ro m a tic  residues in the L  casei D H F R -M T X  com plex, based on analysis o f 
H C C H -C O S Y  an d  H C C H -T O C S Y  sp ec tra  from  a  un iform ly  '^C /'^N  labelled p ro te in  sam ple. 
T h e  'H  assignm ents o f  the  a ro m a tic  residues have been repo rted  previously  (B irdsall et al., 1990). 
A co m p ariso n  betw een  the  sequen tia l assignm ents rep o rted  here and  a p rev ious set o f  p a rtia l 
assignm ents o b ta in ed  by  co rre la tin g  N O E  and  crysta l s tru c tu re  d a ta  (H am m o n d  et al., 1986; C a rr  
et al., 1991) allow s us to  co m m en t on  the  te rtiary  s tru c tu re  o f  the p ro te in  in so lu tion .

M A T E R IA L S  A N D  M E T H O D S

T he 99%  '^C en riched  glucose an d  '^N  enriched  am m on ium  su lpha te  w ere o b ta in ed  from  
C am bridge Iso to p e  L ab o ra to rie s . 100% a to m  D jO  an d  m etho trexa te  were p u rchased  from  Sig
m a. All o th e r  reagen ts w ere o f  A .R . quality .

U n ifo rm ly  '^C an d  *^N labelled L. casei D H F R  w as p repared  from  an £. coli s tra in  in to  which 
the gene fo r the  L. casei enzym e h ad  been cloned (N F l/p M T  702) (A ndrew s e t al., 1985). T he cells 
were grow n on  a  m in im al m edium  co n ta in in g  3 g/1 99% '^C enriched  glucose, 1 g/1 99% '^N 
enriched  a m m o n iu m  su lp h a te , 20 g/1 po tassium  p h o sp h a te , 0.2 g/1 m agnesium  su lpha te , 50 mg/1 
am picillin  an d  40 mg/1 L -tryp tophan  (th e  la tte r  w as included  in the g row th  m ed ium  since the E. 
coli s tra in  used is a u x o tro p h ic  fo r try p to p h a n ). T h e  purifica tion  o f  the p ro te in  was carried  ou t 
using the sam e p ro to co l as rep o rted  fo r un labelled  D H F R  (D a n n  et al., 1976). T he N M R  
experim ents w ere ca rried  o u t on  0.6-m l sam ples o f  1.5 m M  D H F R -M T X  dissolved in a 100% 
D jO , 500 m M  p o ta ss iu m  ch lo ride  an d  50 m M  po tassium  p h o sp h a te  buffer a t a pH * o f  6.5 (pH *
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values refer to  the  ac tua l p H  m eter read ings uncorrec ted  fo r deu terium  iso tope effects). It should  
be no ted  th a t a lth o u g h  the p ro te in  sam ples used in this study  w ere un iform ly  labelled  w ith bo th  
'^C and  '*N only the fo rm er is requ ired  fo r the experim ents described  here.

T w o 3D  '^C /‘H  experim ents w ere carried  o u t to  ob ta in  the side-chain  assignm ents described in 
th is paper. B o th  w ere im plem ented  on  a  V arian  U N IT Y -600  spectrom eter, using  the pulse 
sequences described  by Bax an d  co-w orkers (Bax e t al., I990a,b ; Ik u ra  e t al., 1991a), w ith 
p re sa tu ra tio n  used to  suppress the residual H D O  signal. T h e  N M R  m easu rem en ts w ere per
fo rm ed  a t a sam ple tem p era tu re  o f  35 ®C. In  the H C C H -T O C S Y  experim ent (Bax e t al., 1990b), 
c a rb o n -c a rb o n  iso tro p ic  m ixing w as achieved by m eans o f  a D IP S I-3  sequence (S h ak a  e t al., 
1988) w ith  a  25-m s m ixing tim e an d  a  rad io -frequency  field streng th  o f  8.3 kH z. T h e  H C C H - 
C O S Y  experim en t (Bax e t al., 1990a) w as o f  the co n stan t-tim e variety  ( Ik u ra  e t al., 1991a), w ith 
a c a rb o n  evo lu tion  tim e o f  7.8 m s. B oth  experim ents were carried  o u t in the phase-sensitive m ode 
(S ta tes et al., 1982; M ario n  an d  W üth rich , 1983) w ith the ca rrie r  positioned  a t the  cen tre  o f  the 
reg ion  o f  in te rest in all th ree d im ensions. Sixteen transien ts  w ere averaged  fo r each  increm ent 
w ith  512 p o in ts  per transien t.

T he H C C H -T O C S Y  spectrum  w as recorded  using the T P P I m ethod  o f  q u a d ra tu re  detection  
(M ario n  an d  W ü th rich , 1983), acqu iring  128 x  128 increm ents w ith  spectral w id ths o f  8.33 ppm  
in the p ro to n  d im ensions an d  71.6 p p m  in the ca rb o n  d im ension , sufficient to  acco m m o d ate  all 
re levan t signals w ith o u t folding. T his spectrum  to o k  app rox im ate ly  65 h to  record . In  the co n 
stan t-tim e  H C C H -C O S Y  experim en t, the  sam e p ro to n  spectral w id ths w ere used b u t the ca rb o n  
spectral w id th  w as reduced by a  fac to r o f  three. T his reduced spectral w id th  resu lts in fo ld ing in 
the ca rb o n  d im ension , b u t allow s the reso lu tion  to  be im proved . In  th is case, the q u ad ra tu re  
d e tec tio n  m e th o d  o f  S tates e t al. (1982) w as used and  192 x  50 increm ents w ere acqu ired  over 
a b o u t 40 h.

In  the fo lded  spec trum  each " C  ( F J  slice co rresp o n d s to  th ree  possib le '^C chem ical shifts: the 
ac tua l m easu red  frequency  an d  this value p lus o r  m inus the ‘^C spectra l w id th . H ow ever, because 
o f  the  ava ilab ility  o f  the non fo lded  spectrum  it w as relatively s tra ig h tfo rw ard  to  d eterm ine which 
o f  these possib ilities w as the  co rrec t one fo r each  set o f  'H - to 'H  co rre la tions.

T he 3D  d a tase ts  w ere tran sfo rm ed , d isplayed an d  p lo tted  using  a S U N  S P A R C -330  w o rk s ta 
tio n  u tilising  so ftw are  w ritten  in -house. In  o rd e r  to  im prove the  reso lu tion  in the  spec tra , the 
n u m b er o f  d a ta  p o in ts  in F , an d  F ;  w as initially  doub led  using lin ear p red ic tion . T h e  tim e-dom ain  
m atrices w ere then  zero-filled to  512 x  256 x  1024 poin ts , resu lting  in final spectra  consisting  o f  
256 X 128 X 512 real po in ts . In  ad d itio n , m ild reso lu tion  enhancem en t w as achieved by apply ing  
a 7C/2 . 5  sh ifted  sine-squared  ap o d isa tio n  function  in all d im ensions.

R E S U L T S

In 3D  '^C /'H  H C C H -C O S Y  an d  H C C H -T O C S Y  spectra  (B ax et al., 1990a,b; Ik u ra  e t al., 
1991a), th ro u g h -b o n d  'H - to - 'H  co rre la tio n s a re  characterised  by the  'H  (F ,)  an d  ‘̂ C (F^) chem i
cal sh ifts o f  the  p ro to n -c a rb o n  p a ir  fro m  w hich the  m agnetisa tion  o rig ina tes an d  by the 'H  (F 3) 
shift o f  the  p ro to n  to  w hich m ag n etisa tio n  is transferred . H ence, the  spectra  can  be th o u g h t o f  as 
consisting  o f  a series o f  2D  'H  C O S Y  (M ario n  and  W üth rich , 1983; A ue e t al., 1986) o r  T O C S Y  
(B raunschw eile r an d  E rn s t, 1983; D avies and  Bax, 1985) slices (F j/F j) , sep ara ted  acco rd ing  to  '^C 
(F j) chem ical shifts. T h e  iden tification  o f  am ino  acid spin  system s and  the ir assignm ent to  specific
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Fig. 1. A scries of F,/F, strips from the HCCH-TOCSY spectrum of the DHFR-MTX complex taken at the 5-carbon shifts 
(Fj) of 113 (15.11 ppm), 138 (16.23 ppm), 196 (11.20 ppm), 1102 (10.64 ppm) and 1129 (16.79 ppm). The labelled cross peaks 
correspond to through-bond correlations spanning the full length of the isoleucine side chains, from the 6-methyl protons 
(F|) to Y-methyl, y , Y-. (3- and a-protons (Fj).

types or classes o f  residues, is therefore based upon  the observation o f  the sam e correlation  
patterns expected in 2D COSY and TO CSY  spectra (W üthrich, 1986), with H CC H-CO SY  experi
m ents principally  being used to  distinguish  direct from  relayed connectivities. In the 3D spectra, 
though, a cross peak corresponding to an aC H -to-pC H  correlation, for example, will typically appear 
in a different ‘^C (F ;) slice from  th a t o f  the corresponding p C H -to -aC H  cross peak, because the 
a -  and P -carbons usually  have different ‘^C chemical shifts. Consequently , in o rder to  trace out 
com plete am ino  acid spin-system  pattern s in H C C H -C O SY  o r H C C H -T O C SY  spectra it is 
necessary to m ove between ‘^C (F ;) planes. F o r instance, after identifying an  aC H -to -p C H  cross 
peak in the F ; slice co rrespond ing  to  the a -carb o n  shift, it w ould be necessary to determ ine the 
corresponding P-carbon shift in o rder to  find correlations originating from  the PCH. A conveni
ent way to solve this p roblem  is to  m ake use o f  spectra sliced along the starting  p ro ton  shift (F J .  
F o r exam ple, in the F j/F j slice co rrespond ing  to the 'H  shift ( F J  o f  the pC H  one can identify the 
expected co rre la tion  to the a C H  and  thereby read o ff the corresponding p-carbon  shift.

In the case o f  D H F R -M T X , using the H C C H -C O SY  and H C C H -T O C SY  spectra it proved 
possible to o b ta in  side-chain assignm ents for the m ajority  o f  the residues. This process is illustrat
ed by a descrip tion  o f  the assignm ent o f  isoleucine, leucine and lysine resonances, which are 
generally considered to be the m ost difficult signals to  identify in all types o f  spectra.

Isoleucine assignments
Identification o f  resonances from  the isoleucine residues in H C C H -T O C SY  and  H C C H -C O SY  

spectra o f the D H F R -M T X  com plex was fairly straigh tforw ard . F o r exam ple, the spectrum  
showed cross peaks co rrespond ing  to correla tions between the 6 C H 3 p ro tons and aC H , pC H , 
yCH, y'CH  and  7C H 3 p ro tons for all five isoleucines in F ; ( ’^C) slices o f  the H C C H -T O C SY  
spectrum  correspond ing  to the 5-carbon  shifts, as show n in Fig. 1. In addition , the direct 5 C H 3- 
to-yCH and y ’C H  connectivities were observed in the H C C H -C O S Y  spectrum . Thus, it was a
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rela tively  sim ple process to  determ ine the a ,  P, y a n d  7C H 3 ca rb o n  shifts for each isoleucine, using 
the s tra teg y  o u tlin ed  prev iously  and  then  to  identify  fu rth e r 'H - to - 'H  co rre la tions. It shou ld  be 
no ted  th a t the ch a rac te risa tio n  o f  each  isoleucine spin  system  is highly overdeterm ined , since we 
observed  cross peaks co rresp o n d in g  to  betw een 31 and  41 o f  the 44 possible d irect and  relayed 
th ro u g h -b o n d  connectiv ities (14 H C C H -C O S Y  and  30 H C C H -T O C S Y  connectivities). T h is  situ 
a tio n  co n tra s ts  sharp ly  w ith th a t found  in 2D  C O SY  an d  T O C S Y  and  3D  '*N /'H  T O C S Y - 
H M Q C  spectra  o f  D H F R -M T X  (C a rr  e t al., 1991), w here due to  extensive signal overlap  an d  the 
absence o f  m any  expected  cross peaks, side-chain  assignm ents could  be o b ta in ed  fo r only tw o o f 
the  isoleucines.

T h e  a -p ro to n  resonances o f  the five isoleucines in the p ro te in  a re  well resolved from  one 
a n o th e r  (T able 1) so there is no  p rob lem  in m atch ing  the side-chain assignm ents ob ta in ed  in the 
p resen t w ork  to  the  sequence-specific b ackbone  assignm ents determ ined  prev iously  (C arr  e t al., 
1991).

Leucine assignm ents
A lth o u g h  D H F R  co n ta in s  a relatively large nu m b er o f  leucine residues (13), it w as fairly easy 

to fully ch arac terise  all o f  them  by exam ining  the H C C H -C O S Y  an d  H C C H -T O C S Y  spectra . 
T he signals from  the  leucine spin system s are particu la rly  clear in the a -c a rb o n  p lanes (F ;) o f  the 
H C C H -T O C S Y  spec trum , w here fo r 11 o f  the residues it w as possible to  identify  all the expected 
co rre la tio n s  s ta rtin g  a t the a -p ro to n  (som e o f  these are  show n in Fig. 2); fo r the rem ain ing  two 
leucines all the co rre la tio n s  except one could  be detected .

P rev iously , the 5C H j, ô 'C H j an d  yC H  leucine signals had  been identified from  a 2D  C O SY  
spec trum  o f  a D H F R -M T X  sam ple in w hich the valine m ethyl g ro u p s were fully d eu tera ted  
(B irdsall et al., 1984). H ow ever, fo r all leucine residues except L eu '^ ', it proved  im possib le to 
observe th ro u g h -b o n d  co rre la tio n s to  the co rresp o n d in g  am ide, a -  o r  (3-protons in C O S Y , 
T O C S Y  o r '^ N /'H  T O C S Y -H M Q C  spectra , because o f  signal overlap  an d  m issing cross peaks 
(C a rr  e t al., 1991). C onsequen tly , m o st o f  the  sequence-specific *H assignm ents fo r leucine side 
cha ins rep o rted  p rev iously  (H a m m o n d  et al., 1986; C a rr  e t al., 1991) w ere based on  co rre la ting  
N O E s observed  in N O E S Y  spec tra  o f  D H F R -M T X  w ith those pred ic ted  from  considera tion  o f 
the crysta l s tru c tu re  o f  the re la ted  D H F R -M T X -N A D P H  com plex (B olin e t al., 1982).

T h e  com plete  leucine side-chain  assignm ents o b ta in ed  fro m  H C C H -C O S Y  and  H C C H - 
T O C S Y  spectra  have now  been co m p ared  w ith prev ious, solely N M R -b ased , sequential assign
m en ts fo r  a -  an d  P -p ro to n s (H a m m o n d  et al., 1986; C a rr  e t al., 1991; S o teriou  et al., unpub lished  
results). T h is  co m p ariso n  has allow ed us to  confirm  the prev ious sequence- specific assignm ents 
m ade fo r all the leucine residues in D H F R -M T X .

R ecen tly  we have exam ined  the 2D  C O S Y  spectrum  o f  a D H F R -M T X  com plex form ed w ith 
selectively d eu te ra te d  enzym e in co rp o ra tin g  stereoselectively d eu tera ted  leucine, i.e. (25,4/?) 
[5 ,5 ,5 -^H3]-leucine (O stler e t al., 1993). T h e  stereospecific assignm ents o f  the leucine m ethyl 
resonances w ere m ade  by n o tin g  w hich cross peaks w ere ab sen t in this spectrum  com pared  to  th a t 
o b ta in ed  using  n o n d eu te ra te d  enzym e. T he spectrum  o f  the selectively d eu te ra ted  sam ple show ed 
cross peaks involving leucine m ethyls only for the A-pro-S  m ethyl groups.

C learly , the 'H  stereospecific assignm ents ob ta ined  in this w ay can be used to  m ake ste reospeci
fic assignm ents fo r the leucine CÔ ca rb o n s and  these are  given in T ab le  1.
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T A B L E  1

"C AND 'H RESONANCE ASSIGNMENT FOR SIDE CHAINS IN THE METHOTREXATE COMPLEX WITH L  
casei DHFR

Residue c . H. H.' Cp Hp Hp* Ct Ht h; c . H, h; ôlher Hoi her

1 Thr 64.34'' 4.19' 70.36'' 4.43' 23.49"' 1.22'
2 Ala 51.99 5.99' 23.99 1.53'
3 Phe 55.74 5.99 42.24 3.53 3.26
4 Leu 55.36 6.18 49.24 2.05 1.33 28.49 2.34 27.36 1.16 0.53 32.61 (C5')
5 Trp 59.87 5.56 34.74 3.55 3.55
6 Ala' 51.49 5.44 23.49 1.40
7 Gin 54.37 6.17 37.29 2.33 1.93 33.99 2.39 2.13
8 Asp 53.99 4.69 42.99 4.21 2.85
9 Arg

10 Asp 56.49 5.04 44.24 2.97 2.68
11 Gly 46.99 4.58 3.51
12 Leu 58.49 4.37 45.74 1.93 1.70 28.61 1.70 25.74 0.93 0.80 27.86 (C6’)
13 Ile 62.61 5.21 43.11 2.36 27.36 1.13 0.70 14.99 0.89 19.61 (Cy) 1.33 (y')
14 Gly 46.99 4.35 3.81
15 Lys 56.99 4.39 36.86 1.71 1.45 26.74 1.27 1.14 30.74 1.71 1.57 43.61 (Ce) 2.94(e) 2.94 (e')
16 Asp 57.12 4.28 41.99 2.93 2.43
17 Gly 47.19 3.97 3.47
18 His 55.37 4.98 32.24 3.25 3.25
19 Leu 54.74 4.23 43.61 1.53 0.39 29.11 1.41 26.86 0.66 0.46 25.36 (C6 )
20 Pro 63.74 4.35 32.49 2.45 1.81 29.65 1.35 1.33 3.13 3.13
21 Trp 56.80 4.69 31.74 2.51 2.33
22 His 57.44 4.91 33.49 3.17 2.92
23 Leu 52.49 4.81 46.24 1.83 1.05 28.49 1.05 25.12 0.65 0.07 26.36 (C6')
24 Pro 67.62 3.77 33.49 2.33 1.93
25 Asp 59.87 4.29 44.74 3.03 2.28
26 Asp 58.12 5.37 45.74 2.55 2.31
27 Leu 59.74 3.90 41.86 1.81 1.08 27.99 1.48 26.74 0.63 0.02 22.74 (C5')
28 His 58.74 4.67 29.72 3.51 3.37
29 Tyr 63.24 4.17 40.24 3.39 3.09
30 Phe 63.44 3.59 40.49 3.51 2.63
31 Arg
32 Ala 57.05 3.96 20.74 1.37
33 Gin
34 Thr 64.34 4.19 72.74 3.72 23.24 0.27
35 Val 66.62 3.81 33.49 2.06 22.99 1.00 1.00 22.99 (Cy')
36 Gly 46.99 4.21 3.91
37 Lys
38 Ile 63.74 4.13 39.61 1.87 29.86 1.77 0.77 16.24 1.03 20.74 (Cy') 0.70 (y')
39 Met 55.38 5.25 2.39 32.87 2.27 2.14
40 Val 62.74 5.09 34.24 1.80 22.37 0.71 0.63 23.49 (Cy')
41 Val 59.87 5.57 39.37 2.35 26.24 1.25 0.97 20.24 (Cy')
42 Gly 45.87 4.69 4.21
43 Arg 61.49 3.57 32.49 1.50 1.27 27.99 1.05 1.05 44.76 2.85 2.49
44 Arg 60.94 3.95 30.74 1.95 1.85 29.12 1.73 1.61 44.74 3.17 3.17
45 Thr 68.87 3.75 70.37 4.04 22.49 1.11
46 Tyr 62.74 2.89 42.12 2.79 2.79
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TABLE 1 (continued)

Residue c . H. H,* c , H, H,' Cr H, H,' c , H, H» Coih«r Hgihef

47 Glu 59.87 3.59 30.74 2.09 1.85 39.12 2.81 2.31
48 Ser 60.62 4.38 65.49 4.05 3.89
49 Phe 54.12 4.47 38.68 2.81 2.81
50 Pro 66.24 4.41 33.62 2.43 2.00 28.99 2.07 2.07 52.68 4.13 3.97
51 Lys 56.49 4.28 36.49 1.65 1.55 25.99 1.30 1.30 30.74 1.65 1.65 43.61 (Ce) 2.97(e) 2.97(e')
52 Arg 53.74 4.39 33.49 1.37 1.33 27.37 1.05 1.05 44.74 2.69 2.69
53 Pro
54 Leu 54.74 4.35 42.49 1.27 0.93 27.99 1.15 24.11 -0.07 0.36 27.99(06’)
55 Pro 64.37 4.53 35.12 2.39 2.09 29.12 2.09 1.97 52.62 3.77 3.47
56 Glu 59.54 3.89 28.49 2.37 2.31 39.12 2.19 2.13
57 Arg 55.99 4.73 33.57 1.73 1.39 29.66 1.25 1.19 44.76 3.21 2.93
58 Thr 64.99 4.41 70.49 4.15 22.99 1.16
59 Asn 64.24 5.06 41.24 3.13 2.29 6.89 8.00
60 Val 62.12 4.82 34.18 1.87 23.49 0.61 0.37 23.24 (Cy’)
61 Val 61.49 4.69 34.74 1.56 21.74 0.37 -0.12 21.24 (Cy’)
62 Leu 54.49 4.76 44.74 1.55 0.73 29.24 1.17 27.36 0.43 0.66 25.49 (Cy’)
63 Thr 60.37 4.75 70.99 3.73 19.49 0.93
64 His 58.19 4.74 3.43 3.32
65 Gin 58.12 4.13 29.74 2.05 1.97 34.74 2.37 2.37
66 Glu 61.12 3.31 31.24 1.89 1.85 37.99 2.21 1.99
67 Asp 54.37 4.65 41.93 2.83 2.63
68 Tyr 62.05 4.16 41.37 2.92 2.61
69 Gin 56.26 4.31 32.49 1.89 1.73 35.24 2.27 2.27
70 Ala 52.74 4.35 21.80 1.02
71 Gin 59.30 4.09 33.57 2.05 2.05 35.24 2.39 2.39
72 Gly 46.99 4.25 3.71
73 Ala 51.49 4.84 22.37 1.13
74 Val 63.74 3.98 34.12 1.71 21.74 0.61 0.45 21.74 (Cy’)
75 Val 63.68 4.65 34.12 1.97 23.99 0.85 0.79 23.99 (Cy)
76 Val 59.87 4.43 36.99 2.19 23.49 0.67 0.53 20.74 (Cy')
77 His 55.99 5.49 31.87 3.53 3.05
78 Asp 54.59 4.65 45.24 2.93 2.93
79 Val 67.74 3.43 33.49 1.83 23.49 0.61 0.61 23.49 (Cy )
80 Ala 57.12 4.33 19.12 1.53
81 Ala 56.43 4.35 20.62 1.66
82 Val 68.87 3.53 32.24 2.49 25.74 1.11 0.79 23.99 (Cy’)
83 Phe 63.74 4.54 39.74 3.35 3.04
84 Ala 56.99 4.25 19.62 1.59
85 Tyr 64.24 4.14 39.74 3.28 3.20
86 Ala 57.62 4.00 19.49 1.75
87 Lys 60.36 4.07 34.11 2.02 1.97 26.86 1.68 1.58 30.74 1.73 1.73 43.61 (Ce) 3.01(e) 3.01 (E ')

88 Gin 57.62 4.09 30.74 1.87 1.87 35.74 2.45 2.33
89 His 55.49 4.81 30.87 3.50 2.74
90 Pro 66.24 4.37 33.49 2.42 2.07 29.37 2.42 2.27 53.05 4.17 3.53
91 Asp 55.93 4.57 41.99 2.75 2.75
92 Gin 56.62 4.88 35.14 2.27 2.09 37.49 2.37 2.27
93 Glu 57.54 4.42" 34.69* 2.33' 2.33* 32.99 2.77 2.69
94 Leu 56.49 4.99' 46.49* 1.66* 1.66' 29.11 1.48 26.99 0.78 0.78 26.99 (C5’)
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TABLE I (continued)

Residue c . H. H,’ c , H, Ha’ Cr Hr Hr' c , H, H/ Co,he, Hoihcr

95 Val 62.62 4.84 36.37 1.88 23.49 0.95 0.88 23.62 (Cy*)
96 lie 60.99 4.52 37.99 2.58 29.61 1.46 0.89 11.14* -0.09* 21.86 (Cy*) 0.54 (y )
97 Ala 53.18 5.98 21.74 1.73
98 Gly 44.24 4.21 2.25
99 Gly 46.99 4.05 3.75

100 Ala 58.74 4.02 20.12 1.59
101 Gin 60.37 4.15 29.12 2.11 2.11 35.74 2.55 2.41
102 Ile 62.54 3.83 36.36 1.81 27.86 1.50 1.23 10.61 0.66 19.86 (Cy ) 0.69 (y*)
103 Phe 61.55 4.05 39.12 2.73 2.54
104 Thr 69.43 3.75 70.49 4.24 23.49 1.27
105 Ala 56.49 4.11 19.09 1.33
106 Phe 60.99 4.99 44.24 3.91 2.99
107 Lys 62.11 4.09 33.49 2.02 2.02 25.11 1.65 1.40 31.24 1.80 1.75 43.61 (Ce) 3.09(e) 3.09(e")
108 Asp 57.62 4.81 42.62 2.83 2.56
109 Asp 56.49 4.95 45.99 3.12 2.69
110 Val 63.24 3.89 34.24 1.28 20.12 0.45 0.39 26.24 (Cy*)
! 11 Asp 56.49 4.99 45.37 2.99 2.75
112 Thr 63.74 5.57 74.93 3.93 22.99 1.41
113 Leu 55.36 5.03 43.11 1.90 1.43 28.24 0.91 24.61 -0.95 0.30 25.74 (C5*)
114 Leu 55.86 5.35 44.24 2.60 1.63 28.74 1.77 27.36 0.96 1.07 27.99 (C6*)
115 Val 60.37 4.32 35.99 0.61 21.24 0.61 -0.01 23.49 (Cy*)
116 Thr 62.12 4.92 70.44 4.04 23.62 0.56
117 Arg 55.99 4.73 33.49 1.73 1.37 29.99 1.19 1.27 44.74 3.21 2.91
118 Leu 58.11 4.53 43.86 1.88 1.07 32.99 0.93 24.36 -0.33 -0.51 27.24 (C5*)
119 Ala 55.37 4.06 20.80 1.37
120 Gly 45.87 4.21 3.55
121 Ser 58.18 5.06 65.99 3.58 3.58
122 Phe 58.74 4.76 43.84 3.35 2.89
123 Glu 57.62 4.59 32.49 2.05 2.05 37.99 2.33 2.23
124 Gly 47.37 4.12 4.03
125 Asp 55.49 4.95 45.30 3.05 2.65
126 Thr 64.37 4.68 73.49 3.76 22.37 1.23
127 Lys 56.49 5.07 36.86 1.91 1.69 27.36 1.53 1.28 30.74 1.70 1.70 43.61 (Ce) 2.99(e) 2.99(e*)
128 Met 56.34 4.11 30.59 2.01 1.41 33.01 1.53 1.41
129 lie 61.74 4.34 37.99 1.96 26.74 1.30 0.63 16.74 0.77 21.49 (Cy*) 1.11 (y)
130 Pro 64.98 4.49 33.62 2.29 1.85 29.67 2.12 2.02 51.99 3.85 3.61
131 Leu 54.36 4.35 46.49 0.50 0.21 27.36 1.25 24.99 -0.02 0.44 28.49 (C5*)
132 Asn 53.18 5.01 37.49 3.05 2.72
133 Trp 63.12 3.79 30.24 3.21 2.97
134 Asp 58.24 4.78 41.99 2.86 2.75
135 Asp 57.24 4.76 42.49 2.77 2.54
136 Phe 58.74 5.21 46.49 3.35 3.28
137 Thr 62.12 4.89 73.24 3.98 22.93 1.21
138 Lys 58.74 3.61 31.24 1.13 -0.74 25.74 0.57 0.09 30.49 1.29 1.21 42.49 (Ce) 2.63(e) 2.53(e’)
139 Val 64.37 4.23 34.62 2.13 22.99 0.95 0.91 21.74 (Cy*)
140 Ser 59.12 4.62 66.99 3.83 3.69
141 Ser 59.34 5.31 66.55 3.61 3.46
142 Arg 57.54 4.79 35.24 1.93 1.93 29.12 1.65 1.51 45.24 3.33 3.17
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TABLE 1 (continued)

Residue c„ H. h; c , H, H,' Cr Hr Hr' c . H, H,' Coih«r H other

143 Thr 64.30 4.78 72.12 3.80 22.93 0.89
144 Val 63.24 3.99 35.24 0.67 22.37 0.93 0.85 22.37 (Cy*)
145 Glu 57.54 4.49 32.34 1.84 1.84 38.24 2.21 2.08
146 Asp 57.24 4.76 42.49 2.77 2.54
147 Thr 66.74 3.92 70.49 4.13 23.31 1.29
148 Asn 51.04 5.13 40.04 3.34 2.84
149 Pro 64.94 4.63 35.81 2.39 2.07 26.30 1.97 1.75 51.49 3.65 3.60
150 Ala 55.37 3.96 19.49 1.38
151 Leu 55.36 4.36 42.99 2.00 1.74 28.99 1.60 27.36 1.14 0.84 25.11 (CS')
152 Thr 66.49 4.30 70.87 4.21 23.99 1.11
153 His 54.24 5.74 32.37 2.69 2.12
154 Thr 62.12 5.01 73.24 3.69 24.12 1.06
155 Tyr 59.12 4.97 40.64 2.79 2.61
156 Glu 55.99 5.33 35.49 2.39 2.01 37.49 2.27 2.13
157 Val 63.74 5.25 35.74 2.03 21.87 0.95 0.95 21.87 (CY)
158 Trp 56.62 5.93 32.99 3.45 3.13
159 Gin 55.99 5.62 34.74 2.23 2.04 35.74 2.57 2.45
160 Lys 59.24 3.77 34.61 1.81 1.57 26.49 1.36 0.83 30.74 1.49 1.49 43.61 (Ce) 2.83(e) 2.83(e')
161 Lys 59.24 4.14 34.74 1.83 1.61 27.36 1.44 1.23 31.24 1.69 1.69 43.61 (Ce) 2.97(e) 2.97(e*)
162 Ala 55.37 4.15 21.93 1.33

The ’’C and 'H chemical shifts (ppm) are referenced to TSP (3-trimethylsiIyipropionate) and DSS (2,2-dimethy!*2- 
silapentane-5-sulfonate), respectively. The leucine CH; signals have been stereospecifically assigned (Ostler ct al., 1993): 
Hj — A'Pro~R\ Hj* — 4-Pro-S.
* These signals appear as double signals: the origin of this nonequivalencc is under investigation.

Lysine assignments
T h e ends o f  lysine side cha ins tend  to  be found  on the  su rface  o f  p ro te in s because o f  the 

presence o f  the positively charged , te rm inal N H J  g roup . O ne consequence o f  this is th a t the £ and  
5 'H  resonances tend  to  have chem ical sh ifts close to  the ran d o m -co il values. T his s itu a tio n  also  
ap p ears  to  apply  fo r the '^C signals from  the e ca rb o n s, since in a single F ; ( ’^C) slice o f  the 
H C C H -T O C S Y  spectrum  o f  D H F R -M T X  we observed w ell-resolved sC H j- to -a C H  co rre la tio n s 
fo r seven o f  the nine lysines, as well as a  g ro u p  o f  overlapp ing  cross peaks co rresp o n d in g  to  
eC H j-to -S C H , -5 'C H , -7C H , -y 'C H , -(3CH an d  -p 'C H  connectiv ities, as show n in Fig. 3. A n a lo 
gous co rre la tions fo r an  e igh th  lysine residue were seen in a  n e ighbouring  F ; slice o f  the H C C H - 
T O C S Y  spectrum . A fter iden tify ing  these co rre la tion  p a tte rn s  in the  e ca rb o n  slices o f  the 
H C C H -T O C S Y  and  H C C H -C O S Y  spec tra , it p roved  fairly  s tra ig h tfo rw ard  to  trace o u t the 
signals fo r the com plete spin system s o f  Lys'*, Lys*', Lys*’, Lys'®’ , L y s '” , Lys'**, L y s '“  an d  
L ys'* '. F o r  exam ple, in the H C C H -T O C S Y  spectrum  we observe cross peaks co rrespond ing  to  all 
possible co rre la tio n s beginning a t the a -p ro to n s  o f  these residues.

T he a C H  resonances o f  Lys'*, Lys*', L y s '” , Lys'**, Lys'*® an d  Lys'* ' are  well resolved from  one 
an o th e r  (Table 1) and  consequen tly , sequence-specific assignm ents fo r these residues could  
be m a d e  sim ply  by m a tc h in g  th e  a - p r o to n  sh ifts  f ro m  th e  H C C H -C O S Y  a n d  H C C H - 
T O C S Y  spectra  w ith  those o b ta in ed  by sequen tia l assignm ent o f  the  p ro te in  back b o n e  (C a rr
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Fig. 2. Reprcsenlaiivc F,/F) strips from the HCCH-TOCSY experiment taken at the a-carbon shifts (Fj) o f Leu^ (58.73 
ppm). Leu-’ (59.85 ppm), Leu"’ (55.37 ppm). Leu'" (54.26 ppm) and Leu'" (55.37 ppm). The labelled cross peaks are 
typical of the correlations seen from the a-protons (F,) o f all 13 leucine residues in the DHFR-M TX complex, with 
magnetisation being transferred along the full length o f the side chains.

et al., 1991). H ow ever, this m ethod fails for Lys*’ and Lys‘°̂  since bo th  the a -  and (3-protons 
o f  these residues have overlapping  p ro to n  chem ical shifts. T hus, the sequence-specific as
signm ents given in Table 1 for these two residues initially relied on NH-to-'yCH and -y'CH 
N O Es, observed in the 2D  N O ESY  (Jeener et al., 1979; M acura et al., 1981) and 3D '^N /'H  
N O E S Y -H M Q C  (M arion  et al., 1989b) spectra. H owever, these assignm ents have recently been 
confirm ed by triple-resonance H N C A  experim ents (Soteriou et al., unpublished results). In the 
case o f Lys^\ no assignm ents have been reported here, since it was not possible to identify a nin th  
am ino acid spin system with the correlation pattern  expected for a lysine residue, probably  
because bo th  the p ro ton  and carbon  chemical shifts for the y- and 5-positions have identical, or 
very sim ilar, values.

D IS C U S SIO N

Analysis o f  3D '^C /'H  H C C H -C O S Y  and H C C H -T O C SY  spectra recorded from  a uniform ly 
'^C/'^N labelled D H F R -M T X  sam ple has enabled us to ob ta in  com plete '^C and 'H  resonance 
assignm ents for the side chains o f  essentially all the residues in the protein. In earlier work it had 
not been possible to ob ta in  com plete side-chain assignm ents for long-chain am ino acids such as 
lie. Leu and Lys using D Q F-C O SY , T O C SY  and '^N /‘H T O C S Y -H M Q C  spectra, principally 
because m any o f  the expected cross peaks were absent for reasons described previously. C learly, 
in addition  to  the extra resolution  gained from  the th ird  frequency dim ension, the great strength  
o f H C C H -type experim ents is the substantial increase in sensitivity, which arises from  using the 
large, single-bond C-H  (120-140 Hz) and C-C (35-45 Hz) couplings to establish p ro to n -to -p ro to n  
correlations, ra th e r than  relying on the small values for two- or three-bond p ro to n -p ro to n  co u 
pling constan ts (3-15 Hz).

Previously, sequence-specific assignm ents for the y-, 5- and 5 '-protons o f the 13 leucine residues 
in D H F R -M T X  were ob tained by correlating N O E and crystal structure da ta  (H am m ond et al..
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Fig. 3. An F|/Fj slice from the HCCH-TOCSY spectrum o f the DHFR-M TX complex corresponding to the e-carbon shift 
(Fj = 43.64 ppm) of seven o f the nine lysines In the protein. The cross peaks, identified by residue number, correspond to 
intense eCH (F,) to aC H  (Fj) correlations, whilst the cluster o f peaks between 1 and 2 ppm (Fj) arises from e-to-5, -yand 
-3 correlations, as indicated for Lys'*” and Lys'". The identification of the c-to-a connectivities provided an excellent 
starting point for tracing out the complete lysine spin systems.

1986; C a rr et a!., 1991). In addition , this approach  was used to m ake stereospecific assignm ents 
for the m ethyl resonances from  12 o f  the 13 leucine residues (confirm ed la ter by exam ining 
selectively deu terated  D H F R  incorporating  (25',4/?)[5,5,5-^H3]-leucine (O stler et al., 1993)). We 
have now been able to confirm  all these previous leucine assignm ents using solely protein- 
sequence and N M R  data. Thus, since the original leucine assignm ents, including the stereospeci
fic assignm ents for the m ethyls, were dependent upon netw orks o f  long-range in terresidue N OEs, 
this agreem ent indicates that the overall tertiary  structure o f L  casei D H F R  m ust be sim ilar in 
solu tion  and in the crystal state.

In earlier N M R  studies (C arr et al., 1991) it was shown tha t the secondary-structure elements 
found in the crystal structure (four a-helices and an eight-stranded (3-sheet (Bolin et al., 1982)) 
rem ain essentially in tact in solution. The com parison o f the leucine residue assignm ents obtained 
from  the crystal-based m ethod w ith those from  the sequential assignm ent m ethod , discussed 
above, indicates th a t the tertiary  structu re is also retained. In addition , interresidue N O E s involv
ing m any o ther assigned side-chain pro tons (particularly  arom atic  resonances (Birdsall et al., 
1990)) also confirm  the observation  tha t the crystal and solution structures are globally similar. 
H owever, it should  be noted th a t small differences in structure w ould no t be detected by this 
approach  because only a qualitative com parison o f  observed and calculated N O E s is used for the 
crysta l-structure based assignm ents.

T he only crysta l-structure d a ta  available for an L  casei D H F R  com plex are those for the 
ternary  D H F R -M T X -N A D P H  com plex (Bolin et al., 1982). However, it has proved possible to 
use these da ta  to m ake crystal-based assignm ents for several o ther binary  and ternary  com plexes, 
which have subsequently  been exam ined using sequential-assignm ent m ethods, and in all cases 
there is good agreem ent between crystal-based assignm ents and the sequential assignm ents 
ob ta ined  w ithout use o f  crystallographic data. It is encouraging th a t the crystal s tructu re  for one 
com plex can be so useful for assigning the spectrum  o f a different ligand com plex form ed with the 
same enzyme. This allows a series o f  different complexes to be exam ined by N M R  w ith relative 
ease, while such an exam ination  is often difficult using X -ray crystallography.

Such crystal-based approaches to assignm ents could be im portan t for larger p roteins for which 
conventional sequential-assignm ent m ethods are difficult to apply.
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