



























































































































































































































































































































































































































































Figure 3-7. The Protein Crystals of LCMT1sp2-334. In the initial screen of seven hundred crystallization conditions with the
LCMT1sp20-334 protein about hundred conditions produced crystals. The successful crystallization conditions contained a range of
different precipitants including PEG 3350, PEG 5000, PEG 8000, ammonium sulfate, or Jeffamine ED-2001.

149



3.2 Protein Phosphatase Methylesterase 1

3.2.1 Gene Annotation and Construct Design

The protein construct deign of PME1 was carried out for two purposes, to
generate the protein suitable for X-ray crystallography and to generate the
protein for thermodynamic studies. To target the suitable domain or segment for
protein crystallization, several bioinformatic websites or softwares were used to
assist in gene construct design. According to 3D-PSSM fold recognition and
Pfam domain prediction server [219,220], PME1 contains an esterase domain
(residue position from 47 - 238) thought to catalyze hydrolysis of the
carboxylmethylester of Leu309 from PP2A. With reference to protein sequence
alignment by ClustalW [257], PME1 shares a consensus sequence
IMLIGHSMGG with lysophospholipase [(I/V/R/F)X(L/V)(L/I/Y/F/A)GHSXGG]
containing Ser-Asp(Glu)-His triad (Fig 3-8a). The secondary structure of PME1
was also predicted using PSIPRED secondary structure prediction protocol
(BCB, UCL) [228,229] to find the suitable region of PME1 for constructs design
(Fig 3-8b). Based on this prediction, there is a large flexible region in front of the
residue Asp55 which | postulated may interfere with protein solubility or
crystallization. For the protein constructs design, the residues Glu51, Met53,
Val56, Asp65, and Ser88 were chosen as alternative N-termini, whereas the

residues His370, Val382 and Cys386 were selected as alternative C-termini.

To clarify the interaction between PP2A and PME1 via thermodynamic studies,
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PME139.376, the same construct of PME1 used by a group in Princeton
University, was also made to compare with the full length PME1 in biophysical
analysis [221]. In addition, to study the effect of protein engineering and the role
of the specific polypeptide segment (residues 237-283) of PME1, additional two
protein variants, PME1_GE239.0863 and PME1_ET239.083, Were generated and

purified.

3.2.2 Molecular Cloning and Protein Expression

The PCR reactions were described in section 2.2.5.1. All PCR products were
digested and cloned into pET30aTEV vector except PME1_GE239.083 and
PME1_ET.39.083 Which were cloned into pGEX4T2 and pET442b vector
respectively. The purification of DNA from agarose gel, ligation of plasmid and
insertion, and transformation were all referred to in sections 2.2.4.3, 2.2.5.2,

and 2.2.5.3.

100 ml of LB mediums were also prepared for each PME1 construct and grown
to an optical density (ODgoonm) Of 0.6. All samples were sonicated and subjected
to SDS-PAGE analysis to confirm protein expression as described in section
2.2.6. Judged by SDS-PAGE analysis, small scale expression tests of each
PME1 construct reveal that PME1243s2 in E. coli Rosetta (DE3) pLysS,
PME126.3s2 in E. coli Rosetta (DE3) pLysS, PME139-376 in E. coli BL21 (DES3)
pLysS, PME1_ETas9.083 in E. coliBL21 (DE3) pLysS, PME1_GEx39.083 in E. coli
BL21 (DE3) pLysS and the full length PME1 in E. coli BL21 (DE3) could

express soluble protein at 30 °C.
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Figure 3-8. Gene Annotation of PME1. (a) Sequence alignment of PME1 and
several lipases was produced by 3D-PSSM fold recognition server [219]. PME1
shares a Ser-Asp(Glu)-His triad (Ser156, His349, and Asp181) with lipases and
was classed as a serine hydrolase. (b) According to the domain (yellow region)
and secondary structure prediction of PME1 by simple modular architecture
research tool and psipred (BCB, UCL) [228;229], residues in red and residues
in green are chosen as the alternative N and C termini of protein constructs.
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3.2.3 Purification of PME1 for Protein Crystallization

3.2.3.1 PME124.330 & PME1.35,

Following large-scale protein purification protocol as described in section 2.5.1,
2 mg of purified protein was obtained from 1 L cells (Figure 3-9a). In order to
identify the optimal buffer condition for the crystallization of PME124.352,
thermoflour method was utilized using a 96-well PCR plate (BioRad) with 52
different test buffers at the range of temperatures from 20 °C to 95 °C. The
profile shows that PME1.4.35> is more stable at a high pH (>7.5) and in the

presence of sodium phosphate (Figure 3-9b).

Different concentrations of PME124.352 and PME126.352 proteins (5, 10, 15, 20
mg/ml) were used to set up crystallization trails at different temperature (15 or
20 °C) using hanging drop and sitting drop methods. Although different
commercial crystallization screening kits and additive screening kits were used
to test these truncated proteins, no crystal was observed. In addition,
co-crystallization of PME1 with okadaic acid was attempted but no crystals

were obtained from these experiments.
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Figure 3-9. Purification and Thermoflour Analysis of PME12433 and
PME1 26-382- (a) The 10% SDS-PAGE analysis of the PME1 24-382 and PME1 26-382
stained by Coomassie Blue. The arrow denotes the recombinant PME1 24382
and PME126.382 protein after the large scale purification. (b) Thermofluor
analysis of buffer conditions. PME1,4.352 is more stable at higher pH and in the
presence of sodium phosphate.
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3.2.3.2 PME1.3s6

2 mg of protein was obtained from 1 L cells after the schedule of purification as
described in section 2.5.1 (Figure 3-5). Purified protein was concentrated to 20
mg/ml and subjected to a series of sparse matrix crystallisation screens using
TTP LabTech’s mosquito. However, no hits were obtained for the full length

PME1.

3.2.4 Purification of PME1 for Thermodynamic Studies

3.2.4.1 PME139.37

2.5 mg of protein could be harvested from 1 L cells after large scale purification

as described in section 2.5.1 (Figure 3-10a).

3.2.4.2 PME1_ET239.083 & PME1_GE30.083

For the PME1_GEz39.083 protein (31.6 kDa) with glutathione-s-transferase tag
(GST tag), the Glutathione Sepharose™ 4 Fast Flow beads (GE Healthcare)
column was used for the initial purification of PME1_GE235.283. To improve the
protein solubility and stability, the GST tag (27.7 kDa) was retained on the
protein. 2.5 mg of PME_GE239 protein was purified from 1 L of E. coli cell
cultures (Figure 3-10b). The schedule of purification was described in section

2.5.2.1.
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It was previously reported that NusA protein [258], 65.4 kDa, is superior in
improving protein solubility compared to other protein tags, such as maltose
binding protein (MBP) or glutathione-s-transferase (GST), used to generate
fusion proteins. However, there is no commercial resin for NusA tag fusion
protein purification. Therefore, NusA tag was linked six histidine tag at the
N-terminus in order to facilitate protein purification. Ni Sepharose 6 beads were
therefore utilized for purification of PME1_ET239.083, (64.7 kDa). After further
purification as described in section 2.5.2.2, 3 mg of PME1_ET239.083 protein was

purified from 1 L of cell cultures (Figure 3-10c).

Calibration of the size exclusion chromatography column (Hi Load 16/60
Superdex 200 Prep Grade, GE Healthcare) using both low and high molecular
weight standards (LMW and HMW Calibration Kit GE Healthcare) (Figure
3-11a), confirmed that native glutathione-s-transferase and NusA protein form
dimer and tetramer molecule respectively. However, both PME1 fusion proteins
described here, PME1_GE239.283 (GST tag) and PME1_ETo39.285 (NUsA tag),
were tetrameric in solution (Figure 3-11b) suggesting that the specific PME1

protein segment favours oligomerisation.
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A PME13q.47, after Ni-Sepharose resin purification.

B: PME13g.475, before removing TEV protease.

C: PME13g.375, after removing TEV protease.

D: PME13g.475, after size exclusion column.

E: NusA, after Ni-Sepharose resin purification.

F: NusA, after anion exchange column.

G- PME1_ETaag.03, after Ni-Sepharose resin purification.
H: PME1_ET,30.035, after anion exchange column.

Figure 3-10. 10% Acrylamide SDS-PAGE Analyses of the Purification of PME139.376, PME1_GE239.2s3 and PME1 ET239.376. ()
The arrow denotes the recombinant PME139.37¢ after large scale purification including Ni-Sepharose 6, removal of the histidine tag,
and size exclusion chromatography. (b) GST tag and PME1_GE235.283 Wwere both purified using Glutathione Sepharose™ 4 Fast Flow
beads. (c) NusA and PME1_ETasg.376, containing six histidine tag, were purified using Ni** beads, anion exchange and size exclusion
chromatography.
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Figure 3-11. Size Exclusion Chromatography Analysis of GST, NusA,
PME1_GE239.283 and PME1_ET239-233. (a) Multiple proteins from LMW and
HMW calibration kits (GE Healthcare) were applied to Hi Load 16/60 Superdex
200 Prep Grade column (GE Healthcare). The Ky, value (Ve-Vo/Vi-V,, Vo= void
volume, V; = total column volume, V. = elution volume) and log molecular
weight values were calculated for calibration curve. (b) Based on the calibration
curve, GST (27 kDa) and PME1_GE239.283 (31.6 kDa) proteins were eluted at 55
kDa and 126 kDa region respectively, whereas NusA (65 kDa) and
PME1_ET230.083 (64.7 kDa) were both eluted at approximately 260 kDa region.
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3.3 Initial Analysis of PME1 and LCMT1 Variants

3.3.1 Analytical Size Exclusion Chromatography

In addition to LCMT1g4.334 protein discussed in section 3.1.3, PME1 and
LCMT1 variants, including LCMT120.334 (36.7 kDa), LCMT17.334 (35.2 kDa),
LCMT1sp2o-334 (33.8 kDa), PME124.352 (39.7 kDa) and PME1 26382 (39.6 kDa),
were all analyzed using high resolution size exclusion column, Superdex 200
10/300GL (separation range: 10 - 600 kDa) (GE Healthcare) prior to
crystallization trials. Calibration of this column was carried out using the LMW

Calibration Kit (GE Healthcare) (Figure 3-12a).

Based on the calibration curve and trend equation, LCMT120.334, LCMT17.334,
LCMTA1 SD20-334, PME1 24-382 and PME1 26-382 Were eluted in region of 30 - 44 kDa,

thus demonstrated a monomeric form of the proteins (Figure 3-12b).
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Figure 3-12. Analytic Superdex 200 10/300 GL Column Analysis of LCMT1
and PME1 Variants. (a) The column was calibrated with LMW Calibration Kit
(GE Healthcare). To obtain the trend equation, the K,, value (Ve-Vo/Vi-Vo, Vo=
void volume, V; = total column volume, V. = elution volume) and log molecular
weights were calculated and the calibration curve generated. (b) PME1 and
LCMT1 variants were eluted at region 30 - 44 kDa were the monomeric forms of
the proteins would be expected to elute.
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3.3.2 Circular Dichroism Spectroscopy Analysis

In order to ensure that PME1 and LCMT1 variants for setting crystal tray are
well folded, LCMT120.334 (36.7 kDa), LCMT17.334 (35.2 kDa), LCMT1gp20-334
(33.8 kDa), LCMT161.334 (31.7 kDa), and PME124.382 (39.7 kDa) were analyzed
using circular dichroism (CD) spectroscopy. All data were interpreted through
CDtool program (Birkbeck College).

Based on the curves of CD wavelength scans, all LCMT1 and PME1 variants
appear to be well folded. Two negative peaks (208 and 222 nm) and one
positive peak (195 nm) demonstrate that LCMT1 and PME1 variants are

mixture of a-helix and B-sheet (Figure 3-13).
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Figure 3-13. Circular Dichroism Analysis of PME1 and LCMT1 Variants. 1
mg/ml of LCMT120.334 (green), LCMT17.334 (blue), LCMT141.334 (Cyan) and
PME124.382 (red) were analyzed via CD spectrum wavelength scan. All LCMT1
and PME1 variants contain a mixture of a-helices and B-sheets. Truncation of
residues 233-258 (LCMT17.334) or the N-terminal 20 residues (LCMT120.334) in
LCMT1 may not influence the core structure of LCMT1, as the spectra shared a
similar signal curve; however, truncation of the N-terminal 60 residues of
LCMT1 may affect the folding of the core structure.

162



3.4 Summary

Although the full-length human LCMT1 can be expressed in and purified from E.
coli, no crystals were obtained of this form of the protein and further gene
constructs for LCMT1 were designed. Amino acid sequence alignment with S.
cerevisiae PPM1 using ClustalW [257] together with a comparison of human
LCMT1 secondary structure prediction obtained by PSIPRED [228,229] and the
secondary structure from the crystal structure of yeast PPM1 [223] were
suggesting secondary structure conservation starting from the residue Asp 20
of LCMT1. Therefore, several residues preceding the first predicted a helix of
LCMT1 including Arg6, Glu7, Ser9, Thr16 and Asp20 were chosen as a
potential starting N-terminal residue of the protein products while the residues
following the last predicted B strand of LCMT1 (Thr321 and Aspr329) were
selected as alternative C-termini of the protein products to be generated for
crystallization studies. Table 3-2 gives the summary of the protein products
generated and their solubility properties; superscript denotes starting and
ending residue in the full-length LCMT1 sequence. Truncation at the residue
Thr321 at the C-terminus of LCMT1 rendered the resulting proteins insoluble.
Yields of soluble proteins generated from other gene constructs were relatively
low and their levels were enhanced through co-expression with chaperonin
molecules (GroES/GroEL) [234]. LCMT120.334 was the only protein product
that was crystalized in complex with the co-factor, S-adenosylmethionine from
crystallization conditions of 0.1 M sodium citrate (pH5.6), 2% PEG400 and 1.8

M ammonium sulfate at 22 °C.
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Limited proteolysis method was also utilized in order to detect any flexible
segments and internal loops of human LCMT1 and to potentially identify stable
protein domain. SDS-PAGE analysis showed that limited proteolysis of LCMT1
resulted in a single stable polypeptide band with migration properties
corresponding to the molecular weight of approximately 27 kDa. N-terminal
protein sequencing, mass spectrometry analysis and the prediction of trypsin
digestion sites of LCMT1 suggested that the C-terminal residue of the main
proteolytic product could be Arg236. Arg236 of human LCMT1 corresponds to
the residue Arg242 in the previously reported flexible region of the S. cerevisiae

PPM1 structure.

Three LCMT1 constructs were designed: LCMT17.334 containing residues 7-232,
a small linker EG, and residues 259-334; LCMT17.232 construct including
residues 7-232 only; and the LCMT1gpgo-334 construct including residues
20-232, a small linker EG, and residues 259-334. Similar strategy of excision of
the flexible region has been previously employed in generating a suitable
protein for crystallization of human PP2A methylesterase [221]. LCMT17.232 did
not yield soluble protein. In contrast, both protein products that lacked a
putative flexible region were soluble and the levels of soluble protein
expression were significantly higher than previously obtained such that we
were able to purify about 8 mg of protein per liter of cells in the absence of any
chaperonin molecules. In the initial screen of seven hundred crystallization
conditions with the LCMT1gpoo-334 protein more than hundred conditions
produced crystals. The successful crystallization conditions contained a range

of different precipitants including PEG 3350, PEG 5000, PEG 8000, ammonium
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sulfate, or Jeffamine ED-2001.

For protein crystallization, PME1 constructs were also designed based on the
secondary structure prediction. PME1 variants (PME124.3s2 and PME126.352)
could be successfully expressed and purified. Thermofluor analysis of various
buffer conditions identified alkaline pH and sodium phosphate salt as favouring
stability of PME12,4.352 protein, however this finding id not help in identifying

crystallization conditions for human PME1.

In addition to constructs for protein crystallization, three PME1 constructs,
PME139.376, PME1_GE239.083, and PME1_ETo39.083, Were also designed for
isothermal titration calorimetry analysis discussed in chapter five. The residues
239 to 283 of PME1, containing a stretch of acidic amino acids, that were
excised from the protein used to generate reported crystals of PME1 [221] were
generated as NusA or GST C-terminal fusion proteins. All protein constructs

were successfully purified.

165



Construct Amino Acid Sequence Solubility Crystallization

LCMT 11204 N1 »334C + -
LCMT 1oz N& »334C . )
LCMT 11220 N1 329 C + :
LChT 16220 N6 329 C + s
LCMT 124520 N24 320 C & -
LCMT 125020 N26 »320 C - -
LCMT 17821 N7 321C c c
LCMT 12321 N9 321C c c
LCHT a2 N 20 *321C - -
LCMT 120304 N 20 334C + +
LCMT Ts1a34 N61 >334 C +a ;
LCMT 17.022 N7 »232C - ;
LCMT 7.3 . 2 EG—>334C * -
LCMT 1 soma N 20 2 EGE 334 C . A

+a = The protein forms soluble aggregation

Table 3-2. LCMT1 Constructs.
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Chapter Four

Heterologous Expression of

PP2A, and PP2A. in Insect Cell
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Following the publication of the crystal structure of PP2Ap complex with
okadaic acid in 2006 [18] the crystal structures of some other proteins that form
complexes with PP2A were reported in 2007, such as PP2Ap complex with B’
subunit [17;19] or B subunit [24], and PP2AA with SV40 small T antigen [217].
Previous studies also demonstrate that SV40 small T antigen could tightly
associate with PP2A [216] and the interaction between PME1 and PP2A was
also observed in vivo [63]. Therefore, it might be possible to obtain crystals of
PME1-PP2A or LCMT1-PP2A complexes. In an attempt to co-crystallize PME1
or LCMT1 with PP2Aa or PP2A¢ or PP2Ap, purified PP2AA and PP2A¢ proteins

were needed..

It was previously reported that PP2Aa could be expressed in E. colicells [12;17],
whereas PP2A¢ could only be obtained from insect cells using baculovirus
expression system [17;19;259]. This chapter includes the results from cloning
of full length PP2AA gene in the expression vector pET28a to obtain
N-terminally his-tagged protein in E. coli cells and the cloning of the full length
PP2Ac gene in the baculovirus expression vectors pEastBacHTa (/nvitrogen)
and pBAC4x-1 (Novagen) for the use in insect cells. In addition, full length
PP2AAr and PP2Ac genes were cloned together into pBAC4x-1 for
co-expression in insect cells. This chapter also describes the results of the
over-expression of cloned constructs, as well as purification and assembly of

PP2Aaxand PP2Ac.

4.1 The Scaffolding Subunit of PP2A (PP2A,)
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4.1.1 Molecular Cloning, Expression and Purification of

PP2A,

Following PCR protocol as described in section 2.2.5.1 the PCR products were
cloned into a pET28a expression plasmid as described in sections 2.2.5.2 and
2.2.5.3. The recombinant protein included an N-terminal six histidine tag to aid
protein purification and a thrombin protease cleavage site for removal of the
tags. After the confirmation of the sequencing result and the small scale protein
expression test (see section 2.2.6.1), a large scale expression and purification
of PP2Aa were carried out as described in sections 2.2.6.4 and 2.5.3. Routinely,
about 15 mg of PP2A, was purified from 6 L culture of E. coliBL21 (DE3) plysS
cells.The N-terminal 6 histidine tag of was not removed, as protein digestion of
PP2AA by thrombin protease was nonspecific. Further purification of PP2Aa
was achieved through anion exchange column (Q FF, GE Healthcare) and size
exclusion chromatography (Superdex 200) as described in sections 2.5.3.2 and

2.5.3.3.

At this stage it was expected that protein will be sufficiently pure as previously
published protocol was followed; however, some contaminating proteins were
observed (Figure 4-1) on SDS-PAGE gels. Therefore, to obtain pure PP2Aa,
the ammonium sulphate precipitation and a protein purification using

hydrophobic interaction column were tested.
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Figure 4-1. 10% Acrylamide SDS-PAGE Analyses of PP2A, Purification by
Former Studies. PP2A,was applied to Ni Sepharose 6 (GE Healthcare), anion
exchange column (Q FF, GE Healthcare, eluted on a linear gradient between
120 and 400 mM NaCl) (lane A) and finally size exclusion chromatography
column (Hi Load 16/60 Superdex 200 Prep Grade, GE Healthcare, eluted at
65-70 kDa region) (lane B). Peak fractions were loaded onto a SDS-PAGE gel
stained by Coomassie Blue.
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Figure 4-2a shows the results of ammonium sulphate precipitation of PP2Aa
protein that was previously purified by Ni Sepharose 6 Fast Flow (GE
Healthcare) and anion exchange chromatography. Protein fraction containing
PP2Aa was applied to 20% to 40 % ammonium sulphate solution and incubated

at 4 °C for 15 minutes as described in section 2.5.3.4.

The result of the SDS-PAGE analysis suggested an enhancement in purity of
the protein and therefore the ammonium sulphate precipitation step was
included in the purification protocol. Finally, the protein was dialyzed in buffer,
25 mM Tris (pH 8.0), 50 mM NaCl and 2 mM BME for overnight at 4 °C. The
total protein amount of PP2A4 obtained after above purification was about 1 mg

from 1 litre of cell culture (Figure 4-2b).
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Figure 4-2. The Ammonium Sulphate Precipitation of PP2A, (a) The 10% acrylamide SDS-PAGE analysis visualized by
Coomassie Blue staining showed that 40% ammonium sulphate solution was successful in removing contaminating proteins. (b) New
PP2A, purification protocol and the 10% acrylamide SDS-PAGE analysis of the purified PP2A, after the final dialysis step.
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4.2 The Catalytic Subunit of PP2A (PP2Ac)

4.2.1 Molecular Cloning and Viral Expression of PP2Ac

4.2.1.1 Bac-to-Bac Expression System (/nvitrogen)

Following PCR reactions as described in section 2.2.5.1 desired PCR fragment
was cloned into the pFastBacHTa plasmid (/nvitrogen) such that expressed
protein would contain an N-terminal six histidine tag and a TEV cleavage site as
described in section 2.3.2.1. In additionspecific D88N mutation was
introduced in the active site [235] using site-directed mutagenesis kit
QuikChange (Stratagene). To obtain bacmids of this mutant, the plasmid was
transformed to E. coli DH10Bac cells containing the bacmid with a mini-atfTn7
target site and the helper plasmid. The mini-Tn7 site of the pFastBacHTa donor
plasmid could transpose to the mini-atfTn7 target site on the bacmid in the
presence of transposition proteins produced by the helper plasmid. For further
transfection, the bacmids were verified by PCR analysis and 1% agarose gel

electrophoresis.

After amplification of virus, recombinant virus was quantified using FastPlax
Titer Kit (Novagen) which can efficiently detect the GP64 envelope fusion
protein of sf9 cells (Novagen) after 8-24 hours post-infection by virus. It was

estimated that the concentration of viral stock was about 3 x 108 pfu/ml.
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Although sf9 cells perform well in cell transfection and viral titer, the doubling
time (72 hours) and protein production of sf9 cells are not as convenient as that
of High Five cells (Invitrogen). The doubling time of High Five cells is usually 18
hours and the protein production of High Five cells are usually 5 to 10 fold
higher than that of sf9 cells. Therefore, High Five cells were chosen as more

suitable for protein expression.

For small scale expression test, High Five cells in EX-405 cell medium (Sigma)
at a density of 2 x 10° cells/ml were infected with recombinant virus from the
stock at multiplicity of infection (MOI) of 3 and 6 for 24, 48 and 72 hours. The
result of this test suggested that the optimal infection was achieved with

multiplicity of infection of 3 for 48 hours (Figure 4-3a).

4.2.1.2 BacMagic Transfection System (Novagen)

In BacMagic system, PCR was carried out using primers designed to introduce
the restriction site BamHI (GGATCC), start codon (ATG), and un-cleavable 8
histdine tag at the 5 end of the PCR fragments and a Sphl (GCATGC)
restriction site and stop codon at the 3’ end. The PCR reaction was described in
section 2.2.5.1 and target sequence was observed and verified on a 1 %
agarose gel stained with ethidium bromide. PP2Ac with D88N mutation was
cloned into the pBAC4x-1 plasmid (Novagen) as described in section 2.3.3.1

[235]. For transfection, 100 ng of BacMagic DNA and 500 ng of recombinant
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plasmid were co-transfected to Spodoptera frugiperda (Sf9) cells (Novagen).
The BacMagic DNAis an AcNPV genome containing incomplete essential open
reading frame (ORF) and a bacterial artificial chromosome (BAC) in place of the
polyhedrin coding region. The target gene was cloned into the transfer vector
containing parts of baculovirus DNA sequence and polyhedrin promoter. After
homologous recombination of the transfer plasmid and BacMagic DNA in insect
cells, the function of the virus ORF1629 was restored and the BAC was

replaced by the target gene.

After amplification of virus, the FastPlax Titer Kit (Novagen) was used for
efficient titer of viral inoculum. High Five cells (/nvitrogen) was also used for
small scale of expression test. It was found that the optimal condition were
infection of a 50 ml culture at 2 x 10° cells/ml at MOI of 3 for 48 hours or at MOI

of 7 for 36 hours (Figure 4-3b).
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Figure 4-3. Transfection tests for PP2A C subunit. (a) After virus was successfully generated using bac-to-bac transfection system
(Invitrogen), High Five insect cells were infected at varying MOI and time intervals. The western blot, using anti-His-tag-antibodies
(Clontech), results showed that the optimal infection of cells was at MOI of 3 for 48 hours. (b) Sf9 cells were also transfected by using
BacMagic transfect kit (Novagen). To find the ideal condition of infection, Sf9 insect cells were infected at varying MOI and time
intervals. The western blot indicates that the optimal condition is MOI of 3 for 48 hours or at MOI of 7 for 36 hours.
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4.2.2 Solublization of PP2A¢

The recombinant PP2A¢ proteins from pFastBacHTa expression construct
contain cleavable N-terminal six histidine tag followed by un-cleavable eight
histidine residues tag whereas proteins expressed from pBAC4x-1 construct
only contain un-cleavable eight histidine residues tag at the N-terminus. The
histidine tag binds to divalent cations immobilised on a metal chelation resin.
The large scale purification of PP2A¢ from 1 litre insect cells using Ni-NTA
(Qiagen) demonstrated a low production of soluble PP2A; which cannot be
detected by Coomassie Blue staining in SDS-PAGE. However, a significant
amount of PP2Ac was observed in insoluble form (Figure 4-4); therefore, the
solubility of PP2Ac was considered to be a major problem for PP2Ac
purification. To solubilise PP2Ac, several detergents (Elugent detergent,
Zwittergent detergent and MEGA-8) and non-detergents (EGTA, NDSB-211,
Dodecanoylsucrose, Arginine, and Ethylene Glycol) were individually
supplemented to the sonication buffer (20 mM Tris pH 8.0, 150 mM NaCl, 1 %
Triton X-100 and 1 mM DTT) with the final concentration of detergent in buffer
based on the critical micelle concentration (CMC). Each sample pellet from 10
ml cells was re-suspended in each testing buffer on ice. After incubation on ice
for 20 minutes, each sample was spun and the supernatant and pellet was
analyzed using electrophoresis. This analysis showed that most of detergents
and non-detergents could be helpful to solubilise PP2Ac. While all of the
additives appeared to have increased the solubility of the expressed protein, no
additive was significantly superior and therefore, 5 mM EGTA was chosen to be

included in further purification (Figure 4-5).
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Figure 4-4. The Metal Affinity Purification of PP2A¢ from One Litre of Insect Cells. The sample from each step in Ni-NTA beads
(Qiagen) purification was loaded onto 10 % acrylamide SDS-PAGE gel and further detected by the western blot method, using
anti-His-tag-antibodies (Clontech). A low production of soluble PP2A¢ can only be observed (left picture) due to a majority of PP2A¢
protein associated with cell debris as shown by 10 % acrylamide SDS-PAGE analysis visualized by Coomassie Blue staining (right
picture).
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Contrel 8 7 6 5 4 3 2 1 M

1 20mM Trs-HC1 pHE.0, 200 mMNaCl, 1% Trton X-100, 1 mMDTT and

SmMEGTA
170 kD 2 20 mM Tn=-HC1 pH 2.0, 200 mM NaCl, 1% Tnton X-100, 1 mMDTT and
130kD 200 mM NDSB-211
85 kD
72 kD 3 20 mM Tris-HCL pH 2.0, 200 mM NaCl, 1% Trton X-100, 1 mMDTT and
55 kD 10% Ethylene Glycol
A3 kD 4 20 mM Tris-HCL pHE.0, 200mMNaCl, 1% Trton X-100, 1 mMDTT and

0.3mM n-Dodecanoylsucrose

34 kD
5 20 mM Tns-HC1 pH 2.0, 200 mMNaCl, 1% Trton X-100, 1 mMDTT and

4% Elugent Detergent (50% solution)

& 20 mMhM Tns-HC1 pH 2.0, 200 mMNaClL 1% Tnton X-100, 1 mMDTT and
10 mM Zwittergent 3-10 detergent

% 20mM Tns-HC1 pHE.0, 200 mMNaCl 1% Tnton X-100, 1 mMDTT and
S0mM MEGA-S

2 20mM Trs-HCl pH 2.0, 200 mM NaCl, 1% Toton X-100, 1 mMDTT and
200 mM Arginine

Figure 4-5. Solubilisation of PP2A¢ subunit. Various detergents and non-detergents used to improve the solubility of PP2A¢
subunit analyzed by 10 % acrylamide SDS-PAGE. The gel was detected by western blot using anti-His-tag-antibodies (Clontech).
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4.2.3 Purification of PP2A¢

4.2.3.1 Published Methods for PP2A. Purification

Various strategies were implemented in an attempt to purifiy PP2A¢; however,

none of them was successful in obtaining purified PP2Ac. The methods used

and the results that were obtained are summerised below:

1.

PP2Ac was initially purified using Ni-NTA beads (Qiagen) and then passed
through ion exchange (DEAE and Q FF, GE Healthcare) and size exclusion
chromatography (Hi Load 16/60 Superdex 200 Prep Grade) columns
(Figure 4-6a). The SDS-PAGE analysis of the sample that was purified via
this protocol clearly shows PP2Ac is not sufficiently pure (1-3) [17;19].
PP2Ac was also purified using Ni-NTA beads and followed by precipitation
by increasing concentrations of ammonium sulphate, 20%, 30% and 40%
(Figure 4-6b). The western blot indicates that most of PP2A¢ precipitates at
20% and 30% ammonium sulphate solution similarly to other
contamination.

PP2A¢ subunit was first purified from the cell-lysate using Ni-NTA beads
and the eluted fraction was the loaded on a hydrophobic interaction column
(HIC) (e.g. Phenyl HP, GE Healthcare) (Figure 4-6¢). In hydrophobic
interaction chromatography, proteins are separated based on their different
surface hydrophobic interactions with column resin that contains
hydrophobic groups attached (e.g. phenyl-, octyl-, and butyl- groups). The
surface hydrophobic characteristics of proteins are dominated by their

amino acid side chains (e.g. Trp > ILE/Phe > Tyr > Leu > Val > Met).The
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interaction between proteins and a HIC column is significantly influenced by
the salt types and concentrations in running buffer. In contrast to ion
exchange chromatography, a high salt concentration will enhance the
interaction whereas low salt concentration will weaken the interaction.
Amongst available hydrophobic interaction active groups, the strongest one
is octyl- group followed by phenyl- group and then butyl- group. PP2Ac was
successfully purified using hydrophobic interaction column, HiTrap Phenyl
HP; however, | was unable to repeat this result.

. Cell lysate was applied to 55% ammonium sulphate solution and the
precipitate was resuspended in a Tris buffer (20 mM Tris pH 8.0, 150 mM
NaCl, 5mM EGTA and 1 mM DTT) and adjusted to 80% ethanol by quickly
adding 5 volume of 95 % ethanol with 1 mM PMSF. The mixture was
immediately centrifuged at 4200 g for 5 minutes and the pellet was
extracted in a Tris buffer (20 mM Tris pH 8.0, 150 mM NaCl, 5 mM EGTA
and 1 mM DTT) and centrifuged again for 5 minutes at 4200 g. The
supernatant was subsequently precipitated by 65 % ammonium sulphate
[259;260]. Unfortunately, in contrast to the published report PP2A¢ cannot

be easily re-dissolved after ethanol precipitation.

Main problems encountered in purification of PP2Ac were low levels of protein

production and a low efficiency of histdine tag binding to Ni-NTA beads. In

order to improve his tag binding efficiency, each dialysis buffer (20 mM Tris pH

8.0, 150 mM NaCl, and 1 mM DTT) was prepared with different type of salt

ions at a range of concentrations. Usually, increasing ionic strength of a buffer

composition aids in the removal of the non-specifically bound proteins to
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Ni-NTA.

Effect of various salt concentrations in the Ni-NTA wash buffer was evaluated
by dialysis of cell lysates from 10 ml cell cultures in each buffer and the lysates
were then passed over Ni-NTA beads. The western blot analysis of these
experiments confirmed that in this case, increased salt concentration does not
result in a decreased amount of non-specifically bound proteins to the Ni-NTA

resin (Figure 4-7).

4.2.3.2 Additional Methods Used for PP2A¢ Purification

Dr. lkehara’s group [259] used modified ethanol precipitation to purify PP2A¢
protein and according to their published protocol, ammonium sulphate
precipitation preceded ethanol precipitation [259]. In our experience, while this
procedure precipitated PP2Ac the protein could not be re-dissolved in original
buffer as suggested. Thus, ethanol precipitation step at that stage was

abandoned from our experiments.

In a final attempt to improve purity of PP2Ac, proteins from the insect cell lysate
were ethanol precipitated directly without initial ammonium sulphate addition
and a Tris buffer (20 mM Tris pH 7.5, 2 mM EGTA, 0.5 mM DTT and 0.1 mM
PMSF) was used to re-dissolve PP2A¢ using homogenizer. Subsequently, the
protein sample was dialyzed in 50 mM Tris pH 8.0, 1 mM DTT at 4 °C overnight
and then subjected to Ni-NTA purification (Qiagen). Purification details are

described in section 2.5.4. The western blot and SDS-PAGE results showed a
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significant increase in PP2AC purification when this method was used,
however the efficiency of histidine-tagged PP2A¢ binding to Ni-NTA (Figure 4-8)
was still very poor. PP2Ac was not detected in the elution fractions or on the
resin either by mouse anti-histidine tag monoclonal antibody (Clontech) or
mouse anti-PP2Ac¢ antibody (BD Biosciences) respectively. It is possible that
the histidine tag is obstructed through an interaction with the rest of the PP2A¢

molecule and thus unavailable for binding to Ni resin.
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Figure 4-6. Purification of PP2Ac. (a) High Five insect cell lysate was applied to Ni-NTA (Qiagen) (lane E1, E4 and beads) and anion
exchange column (Q FF, GE Healthcare, eluted on a linear gradient between 250 and 400 mM NaCl) (lane FT, E8-11, E12-15, and
E16-20). Peak fractions were loaded onto a 10 % acrylamide SDS-PAGE gel stained by silver stain method (ProteoSilver Kits, Sigma).
(b) High Five insect cell lysate was applied to Ni-NTA beads and followed by precipitation by increasing concentrations of ammonium
sulphate, 20%, 30% and 40%. Supernatant of each fraction (20%, 30% and 40%) was loaded onto a 10 % acrylamide SDS-PAGE gel.
PP2A¢ can be detected by the western blot method, using anti-His-tag-antibodies (Clontech). (c) High Five insect cell lysate was
applied to Ni-NTA (Qiagen) (lane E1, E4 and beads) and HIC column (Phenyl HP, GE Healthcare, eluted on flow through fractions)
(lane FT). Peak fractions were loaded onto a 10 % acrylamide SDS-PAGE gel stained by silver stain method (ProteoSilver Kits, Sigma)
(right picture) and also detected by the western blot method, using anti-His-tag-antibodies (Clontech) (left picture). PP2Ac was
successfully purified using phenyl HP column; however, the result was not repeated.
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Figure 4-7. Low Efficiency of His-tag Binding to Ni-NTA. High Five insect
cell lysate was dialyzed and passed over Ni-NTA beads using different type of
salt ions at a range of concentrations. Each sample was loaded onto 10%
acrylamide SDS-PAGE gel and detected by the western blot method, using
anti-His-tag-antibodies (Clontech). The result showed that lysis buffer (20 mM
Tris pH 8.0, 150 mM NaCl, and 1 mM DTT) supplemented with different types of
salts did not improve the efficiency of his tag binding to Ni-NTA.
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Figure 4-8. Purification of PP2A¢ by Ethanol Precipitation. The sample from each step in ethanol precipitation was loaded onto 10
% acrylamide SDS-PAGE gel and stained by Coomassie Blue. To identify PP2Ac, the gel was also detected by the western blot
method, using mouse anti-PP2A¢ antibody (BD Biosciences).The western blot (left) and SDS-PAGE (right) analysis of the steps in
protein purification showed that ethanol precipitation surprisingly improved the purity of PP2Ac. However, efficiency of his-tag binding
to Ni-NTA resin remained low.
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4.3 Co-expression of PP2A,and PP2Ac

The pBAC4x-1 plasmid contains four multiple cloning sites; therefore, PP2Ac¢
and PP2Aa could be both cloned into this vector and co-expressed in insect
cells using BacMagic Transfection System (Novagen). Co-expessing the two
proteins might have an impact on soluble yields of PP2AC, as through
protein-protein interaction between A and C subunit, the stability and folding of

the C subunit might be improved.

Specific primers and the PCR reaction conditions were described in section
2.2.5.1. After the PCR products were verified PP2A, was cloned into the
second multiple cloning site of pBAC4x-1 plasmid (Novagen) which already
contained PP2A¢ gene in the first multiple cloning site (For details see section
2.3.3.2. 100 ng of BacMagic DNA and 500 ng of recombinant plasmid were
co-transfected to Spodoptera frugiperda (Sf9) cells. After amplification of virus,
and titer efficiency were determined small scale expression tests using sf9 cells
were carried out. The western blot analysis of the expression tests showed that
while PP2A, is found in soluble form in the cell lysates, unfortunately, in
contrast to our expectations, majority of PP2A¢c was found in the fraction with
the cell debris (Figure 4-9). Furthermore, the results suggest that co-expression
of PP2A and PP2A¢ did not assist in solubilisation of PP2A¢ but that the yields
of expression of PP2A, in this system were relatively high. When High Five
cells were used for co-expression of PP2Ax and PP2A¢, significant cell death

and diminished levels of PP2AA were observed.
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Figure 4-9. Co-expression of PP2A, and PP2Ac in Sf9 Cells. Each sample
was loaded onto 10 % acrylamide SDS-PAGE gel and stained by Coomassie
Blue. The SDS-PAGE showed that co-expression of PP2Ax and PP2A¢ in sf9
cells resulted in PP2A¢ subunit found only in an insoluble form.
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4.4 Assembly of PP2A,and PP2Ac

To obtain PP2A AC complex, partially purified PP2Ac was mixed with 100 ug
purified PP2A, and applied to the size exclusion column (Hi Load 16/60
Superdex 200 Prep Grade, GE Healthcare). Samples from each of the fractions
collected were analyzed using SDS-PAGE electrophoresis and the western blot
analysis, using mouse anti-PP2Ac¢ antibody (BD Biosciences). There were two
main peaks in the gel filtration elution profile. Based on the calibration of Hi
Load 16/60 Superdex 200 Prep Grade column (GE Healthcare), the first peak
(fraction 38, ~200 kDa) could be interpreted as containing dimeric PP2A AC
complex thatin a 1:1 stoichiometry would have a molecular weight of 104.1 kDa
while | would suggest that the second peak (fraction 47, ~65 kDa), contains
monomeric form of PP2Aa (67.5 kDa) (Figure 4-10) However, to clarify the
association of PP2A, and PP2Ac in gel filtration column, both samples should
be advanced analyzed through other biophysical instruments such as Mass

Spectrometry.
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Figure 4-10. Assembly of PP2A, and PP2Ac in Superdex 200 Column. Multiple proteins from LMW and HMW calibration kits (GE
Healthcare) were applied to Hi Load 16/60 Superdex 200 Prep Grade column (GE Healthcare). The Ky, value (Ve-Vo/Vi-Vo, Vo= void
volume, V; = total column volume, V, = elution volume) and log molecular weight values were calculated for calibration curve. Based
on the calibration curve, two peaks were observed at 200 kDa and 65 kDa region respectively. The first peak (fraction 38) could be
interpreted as containing dimeric PP2A AC complex (~104 kDa) or oligomeric PP2Ac while the second peak (fraction 47) could
contain monomeric form of PP2Aa (67.5 kDa). However, to identity the proteins both samples should be further analyzed. The
fractions of gel filtration were verified using 10 % acrylamide SDS-PAGE gel. To identify PP2A¢, the gel was also detected by the

western blot analysis, using mouse anti-PP2AC antibody (BD Biosciences).
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4.5 Summary

The full-length A subunit of PP2A was successfully expressed in an E. coli
expression system, whereas PP2Ac; was expressed using baculovirus
expression system. The purification procedure of PP2Aa, including Ni
sepharose 6, anion exchange chromatography (Q FF), size exclusion
chromatography and 40% ammonium sulphate precipitation, was used to
reproducibly obtain mg quantities of the protein with high level of purity (>99
%). Purification of the C subunit was less successful. The best purification
protocol for PP2A¢ incorporated ethanol precipitation step that was originally
reported in purification of the phosphatase from animal tissues [261;262].
However, the efficiency of histidine tag binding to Ni-NTA was persistently low

and precluded obtaining a protein of the desired purity.
Although PP2A, and PP2A; were both expressed in insect cells using
BacMagic transfection system, co-expression of PP2A, and PP2Ac¢ in

contrast to what was expected, decreased the solubility of PP2A¢.

Finally, to obtain PP2Ap, PP2AA and PP2Ac were mixed, assembled and

partially purified using size exclusion chromatography.
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Chapter Five

Biophysical Studies of PP2A, and
PME1 Interaction
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The structure of PME1-PP2A complex was solved in 2008 and demonstrated
that the association of PME1 with PP2A¢ will activate PME1 and lead to the
inactivation of PP2A [221]. Based on the X-ray crystal structure, this study
implied that PME1 only interacts with PP2A¢ but not PP2A4 subunit. However,
neither PME1 nor PP2A, used to form the molecular complex structure were
not in their native form. PP2Aa protein construct used in the study had HEAT
repeats 2-10 deleted while PME139.376 protein construct contained only
residues 39-238, a small tri-peptide linker EGK, and residues 284-376 at the
C-terminus. Although the authors insist that deletion of HEAT repeats 2-10 from
the PP2AA molecule has no detectable impact on the interaction between
PME1 and the PP2A core enzyme, in the absence of any supporting data, it
was suggested that the HEAT repeats 2-10 were very important for PP2Aa
interaction with B and B’ subunits [19,24]. It was previously reported that PP2Ax
HEAT repeats 2, 4 and 5 are involved in PR61-PP2A, interaction, while HEAT
repeats 3 to 7 are engaged in PR55-PP2A, interaction. In addition, not only
regulatory subunits but also small T antigen was shown to interact with the
intra-loops of HEAT repeats 3-7 of PP2Aa. Although no structural similarity
was found among PR61, SV40 small T antigen and PME1, PR61 and SV40

small T antigen interact with PP2A, at similar HEAT repeats region [217].

To evaluate putative association of full the length PME1/LCMT1 molecules and
PME139.376 With PP2A,, isothermal titration calorimetry (ITC), differential
scanning calorimetry (DSC) and surface plasmon resonance (SPR) techniques
were used. In addition, as it was previously reported that PME1 is a
PMSF-resistant, okadaic acid-sensitive PP2A methylesterase in vivo [60,63],

association of okadaic acid with PME1 was tested in vitro.
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This chapter focuses on thermodynamic studies of PME1/LCMT1 and PP2Aa
interaction using ITC and DSC. This chapter also includes SPR experiments to
confirm the observations from ITC measurements. Finally, the interaction

between PME1 and okadaic acid was analyzed using ITC method.

5.1 Analysis of PME1/LCMT1 and PP2A, Interaction

5.1.1 Thermodynamic Studies

Isothermal Titration Calorimetry (ITC) is a thermodynamic technique for
monitoring the energetics of biochemical reactions or molecular interactions
including ligand-binding reactions, enzyme-substrate interactions, and
interactions among components of multi-molecular complexes. By monitoring
directly the energy required to maintain temperature of the sample cell during
several ligand injections allows for the calculation of free energy, enthalpy of
binding (AHyp), entropy (AS), binding constants (Ky), and reaction stoichiometry
(n) of binding from one single experiment, thereby providing a complete
thermodynamic profile of the molecular interaction in a single experiment. In
addition, unlike NMR or SPR method, the reaction can be measured without
immobilization or labelling of the binding partners. Today’s ITC instrument,
VP-ITC titration calorimeter (MicroCal, LLC), is so sensitive that can detect very
weak association (Ka = 100 M"). Therefore, it's a suitable biophysical

instrument to investigate the interaction between PME1/LCMT1 and PP2A.
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5.1.1.1 Does PME1/LCMT1 Interact with PP2A,?

In order to obtain an optimal binding curve, relative concentrations of binding
partners should be first considered. The c value in the following formula is used

for the estimation of required protein concentrations.

c=Kax[M]xn (5.1)

Here, Ka is the binding constant, [M] is the concentration of the macromolecule
in the sample cell, and n is the stoichiometry of the binding reaction. The
optimal c value is between 10 and 100 in ITC experiments. The concentration

of the binding partner in the syringe is estimated as follows:

Binding partner concentration = 10 x [M] x n (5.2)

Where n is the stoichiometry of the binding reaction, and [M] is the molar

concentration of the binding material in the sample cell.

All sample proteins were dialyzed in the same buffer for heat dilution
experiments. In addition, all samples were filtered and degassed before setting
up an ITC experiment. To measure the interaction between PP2A, and the full
length LCMT1/PME1, 10 uM of the full length PP2AA was prepared for ITC
analysis with 100 uM concentration of full length LCMT1/PME1 and the

experiment was initially carried out at 10 °C. The result suggests that LCMT1
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may not associate with PP2Ax because of irregular heat change; however,
PME1 may interact with PP2AA due to the regular heat signal (Figure 5-1). This
result did not support the three dimensional arrangement in PME1-PP2A
structure. To obtain the thermodynamic parameters, additional ITC experiments

were carried out for analysis of the full length PME1 and PP2A,interaction.
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Figure 5-1. Structure of PME1-PP2A Complex and ITC Analysis of the Interaction between PP2A, and PME1/LCMT1. (a)
PME1-PP2A structure suggests that PME1 only interacts with C subunit but not A subunit of PP2A. (b) 10 uM of PP2Ax was titrated
by 100 uM PME1 or LCMT1 using ITC. The result shows that PME1 may associate with PP2A, due to regular heat change; however,
LCMT1 may not bind PP2A4 subunit because of irregular heat change.
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5.1.1.2 Thermodynamic Parameters of PME1-PP2A, Interaction

To obtain best Ka fit, the titration curve should exhibit sigmoidal shape and
clearly reach saturation at the end of the titration. The sigmoidal region of the
binding reaction should contain at least five data points. However, the first data
from ITC experiment did not show clear sigmoidal curve nor reach the
saturation baseline. Therefore, increasing the concentration of protein in the
syringe and modifying the titrating schedules were both tested in order to obtain
stronger signals. ITC experiments were carried out using the titration of 10 uM
of PP2Aa with 5 x 7-pl, 5 x 10-pl, and 9 x 15-pl injections of PME1 (300 uM) at
10, 15, 20 °C. Depending of the titration conditions the dissociation constant
was estimated to be between 10 and 20 uM. In addition, it was apparent that
the value of the dissociation constant (Kd) slightly decreases as temperature
raises. However, because the protein concentration of PP2Aain the cell was 10
uM and very near the estimated value of the Kd, the accuracy in determination
of the association constant might be diminished (Figure 5-2). Therefore, in

further experiments, the concentration of PP2Aa was increased.

The titration of 30 uM of PP2Aa with 19 x 15 - ul injections of PME1 (295 uM) at
15 °C and the titration of 25 uM of PP2Aa with 19 x 15 - ul injections of PME1
(250 uM) at 10, 20, 25 °C, respectively were performed. ITC curve fitting
analysis using one set of sites model, shows that this reaction is exothermic
and the stoichiometry (n) indicates that single PME1 molecule may interact with
one molecule of PP2A, subunit. These experiments also suggested that there
was a slight decrease in dissociation constant (Kd) value when temperature of

the reaction is increased (Figure 5-3). To find out the relationship between
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temperature and dissociation constant, all ITC data generated at different
temperatures are compared and analyzed (Table 5-1). When the temperature
reaches 10, 15, 20, or 25 °C, the value of Kd is calculated as 20, 12, 10, or 6 uM
respectively. This observation implies that PME1 may ‘prefer’ to interact with
PP2A4 at higher temperatures. In addition, data clearly showed that in these
experiments it’s difficult to reach curve saturation levels due to low value of Ka
in combination with relatively low, although maximum practically achievable
levels of protein concentration.

The binding reaction can be represented as follow:

PME1 + PP2Ax <=>PME1-PP2Ax (5.3)

It is assumed that there is only one binding site for PME1 per PP2AA The

association constant is defined as

Ka = [PME1-PP2Aa] / [PME1][PP2Ax] (5.4)

and the dissociation constant is

Kd = [PME1][PP2Aa] / [PME1-PP2A4] (5.5)

where [PP2Ax]r - [PME1-PP2A4] + [PP2A4] is the total concentration of PP2Aa.

The fractional saturation (F) of PP2A, sites is

F = [PME1-PP2A,] / [PP2Ax}r = [PME1]/ Kd + [PME1] (5.6)
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The mathematical relationship between the bound and the free PME1
concentrations will be a rectangular hyperbola. Half saturation occurs when
[PME1] is equal to Kd. [PME1] = 9 x Kd gives only 0.9 saturation. The 0.99
saturation will be reached only when the concentration of PME1 is equal to 99

Kd.

Based on this formula, if Kd is small (~ nM), even small concentrations of free
protein will give F = ~1. The dissociation constant of PME1 and PP2Ax binding
reaction is about 6 to 20 uM. Therefore, the final concentration of PME1 in
sample cell should be at least 600 uM to reach 99 % saturating curve at 25 °C.
It also means that the concentration of PME1 in the syringe should be about 3
mM due to the volume of sample cell of 1.4 ml being about 4.7 times larger than
the volume of the syringe. However, it's impossible to obtain 3 mM PME1

because of the precipitation of PME1 at concentrations approaching mM range.

It could be considered to measure PME1 and PP2A, binding reaction at higher
temperatures in an attempt to obtain saturation of reaction. But unfortunately,
when temperature reaches 30 °C, PP2A will start to unfold, judged by the
differential scanning calorimetry data (see 5.2.1). It will be difficult to estimate
the percentage of well-folded protein in ITC experiments. Therefore, it's not
suitable to measure the binding reaction of PME1 and PP2A4 at temperatures
above 30 °C and further experiments were carried out at the best possible

optimal conditions.
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PP2Aa(uM) PME1(uM) Salt Schedule (°C) Kd N AH (Calimol) AS
(M) ({Calimol)/K)

10 300 50mMNaCl  57-pl, 5 10-pl,and945-p1 10 1814 1.14%0.27 9765+ 2910 427

10 300 50mMNaCl  57-pl, 5 10-pl,and 91541 15 11.8% 1 0.9 0.0794 7982+ 846.9 543

10 300 50mMMNaCl  57-pl, 510-pl,and915-p1 20 104208  0.81120.0672  -6544% 657 0.532

25 250 50mMNaCl 1915l 10 20£2 0.79+0.0479  -8317%699.5 79

25 250 50mMNaCl 1915l 20 1011 0691200351  -4470% 307.3 7.83

25 250 50mMNaCl 1915l 25 6.2+ 0.6 1.02+0.0197  -4122%1225 9.99

30 295 50mMNaCl 1915l 15 14%2 0903 0.0506  -6041%507.2 1.34

203

Table 5-1. ITC Analysis of the Interaction between PP2A, and the Full Length PME1.



o o o
10€ $55E 20°C
Time (min) Time (min) Time (min)
<10 0 10 20 30 40 50 &0 70 &0 ©0 100110 410 0 10 20 30 40 50 60 7O 80 90 100110 -10 0 10 20 30 40 50 &0 70 B0 ©0 100110
000 L T Wb R e e e e R e T T 0.00 <L ™ LRt i T e 8 i 4 P o ke T 0.00 L kb A AR RS R SRR TS
i i | | 1 f | (|
-0.05 4 B -0.05 - | B =005 =
| | | ! | | I
010 4 II| ] 0,10 < | - 0.10 ‘ ||| .
2 |l 2 1! 3 ]
%-0_15- | 4 %.ou_ ‘ 4 2 0154 || | 4
S | (¥} | i
0.20 - | - 2 .20 = = .0.20 E
0,25 o - -0.25 - <0.25 o -
0,30 Jermr e ] P i : : T -0.30 ; ; : : e
o4 : 04 1 o |
1 L]
X - - mm - amen®
& gum®HE & an®" & "
5 = 5 - i L]
] [
LR n" i L ) "
c 5 al £ L] [ -
5. " . " 6 -
@ o @ o o =
=] = <]
E Py £ o E
= T .. |
2 4+ [] o 4 2 -4
SO SO Y L e

0500051015 2025302354045 5085
Molar Ratio

T T G .50 [T e e |
D5000510152025303540455055

Malar Ratio Molar Ratio

Figure 5-2. ITC Titration Data Describing the Formation of PME1-PP2A, Complex at Different Temperatures. Titrations were
performed in 25 mM Tris (pH 8.0), 50 mM NaCl and 2 mM BME buffer. Raw data show the titration of 10 uM of PP2AA with 5 7- ul, 5
10 - Wl and 9 15 - wl injections of PME1 (300 uM). The solid smooth line represents the best fit of the experimental data to a single
binding site model.
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5.1.2 Surface Plasmon Resonance Analysis

Surface plasmon resonance is used to measure the changes in refractive index
occurring at the metal surface upon association between the two partners [263].
To confirm the association of PME1 and PP2Aa, BIAcore™ X-100 with NTA

sensor chip (GE Healthcare) was used [264].

BlAcore™ X-100 can detect real-time binding signal enabling kinetic
characterization, association constant determination and detection of weak and
transient binding events. For protein-protein interaction, the sensitivity of
association rate constant (ko) and dissociation rate constant (ko) are 10%- 10’
M's"and 10°- 10" s respectively. Therefore, the sensitivity of dissociation
constant determination (Kd) is 100 uM - 1 pM. Sensor chip NTA is used for
immobilization of histidine tagged analytes. The matrix, carboxymethylated
dextran, is pre-immobilized with nitrilotriacetic acid (NTA) which will chelate Ni**
to trap molecules containing histidine tag. This method not only controls steric
orientation of the immobilized interaction partner for optimum site exposure but

also can be easily regenerated by injection of EDTA to remove metal ions.

30 uM of PME1 (42 kDa) and 50 nM of PP2A, (67 kDa) were prepared for
Biacore analysis and 30 uM of LCMT1, which has similar molecular weight (38
kDa) and no interaction with PP2Aajudged by ITC experiment, was used in a
control experiment. The binding partner immobilized on the chelating NTA chip
was 50 nM PP2A, and the association with analyte (PME1 or LCMT1) was
allowed to occur during 60 sec before dissociation step. The output signal of

Biacore is measured in resonance units (RU) proportional to a change in mass
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of the immobilized protein. The sensorgram clearly shows that PME1 but not

LCMT1 will interact with PP2A4 (Figure 5-4).
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Figure 5-4. BlAcore Analysis of the Interaction between PP2A, and PME1/LCMT1. Sensorgram showing the evolution of
resonance units versus time during association and dissociation measurements performed in BlAcore instrument. The binding
partner immobilized on the chip is PP2Aa and the association is individually measured in the presence of 30 uM PME1 (42kDa) or 30
uM LCMT1 (38kDa). The association time is 60 seconds before the flow is changed to analyte-free buffer for dissociation

measurements.
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5.2 Interpretation of Positive Heat Capacity Change

The heat capacity (Cp), first described in details by Joseph Black, Scottish
chemist (1728-1799), is defined as the heat taken up or released per unit
change in temperature from a material at constant pressure. This heat capacity
is readily measure and it can be used to calculate changes in the enthalpy. The

formula can be expressed as follows:

H(T2) = H(T1) + Cp x (T2 = Ty), (5.7)

where T is the temperature of the system in state 1 and H(T>») is the enthalpy of

the system in state 2. Another way of writing equation (5.7) is

AH = Cp x AT, (5.8)

where AH = H(T,) - H(T4) and AT = T, — T4. The equation (5.8) can be also

written as follows:

Cp = AH/AT, (5.9)

such that the heat capacity at the constant pressure can be determined from a
plot of H versus T in the interval AT. When Cp is constant throughout the
temperature range, H versus T will be constant. For many molecules including
proteins, Cp is effectively constant over small range of temperature in the

absence of a change of phase.
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For proteins, the heat capacity (Cp) is contributed by the covalent, non-
covalent interaction, hydration and the state of protonation terms of charged
residues. The burial of polar and non-polar residues in the protein is indeed
accompanied by the heat capacity changes that have an opposite sign,
negative for non-polar groups and positive for polar groups. The equation
describing this relationship was proposed by Makhatadze and Privalov (1995)

as follows:

ACp = 2.1 4 AASAnon_po|ar - 0.88 AASAp0|ar, (5-1 0)

where ACp is heat capacity change, AASAnon-polar IS Water accessible surface
area for non-polar groups, and AASA,. . is water accessible surface area for

polar groups [265].

Most of the protein-protein/DNA/ligand interactions have a negative heat
capacity change due to a hydrophobic effect, the removal of non-polar
molecules from water [266-268]. However, in our case, a positive heat capacity
change is observed in the thermodynamic parameters (Figure 5-5). A positive
heat capacity change normally occurs as the protein is unfolding [269-272].
With regard to purified proteins in solution, both folded and unfolded states
have their own enthalpy respectively. The heat capacity change between folded
and unfolded state at constant pressure is Cpunfold - Cproild = ACp g Where Cpunfold
is the heat capacity of the unfolded state and Cpxoq is that of folded state. For
the enthalpy difference between the folded and unfolded states of a protein, this

equation can also be written as follows:
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AHG(T2) = AHg(T1) + ACpax (T2-T+), (5.11)
AHq4°= enthalpy of denaturation

where heat capacity change is temperature independent.

In contrast to most of the protein-protein interactions or protein folding process,
positive AC, 4 is related to the increase in hydrophobic surface contact with the
solvent. The side chains of hydrophobic core are largely sequestered from the
solvent in the folded state. Does it mean that PME1 or PP2A, is unfolding
during the ITC experiment? To characterize the melting temperature and
unfolding procedure of full length PME1 and PP2A,, the differential scanning

calorimeter VP-DSC (Microcal, LLC) was used.
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Figure 5-5. Heat Capacity of PME1-PP2A, Interaction. The positive heat capacity change could be observed in PME1 (250 uM) -
PP2AA (25 uM) interaction.
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5.2.1 The Melting Temperature Scan of PME1 and PP2A,

Measuring of AH and melting temperature (Tm) can be done with differential
scanning calorimetry (DSC), which measures heat absorbed as a function of
temperature. Based on the DSC thermograms, it could be concluded that
melting process of PP2A4 corresponds to a two-state and irreversible transition

model.

PP2Aa tod  =>  PP2Aa, unfold (5.12)

The PP2A, started to unfold, when temperature reached 30 °C and the melting
temperature is about 54.1 °C. In contrast to PP2A,, the melting curve for PME1
only fits a non-two-state and irreversible transition model with the melting
temperature of 57.7 °C. These data indicate that in the process of unfolding

PME1 goes through a distinct intermediate state.

PME1wg => PME1, => PME1 0 (513)

Unlike PP2A, PME1 was more stable and started to transition at 53 °C. Both
proteins are well folded below 30 °C. Furthermore the measurement of 25 uM of
PP2AA and PME1 mixture in DSC experiment revealed that PME1-PP2Ax
complex starts to melt after 42 °C (Figure 5-6) with the melting temperature of
PME1 and PP2A complex reaching only 54 °C. In other words no significant
additional stabilization of the proteins was observed upon complex formation,

compared to the melting temperatures of the individual components.
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All ITC measurements of PME1 and PP2A, interaction were performed
between 10 and 25 °C. Therefore, PME1 and PP2A, are both unlikely to unfold
in ITC experiments. Thus, not unfolding but another factor dominates PME1
and PP2A, interaction that contributes to the observed positive heat capacity

change.
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Figure 5-6. Differential Scanning Calorimetry of PME1, PP2A,, and PME1-PP2A, Complex. DSC transitions for 50 uM of
PP2Ax (green), PME1 (red) and PME1-PP2AA complex (blue) in Tris buffer (25 mM Tris, 50 mM NaCl, pH 8.0) represents the melting
temperature (Tm) of each protein and indicates all samples for ITC experiment are stable below 30 °C.
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5.2.2 The Theory of Positive Heat Capacity Change

There are very few examples for positive heat capacity change such as the
formation of the phosphofructokinase tetramer [272], the interaction of the brain
natruretic peptide with heparin [273], and elF4E binding to mRNA S’cap [274].
These studies demonstrated that dehydration of polar molecules will lead to
positive heat capacity change and suggest that PME1 may interact with PP2Ax
via a polar region. To find out the targeted region for PME1 to interact with
PP2Aa, the sequence of full length PME1 and PME134.376 were compared using
ClustalW2 (EMBL-EBI) [257]. The sequence alignment of full length PME1 and
PME134.376 shows that there are three main segments that have been truncated.
The distribution of polar and non-polar residues are equal in the truncated
N-terminal segment (residues 1-38) and the C-terminal segment (residues
376-386); however, the middle polypeptide segment (residues 239-282)
contains almost 77% polar residues that might potentially be forming PP2Aa
subunit interaction surface (Figure 5-7). This interpretation would be in an
agreement with an apparent lack interaction of PME139.376 and PP2Aa in the
three-dimensional structure of the complex. But does PME139.37¢ really have no
site of interaction with PP2AA? To answer this question, PME139.376 construct

was required for isothermal titration calorimetry experiments.
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Figure 5-7. Comparison of PME1 and PME139.576 Protein Sequences. The multiple sequence alignment of full length PME1 and
PME139.376 by ClustalW2 (EMBL-EBI) [257] shows that the sequence segment containing residue 242 to 283 includes 77% polar
residues (green) and 23% non-polar residues (red).
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5.3 Interaction of PME139.376 and PP2A,A

5.3.1 Does PME134.5376 Interact with PP2A,?

As the Isothermal titration calorimetry and BlAcore results of full length PME1
and PP2A, interaction seem to be inconsistent with the crystal structure of the
PME139.376-PP2Aa complex solved in 2008 a construct of PME1 (PME139.376),
composed of residues 39-238, a small linker EGK, and residues 284-376 was
constructed and used in ITC analysis [223]. The measurements was taken by
titrating 10 uM of PP2AA with 5 7- ul, 5 10 - wl and 9 15 - pl injections of
PME14.386/PME139.376 (300 uM). Even though the thermodynamic parameters
of the association between full length PME1 and PP2AA were previously
obtained, the raw data from this experiment suggested that PME139.376 has lost
the capacity to interact with PP2Aa (Figure 5-8). This finding is consistent with
the reported three-dimensional X-ray crystal structure of PME139.376-PP2A
complex, where PME139.376 indeed exhibited no interaction with PP2As. The
results of the ITC experiment also suggest that the middle polar amino acid
segment (residues 239-282) of PME1 may play an important role in

PME1-PP2A, interaction.
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Figure 5-8. ITC Analysis for PME1.336-PP2A 5 or PME139.376-PP2A interaction. 10 uM of PP2Aa was respectively titrated with 5
7-ul,510 - uland 9 15 - ul injections of 300 uM PME139.376 (right figure) or full length PME1 (left figure) at 10 °C. The result suggests
no interaction between PME139.376 and PP2Aa due to the truncation of the putative PP2A, interacting region..
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5.3.2 Electrostatic Interactions

The truncated sequence (residues 239-283) of PME1 not only includes several
charged residues, but also contains a highly polar region. Is it possible that
PME1 interacts with PP2A, via electrostatics? To further understand the
electrostatic interaction of PP2A, and PME1, a 25 uM sample of PP2As was
titrated with 19 15 - ul injections of PME1 (250 pyM) under a range of sodium
chloride (50, 100, 150, and 500 mM) and magnesium chloride (100 uM) in
buffer, 25 mM Tris, pH 8.0, and 1 mM B-mercaptoethanol (Table 5-2). The raw
data demonstrated that increasing salt concentration may neutralize the
charges in the segment, residue 239 to residue 283, and interfere with the
association of PME1 and PP2Aa through electrostatic interaction. This
bservation further supports our explanation regarding a loss in capacity of
PME139.376 to interact with PP2Aa (Figure 5-9). Finally, these results are
consistent with of the proposed interpretation for the observed positive heat

capacity change of PME1 and PP2A, interaction.
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PP2Aa (uM) PME1 (uM) salt schedule (s C) Kd N AH (cal/mol) AS
() ((Calfmol)/K)

25 250 50 mMh M=Cl 19 15-pl 10 2012 0.79 £ 0.0470 831765995 -7.9

25 250 100 mha 18 15-pl 10 31%5 0.833£0111 9709+ 1785 -13.16
MaCl

25 250 150 mha 19 15-p] 10 n.d. n.d. n.d. n.d.
MaCl

25 250 500 mM 19 15-pl 10 Mo Mo Mo Mo
MzCl

25 250 100 ph 19 15-pl 10 2614 0.817£0.1 -11780 £ 2000 -20.5
MgCi2

Table 5-2. The Analysis of PP2A,- PME1 Interaction in Different Salt Conditions Using ITC Instrument.
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Figure 5-9. The Electrostatic Interaction of PME1-PP2A, Complex. The figure shows the titration of 25 uM of PP2Ax with 19 15 -
ul injections of PME1 (250 uM) at different sodium chloride concentration, 50, 100 and 150 mM and indicates that increasing salt
concentration will interfere with the association of PME1 and PP2Asthrough electrostatic type of interactions.
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5.3.3 The Putative Site of PME1 for PME1-PP2A, Interaction

Based on the previous experiments, the polar segment (residues 239 to 283) of
PME1 may play an important role in dominating PP2Axand PME1 interaction.
Truncation of this segment from PME1 will completely abolish the interaction
between PME1 and PP2Aa. PP2Aswas shown to interact with other proteins
such as regulatory subunits and small T antigen. Do these proteins also contain
the similar segment in their protein sequence? The sequence of PME1 was
compared with PR61, PR55, and SV40 small T antigen respectively via
pairwise sequencing alignment using blastp (NCBI) [275] and ClaustalW
(EMBL-EBI) [257]. Unfortunately, there is no similarity among these proteins. In
addition, highly polar region segment was not observed in PR55, PR61, or
small T antigen interacting with PP2A4. Although these proteins all interact with
PP2Aaat similar region (HEAT repeats 2 to 7), the participating residues from
the interacting proteins are very different and it will be difficult to postulate a

common mode of interaction.

The next question that was investigated was whether the specific polar amino
acid segment (residues 239 to 283) was sufficient for the interaction with PP2Aa
to occur even within the context of a different protein (not PME1). Will the
protein with the same polypeptide segment engineered be able to associate
withPP2AA? To improve the  solubility of the  polypeptide,
glutathione-s-transferase and NusA fusion proteins were created incorporating
this segment at the C-terminus. PME1_ET39.083 containing NusA sequence
and PME1_GEgs9.083including GST tag were made and successfully expressed.

In addition, native GST tag and NusA protein were also expressed and purified
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to be used in the control ITC experiments.

In order to ensure that glutathione-S-transferase and NusA protein will not
interact with PP2A,, 100 uM of glutathione-S-transferase and NusA protein
were titrated with with 19 15 - ul injections into the cell containing 10 uM of
PP2Aa at 10 °C. The ITC signal showed that there was no interaction between
native GST or NusA protein and PP2A due to non-significant heat change

(Figure 5-10a).

PME1_GEz39.083 and PME1_ET239.083 Were also prepared for ITC experiment.
150 uM of PME1_GE239.083 and PME1_ET239.083 were used to titrate 20 uM
PP2AA at 10 °C. Unfortunately, no significant heat change signal could be
observed in these ITC measurements either (Figure 5-10b). Three explanations
for the observed lack of interaction could be put forward. First, the residues 239
to 283 of PME1 may not be the only target site in PME1 and PP2A, interaction.
Second, the residues 239 to 283 are situated in the middle of PME1
polypeptide chain, whereas in PME1_GEzzg.083 and PME1_ET239.083 they were
connected with the C terminus of glutathione-S-transferase or NusA protein.
The specific protein topology context within the PME1 may thus be required for
the formation of the appropriate binding surface and influence the interaction.
Finally, native glutathione-S-transferase will form dimer (55.4 kDa) and NusA
protein is normally a tetramer (260 kDa). However, when these two proteins
were fused with residues 239 to 283 of PME1, PME1_GEax39083 formed
tetramer (126 kDa) while PME1_ET239.283 still kept original tetrameric form (258
kDa) based on the calibration results of the size exclusion chromatography, Hi

Load 16/60 Superdex 200 Prep Grade column (GE Healthcare). Interestingly
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addition of the polar polypeptide segment seems to have induced further

oligomerisation of the glutathione-S-transferase.

Although, the experiments described here clearly showed that PME1 polar
residues segment 239-283 is necessary for PP2A, interaction, current data
does not show that the specific polypeptide region is sufficient for the reaction
to occur. Perhaps the only way to show details of PME1-PP2A interaction would

be by determining the structure of a full length PME1-PP2A complex.
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Figure 5-10. The ITC Analysis for PME1_GE230.083 /PME1_ET239.033 and PP2A, Interactions. (a) The ITC analysis showed that
there is no interaction between either NusA or GST protein and PP2Aa. (b) No significant heat change was detected in
PME1_GE239-283/PME1_ET239.083 and PP2A experiments, suggesting lack of interaction between these molecules.
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5.4 A Potential Inhibitor of PME1

The okadaic acid, a toxin found in bivalves, causes diarrhetic shellfish
poisoning. The molecular formula of okadaic acid is C44HgsO13, a derivative of a
Css fatty acid [276]. In addition, okadaic acid is a strong inhibitor of PP1, PP2A,
and PP2B. The inhibitory effect of okadaic acid is strongest for PP2A, followed
by PP1, and then PP2B. In vitro, PP2A is inhibited by okadaic acid at a
concentration of 1-2 nM and the dissociation constant of the inhibition on
protein serine / threonine phosphatase 2A is about 30 pM. Therefore, okadaic
acid was a potential tumor promoter through inhibiting PP2A and PP1

[101:277].

Previous studies suggested that PME1 is an okadaic acid-sensitive
methylesterase in vivo. Thus, PME1 may associate with okadaic acid. If it’s true,
okadaic acid would be a good ligand for co-crystallization with PME1. In order
to determine the thermodynamic parameters of PME1-okadaic acid interaction,
10 uM of PME1 was prepared for ITC analysis with 19 15 - ul injections of 100
uM okadaic acid at 10 °C. However, there is no significant heat change in
PME1-okadaic acid experiment suggesting that okadaic acid is not PME1
ligand (Figure 5-11). This data is not consistent with the results of an in vivo
study reported by Stock’s group [278]. Previously, it was shown that okadaic
acid interferes with the demethylation of PP2A and the author proposed that
okadaic acid may be an inhibitor of PME1. Most likely, PME1 not only
associates with the C terminus of PP2A¢ but also interacts with the active site of

PP2A¢ at the same time and thus it may compete for binding with the okadaic
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acid. This suggestion is supported by the structure of PME1-PP2A complex.
The details of PME1 and PP2A¢ interaction were described in chapter one
(1.2.1). The binding affinity of okadaic acid for PP2A¢ is rather high and it either
competes PME1 out or it may act as an allosteric inhibitor of PP2A¢c and PME1

interaction.
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Figure 5-11. Isothermal Titration Calorimeter (ITC) Analysis of PME1 Binding Ability to Okadaic Acid. 300 pl of okadaic acid
(100 uM) was prepared for the binding reaction with 1.4 ml PME1 (10 uM). The titration protocol included 19 15 pl injections.This
analysis demonstrated that PME1 does not directly interact with okadaic acid.
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5.5 Summary

The results of ITC and BlAcore experiments both support the thesis that PME1
but not LCMT1 can interact with PP2Aa. This result is not consistent with the
reported crystal structure of PME139.376-PP2AHeAT1,11-15 complex showing that
PME1 only associates with PP2Ac. In addition, a positive heat capacity change
suggested a highly polar region of dehydration during PME1-PP2Ax interaction.
This region was determined to include polar amino acids segment of residues
239 to 283 of PME1. This segment was omitted in the protein used to obtain

the crystal structure of PME139.376-PP2AnEAT1, 11-15 cOmplex.

The analysis of PME139.376-PP2AA interaction using ITC equipment also
supported the hypothesis that PME139.376 lOst its ability to associate with PP2Aa.
Increasing ionic strength of ITC buffer interferes with the association of PME1
with PP2Aa due to the neutralization of electrostatic interactions through the

highly polar region, residues 239 to 283.
Finally, although PME1 was demonstrated an okadaic acid sensitive protein in

vivo, no interaction was observed between PME1 and okadaic acid in ITC

analysis.
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Chapter Six

X-ray Crystallography of LCMT1
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Although the structure of Saccharomyces cerevisiae protein phosphatase
methyltransferase 1 (PPM1) was solved in 2004 [223], the structure of human
leucine carboxyl methyltransferase 1 (LCMT1) is still unknown. Based on the
PSIPRED secondary structure prediction [228,229], several constructs,
including LCMT1¢1.334, LCMT14.321, LCMT1g9.321, LCMT146.321, and LCMT 129321,
of LCMT1 are accomplished and expressed in E. coli cells. Unfortunately, only
LCMT161.334 could express soluble proteins. In addition, only the LCMT 120334
construct, made by Dr. Roger Geroge in our group, could express soluble
protein and form crystals [234]. However, the resolution of the LCMT120.334
protein crystals (7 A) is not suitable for structure determination. Several
methods were also used for the refinement of crystals from LCMT120.334
construct. Recently, new constructs, LCMT17.23, LCMT17334 and
LCMT1sp20-334, Were designed based on limited proteolysis method. The
LCMT17.334 and LCMT1gp2o-334 cOnstruct could express large amount of soluble

protein (6 mg per Liter cells).

In addition, LCMT1gpz0.334 construct protein can form crystals. The 2 A
resolution of LCMT1gpgo-334 crystal enabled solution of the structure of human
LCMT1. This chapter includes the development of LCMT150.334 and
LCMT 1sp20-334 Crystals and the improvement of crystal quality of LCMT12¢.334. In
addition, a model of LCMT1 was generated using the bioinformatic program,
Modeller 9v2 [231], for molecular replacement. Finally, the structure of human
LCMT1 was determined and compared with yeast PPM1. This structure

suggested the potential mode of interaction between PP2A and LCMT1.
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6.1 Molecular Modelling

Based on the secondary structure comparison of LCMT1 and PPM1 as
described in chapter three, the structure of PPM1 and LCMT1 are most likely
very similar. In order to understand the catalytic mechanism and predict the
structure of human LCMT1, a full length model was generated using the
program Modeller (Figure 6-1a) [231]. The yeast protein phosphatase
methyltransferase 1 (PPM1) was used as a template. In addition, the generated
model of LCMT1 could be used for the molecular replacement methods of
phase determination. The model was analyzed using PROCHECK [232] and a

summary of the data obtained from PROCHECK is shown in Figure 6-1b.

(a)

AT Yeast PPM1

Human LCMT1 fresidues 1-332)

Sequence kentity 28%
Ramachandran plot 0.7% disallow

(Lys329 & Lys162)
Chil-Chi2 torsion angle Twvo dizallow

(ILE125 & Trpd 05)
Residue properties 1. 0 chi value dizallow

2 Seven omegs torsion angle dizallove (Asp19, Arg26, Serl 61,

Wall 99, Arg233, Arg247, and Gly253)

3. Mz ceviation : 5.6 (Cys184)

4 Bond leniangle: 6.8 (Asn270

5 Bad cortacts: 7
G-factors (abouve -0.5) (overall average) -0.06
Main-Chain bond length 9E.7% within limitz
Main-Chain bond angle 93.4% within limitz
Planar groups 100% within limits

Figure 6-1. The Model of Human LCMT1. (a) The overall structure of LCMT1
and PPM1 (PDB: 1RJG) [223] are very similar. (b) The model was further
assessed using PROCHECK [232].
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6.2 The Refinement of LCMT1,¢.334 Crystals

The crystallization conditions for LCMT120.334, mixed with the ligand
S-adenosylhomocysteine (Sigma) in a 1:1 molar ratio, were screened using
commercial screen kit by vapour diffusion hanging drop or sitting drop method.
Some irregular small crystals could be found in conditions containing
ammonium sulphate and PEG as describe in section 3.1.3. This condition was
similar to those previously reported by Dr. Roger Geroge in our laboratory [234].
Therefore, this crystallization conditions were further refined. Some methods
used for improvement of crystal diffraction quality and the refinement of
crystallization conditions, such as dehydration, annealing and seeding are

discussed in the following sections.

6.2.1 The Optimal Condition for LCMT15,.334 Crystals

The original condition for LCMT 159.334 Crystallization is 0.1 M Na-citrate (pH 5.6),
2 M ammonium sulphate, 0.38 M Na-K tartrate, 2 % PEG 400, 4 % acetone and
5 mM DTT at 22 °C. However, the crystals from this condition were not only
small but also irregular and weakly diffracting. To refine the condition, the pH
value, type of buffer, and the concentration of other components were all
slightly adjusted. Based on manual hanging drop screening, the optimal pH
range for LCMT12.334 was about pH 6.0 to pH 6.3. Protein was more likely to
precipitate at pH value above 6.3 or below 6. The pH range is more important
than the type of buffer. Protein was also crystallized in MES, MOPS, and

phosphate buffer in different pH range. A lot of small and irregular crystals

234



(about 0.02 mm) will be easily formed within 24 hours when higher
concentration of the main precipitant, ammonium sulphate (1.8-2.0 M) was
used. When the concentration of ammonium sulphate is slightly lowered (about
1.6 M -1.4M), the size of protein crystal will reach 0.6 mm and the crystals were
well developed after 72 hours (Figure 6-2). Potassium sodium tartrate, PEG
400, and acetone very slightly impacted the size of crystals. Increasing the
concentration of these precipitants will lead to the precipitation of protein.
Therefore, the optimal crystallization condition for LCMT124.334 is 0.1 M sodium
citrate (pH 6.3), 1.6 M ammonium sulphate, 0.38 M potassium sodium tartrate,
2 % PEG 400, and 4 % acetone at room temperature. Unfortunately even
though the crystal size could reach 0.7-0.8 mm, maximum x-ray diffraction
resolution for these crystals is only 7 to 7.5 A. Synchrotron radiation increased

the resolution only to maximum of 6.5 A.

6.2.2 Additive Screening Method for New Crystal Form

To improve the quality of crystal, Additive Screen Kit (Hampton Research) and
the Opti-Salt Suite (Qiagen) were used for additive screening. 0.1 M sodium
citrate (pH 6.3), 1.6 M ammonium sulphate, and 2 % PEG 400 were all kept in
crystallization reagent for mixing with additives as described in section 2.7.6.3.3.
Unfortunately, only similar protein crystals were observed in additive condition,

potassium sodium tartrate.

6.2.3 Dehydration of Crystals

The unit cell size may be related to the low resolution of LCMT 129334 Crystals. A
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lot of factors such as protein size, the tightness of the protein packing, protein
number in asymmetric unit will determine the unite cell size. Therefore,
dehydration of crystals could remove the excess solvent content, tighten
packing of the protein molecules and reduce the size of the solvent channel.
Four methods were employed for LCMT12.334 protein crystals dehydration as
described in section 2.7.6.3.1. Due to the high concentration of salt in
crystallization reagent, salt crystallized in very short time and reagent condition
also changed rapidly. Therefore, the LCMT120.334 crystals were seriously
damaged in method | and Il. In method lll, although the reagent was not
exposed to air, directly transferring crystals to higher concentration of
precipitants resulted in crystal damage. Finally, LCMT120.334 crystals were
tested in the last method, method IV, and analyzed using low temperature x-ray
diffraction (-173 °C). The resolution of crystals was slightly improved but not

very significantly (Figure 6-3).

In addition, MicroRT™ Capillaries (MiTeGen) were used for salt dehydration of
LCMT129.334 Crystals as described is section 2.7.6.3.1. Each capillary was filled
with each kind of salt resulting in different relative humidity. For dehydrating the
protein crystal, the crystal was serially transferred to each capillary for 30
minutes at room temperature to decrease the relative humidity. Each protein
crystal was applied to low or room temperature x-ray diffraction. The increased
mosaicity of diffraction patterns showed that protein crystals were seriously

impaired through this method (Figure 6-4).

Thus, the dehydration method did not significantly improve the resolution of

LCMT 120334 crystals and, the protein packing may not be a reason for low
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diffraction resolution of crystals.

6.2.4 Annealing Method

The uniformity of the unit cells also plays an important role in scattering pattern.
Disordered unit cell will increase mosaicity and reduce the diffraction resolution.
Sometimes, crystal annealing method can reduce disorder induced by flash
cooling. The methods were described in section 2.7.6.3.2. Unfortunately, both
methods did not improve the resolution of the crystals (Figure 6-5). The
uniformity of unit cell may not be related to the low resolution problem in

LCMTA1 20-334 crystals.

6.2.5 Seeding Method

All x-ray diffraction experiments showed that there were always very few
scattering spots in each diffraction pattern. It may suggest very few unit cells or
very large unit cell size in one crystal. The low resolution of the data may be a
consequence of a large size of the unit cell which contains a lot of molecules in
one asymmetric unit. Therefore, finding a new crystal form may be the only way
to solve the problem. To achieve this purpose, a seeding method and
generation of new protein constructs were both tested in search for a new

crystal form of LCMT1.

To optimize the quality of crystal, seed bead kit (Hampton Research) was used

in generating seeds of protein crystals. Seeding will assist crystals to form in the
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metastable zone which provides reproducibility and improvement of a
crystallization experiment. In addition, by placing a seed or solution of seeds in
a drop can help crystals, which cannot spontaneously nucleate, to grow from
seeds and by performing serial dilutions from a concentrated seed stock, one
can control the number of crystals grown in the drop. The detail of seeding
method for LCMT 120334 was described in 2.7.6.3.4. Although a lot of crystals
were formed in different conditions, no new crystal form was observed in the
screening tray. The hexagon crystals were also analyzed through x-ray

diffraction; however, no breakthrough was observed in these experiments.
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0.3mmcrystalat 100K

0.6 mm

LCMT120-334

0.1M sodium cirtrate (pH 6.5), 4% acetone, 2% PEG400,
0.38M Na-K tartrate, 1.6M ammonuim sulfate, 5mM DTT

Figure 6-2. The Development of LCMT12033s Protein Crystals. The
crystallization condition of LCMT120334 was refined and optimized. The
diameter of largest protein crystal can reach 0.6 to 0.7 mm. However, the
resolution of these crystals was not significantly improved.

239



—es—

1.6 M (NH,),50,
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1.7 M (NH,),50,

0.3 mm crystalat 100K

8 hours each
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1.8 M (NH,),50, 2.0 M (NH,).50,

Figure 6-3. The Dehydration Method of LCMT1.334 Crystals through
Increasing Precipitants. The protein crystals were dehydrated and
equilibrated over reservoir containing serial increase of concentration of
precipitant, ammonium sulphate. The x-ray diffraction analysis showed that the
resolution of protein crystals was not significantly improved.
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Salt Solubility (g/ml) r.h.

Sodium Benzoate 067 88%
Potassium Chloride 040 86%
Cadimonium Chloride 141 82%

0.4 mmcrystalat 293 K 0.4mmcrystalat 100K

Figure 6-4. The Salt Dehydration Method of LCMT12.334 Protein Crystals.
The protein crystal was serial situated in each capillary, containing different
types of salt, for 30 minutes; thus, the relative humidity was serially decreased
to dehydrate the protein crystal. Here, when the relative humidity reached 82%,
the protein crystals were starting to crack. Therefore, the potassium chloride
was used for crystal dehydration. The left and right figure showed the x-ray
diffraction of crystals at room and cold temperature respectively. Unfortunately,
both results are not satisfactory.
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0.3 mm crystalat 100K

200 pl 3 mins

'

Cryo-protectant

./ Cryostream

Cryostream

Figure 6-5. Two Anneal Methods for Crystals. Two methods were applied for
LCMT1 crystal annealing. The method one (up left corner figure) seriously
damaged the crystals. In method two (down left corner figure), the diffraction
pattern showed that annealing of crystals did not improve the resolution.
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6.3 New Constructs

6.3.1 Crystallization of New Construct Protein

The new constructs were designed based on the limited proteolysis method
and well expressed in E. coli cells as described in section 3.1.1.2 and 3.1.3 The
LCMT1,.334 protein was also set up in crystal trays using the sitting drop method
through high throughput screening. However, only phase separation could be
observed in some conditions of screening kits, ammonium sulphate suite and
PEG suite (Qiagen), which is similar with the condition for LCMT120.334 protein
crystallization. The LCMT120.334 crystallization buffer was also used and
adjusted for LCMT17.334 protein. Unfortunately, no crystal was formed in these

conditions.

LCMT129.334 was not very soluble but could form crystals, whereas LCMT17.334
was very soluble but no protein crystallization occurred. Combining both
characters in one construct may be helpful for protein solubility and crystal
growth. LCMT1gp20-334 Was designed based on these two constructs. Like
LCMT17.334, large amount of LCMT1sp2o-334 protein could be harvested from E.
coli cells. As prediction, this protein could successfully form crystals in several
conditions with different precipitants (PEG 3350, PEG 5000, PEG 8000,
ammonium sulfate, or Jeffamine ED-2001) (Fig 3-7). The resolution of crystals
(1.7 to 2 A) was also greatly improved. The pentaerythritol ethoxylate was a
good cryoprotectant for low temperature X-ray diffraction. The crystal from the

condition, 0.05 M Bis-Tris pH 6.5, 0.05 M ammonium sulfate and 30%
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pentaerythritol ethoxylate, was chosen for X-ray data collection.

6.3.2 Structure Determination

The images from charged-coupled device (CCD) detectors were processed
using the program, d*TREK (Rigaku) [246]. A list of Bragg reflections contains
their Miller indices (h, k, I), the integrated intensities / (hkl), and standard

deviations, sigma (/). The summary of data collection was list in Table 6.1.

The crystal structure of the human LCMT1 was determined through molecular
replacement program, Phaser/CCP4 suite [233]. The homology model for the
core structure of LCMT1 as the starting model was described in section 6.1.
The initial model covered ~75 % of the amino acid residues, including residues
62-108, residues 114-137, residues 157-231 and residues 258-321, present in

the polypeptide chain used to obtain crystals.

After molecular replacement, the structure was refined using RefMac/CCP4

suite [233]. The final refinement statistics are also listed in Table 6.1.
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LCMT 1gp20-334

Data

Space group

Unit cells (A) (a, b, ¢)
Resolution ( A)
Measured reflections
Unique reflections
Completeness (%)
Rmerge

/o (1)

Refinement Statistics
Resolution Range
Rcrysl
Rfree
Mean B factors (Az)
Water molecules
r.m.s.d.bond length (A)
r.m.s.d. bond angles (°)
Ramachandran plot (%)
(Favored, allowed, disallowed)

P2,2:2,
49.09, 63.30, 81.8
17.53-2.0 (2.07-2.0)
76195 (4418)
17062 (1587)

96 (91.2)

0.057 (0.335)

17.5 (2.2)

17.53-2.0 (2.07-2.0)
0.20

0.26

32.8

138

0.016

1.6

(98.6, 100, 0)

T Rmerge= 2n2.i | Th,i - <Ih> 1/ 2,2 <Ih> where Ih,i is the ith used observation for unique
hkl h, and <Ih> is the mean intensity for unique hkl h. & With respect to Engh and

Hubber parameters (Engh & Hubber, 1991).

Table 6.1 Data Collection and Refinement Statistics
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6.4 The Crystal Structure of Human LCMT1

6.4.1 The Overall Structure of Human LCMT1

Human LCMT1 belongs to the Class | AdoMet-dependent MTase family, a
member of the FAD/NAD(P) binding Rossmann fold superfamily (Figure 6-6a)
[279]. The main structural feature of LCMT1 is a seven-stranded B-sheet
flanked by a-helices, with the core B-strands arranged in the following order, B3,
B2, B1, B4, B5, B7, and B6. The strands (B1 to 5 and 36) surrounded by the six
a-helices (aZ and aA to aE) are parallel, whereas 37 is anti-parallel (Figure
6-6a). In addition to the core domain, several insertions were observed in the
human LCMT1 structure. Structural insertions in members of the Rossmann
fold superfamily contain substrate recognition motifs and variations in these
insertions amongst the methyltransferases are associated with their observed
differences in substrate specificities [280]. Even orthologous proteins from
different species exhibit significant differences in these embellishments to the
core protein fold. Based on the spatial arrangement around the central B-sheet
in human LCMT1, variations to the core topology can be grouped into three
regions: the B3-p2 region, the B1-B4-B5 region and the B7-B6 region. In the
B3-B2 region, helix a3 and strand BA join helix aB to aC to pack against strands
B3 and p2. Although, other proteins might have embellishments at this site,
their structures differ significantly. For example, in the structure of the
bacterial protein methyltransferase CheR, there is a small subdomain at this
position, which serves as a point of the attachment to its membrane associated

substrate [281]. In the B1-B4-B5 region, helices a4, a1l and a2 are placed at the
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C-terminal edge of the central 3-sheet, near the entrance to the enzyme active
site. Location of the N-terminal helices a1 and o2 is similar to the location of
the N-terminal regions in other methyltransferases, where they have been
implicated in substrate recognition [281].  In the B7-B6 region, three helices,
a5, a6 and a7, create a topological insertion arranged in a triangular fashion,
while packing against helix aZ through hydrophobic interactions. Helices at, a5,
a6 and a7, as well as the associated connecting loops, are all in the vicinity of
helix aZ such that they completely bury the N-terminal end of the helix aZ inside
the hydrophobic core of the protein (Figure 6-6b). The role of the described
topological additions and insertions to the Rossmann fold is dual: it is both
structural, in providing the stabilizing hydrophobic environment for the central
B-sheet, and functional, in creating the platform for the site of the specific
interactions with the substrate, in this case the PP2A molecule. The crystal
structure of human LCMT1 is missing a 26-residues long polypeptide fragment
that would represent the fourth site of the topological insertions, located
between strand 5 and the helix aE and this part of the structure would also be
placed at the C-terminal edge of the central -sheet thus forming the entrance
to the active site together with other described inserted structural elements
(Figure 6-7). The corresponding region in the yeast structure, labeled aY in
Figure 6-7, exhibited great flexibility and it is tempting to postulate that this
domain acts as a lid for the active site that enables substrate interaction and
that might become ordered upon binding of PP2A. Superimposition of PPM1
structure including that region on the structure of LCMT1 indicates that the
region could not be accommodated within the same crystal form of LCMT1, as it

would interfere with crystal packing, which might explain the difficulty in
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crystallizing the full-length form of the protein.
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B7 —B6 Region

Bl — B4 — B5 Region
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B1 — B4 — B5 Region B7 — B6 Region

Figure 6-6. The Overall Structure of LCMT1. (a) Topology diagram of human leucine carboxyl methyltransferase 1. (b) The core
structure of LCMT1 containing a seven-stranded B sheet (B3, B2, B1, B4, B5, B7, and 36) flanked by six a-helices (aZ and aA to aE)
belongs to the Class | AdoMet-dependent methyltransferase 1 family. The colours of secondary structure elements are represented
as follows: the core structure of methyltransferases, green; insertions in the f3-f2 region, yellow; the insertion in the f1-B4-B5 region,
cyan; the insertion in the B7-B6 region, pink. A ribbon diagram of LCMT1 generated with PyMOL viewer (DeLano Scientific LLC). The
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same colour scheme was used as in Fig. 1A. (c) Detailed view of the structural embellishments to the core methyltransferase domain:
region B3-B2 (a3 and BA), B1-p4-B5 (a1, a2 and a4), and B7-B6 (a5, a6, a7 and a8).
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Figure 6-7. Comparison of Human LCMT1 and Yeast PPM1. The sequence
alignment, based on the superimposition of yeast PPM1 and human LCMT1
structure, is shown on the top of the figure. The secondary structure elements
of human LCMT1 and yeast PPM1 are indicated above the aligned sequences.
The colour assignment for the secondary structure of human LCMT1 is the
same as in Fig.1. Dashed lines coloured black and red represent gaps in the
sequence alignment or protein loops, respectively. The amino acid residues
coloured in blue are associated with AdoMet. The Saccharomyces cerevisiae
PPM1(1RJD) (orange) and human LCMT1 (green) structures were
superimposed using Coot 0.6.1. Helix aY in the yeast PPM1 structure is absent
from the LCMT1 structure and it was replaced by the EG dipeptide.
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6.4.2 Comparison of Human LCMT1 with Yeast PPM1

The molecular replacement method was utilized to solve the crystal structure of
human LCMT1 using the crystal structure of yeast PPM1 (PDB id 1RJG) [223]
to generate a starting model for the rotation/translation function searches. Initial
attempts to solve the structure with a PPM1-based homology model of LCMT1
failed and the successful solution was obtained only with a greatly stripped
model of LCMT1. Specifically, the successful molecular replacement model
contained the core structure corresponding to the residues 61-321 with all
loop/insertion regions removed. The omitted residues were subsequently built
into the electron density maps during the process of model building and
refinement. The superimposition of the structures of human LCMT1 and S.
cerevisiae PPM1 (1RJD), using the program Coot 0.6.1 [253], shows that the
core regions of the two proteins are very similar, with a root mean square
distance of 1.3 A for 231 Ca-atoms of the aligned residues despite a relatively
low sequence identity for the overlapping sequence (~30 %) (Figure 6-7). As
expected, the structures exhibit main differences within the associated variable
segment. For example, in the B1-B4-B5 region of the human LCMT1 core
structure, a short helix a2 is flanked by two flexible long loops, whereas in the
same area of yeast PPM1, this part is replaced by a long a helix with a sharp
kink in the middle giving the appearance of two helices (Figure 6-7). In contrast,
helix a1 within this insertion is strongly conserved in its topology and sequence
between LCMT1 and PPM1, most likely due to the direct participation of this
helix in the formation of the AdoMet binding site. Additional variations include

conformational differences of the a3-loop-BA connection between the helix aB
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and strand B3, significant differences in lengths and relative orientation of the
C-terminal helices a5, a6, and a7, and the presence of an additional single
helical turn a8 at the C-terminal end of LCMT1 (Figure 6-7). Clearly, the
structural differences reflect species-specific determinants of protein-protein
interactions with the respective partner substrates or potential regulatory

proteins.

6.4.3 S-adenosylmethionine Binding Site

An initial electron density map, following the successful molecular replacement
solution, was examined for any un-modeled electron density within the core of
the LCMT1 structure and we could clearly identify the position and
conformation of the AdoMet molecule that was included in the crystallization
(Figure 6-8a). The cofactor adopts an extended conformation that is commonly
found in AdoMet-dependent methyliransferases and the superimposition of
AdoMet binding sites of human LCMT1 and that of yeast PPM1 shows that
residues interacting with AdoMet are highly conserved between two proteins
(Figure 6-8b). The adenine ring of the bound AdoMet is sandwiched between
hydrophobic residues Phe123 and Leu172 in LCMT1, while the equivalent
residues in the PPM1 structure are Tyr129 and Leu176. Similarly, as it is the
case in many other nucleotide-binding proteins, hydroxyl oxygen atoms from
the ribose moiety are positioned in the active site through interaction with the
acidic residue, Asp122 in LCMT1, specifically. At the other end of the AdoMet
molecule, the carboxylate group is engaged in an ionic interaction with the

conserved residues Lys37 (a1) and Arg73 (aZ) while the amino group forms
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hydrogen bonds with the backbone carbonyl oxygen from Gly98 (B1-aA
connection) and Glu198 (4) (Figure 6-8b). However, further away from the
zone of direct interaction with AdoMet but lining the cavity that creates the
binding pocket for the cofactor, there are some significant differences such as
the presence of lle126 in LCMT1 in place of Ser132 in PPM1, Val200 in LCMT1
instead of Leu203 in PPM1, or Arg173 at the top of the adenine ring in LCMT1,

compared to Asn177 at the equivalent position of PPM1.

In the structure of human LCMT1 presented here, AdoMet does not appear fully
buried into the active site with the side of the cofactor containing the activated
methyl group being relatively exposed — AdoMet has a contact area of 17 A?as
calculated by AreaMol/CCP4 [233]. In contrast, in the structure of yeast PPM1

(1RJD), AdoMet is covered by the beginning of the N-terminal helix a1, which is
partially unraveled in the structure of LCMT1. Although the full-length LCMT1

protein contains an additional 20 residues at the N-terminus, the sequence
content of that N-terminal segment, dominated by Ser and Cys residues, would
suggest that the region is unstructured, at least in the absence of substrate, and,
thus, we do not anticipate that the N-terminal residues would be occluding
AdoMet in the context of the full-length protein. Partially exposed AdoMet and
the surrounding funnel shaped opening indicate an entry site for the carboxyl
terminal motif of the PP2A catalytic subunit (T***PDYFL3%) which is methylated
by LCMT1 on the terminal carboxyl group to form an alpha-leucine ester
modification (Figure 6-8c). Examination of a molecular surface of PPM1

identifies a deep and narrow grove that leads toward the only exposed side of

the cofactor — an activated methyl group of the bound AdoMet molecule (Figure
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6-9a). The equivalent orientation of the human LCMT1 molecular surface
reveals a similar groove, strongly suggesting that an extended form of the

PP2Ac C-terminus might approach AdoMet through that site.
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binding region

B (S108)

Figure 6-8. Active Site of Human LCMT1. (a) The electron density of AdoMet
can be clearly observed in the sigma-weighted (2mF,-DF, a.) electron density
map calculated with the initial model after the molecular replacement solution
was obtained. The model at that stage included only 75 % of the residues and
no AdoMet. The map is shown at a level of 1.0 o (0.33e/A%) with the final refined
coordinates for LCMT1 overlaid. (b) Superimposition of the human LCMT1
(green) and yeast PPM1 (orange) structures shows conservation of the AdoMet
binding site. Several hydrogen bonds between AdoMet and human LCMT1
residues are indicated in dashed lines. Residue numbers corresponding to
PPM1 are shown in brackets. (c) The putative PP2A binding site is indicated on
the superimposed structures of human LCMT1 and yeast PPM1. The site of
excision of residues 232 to 259 and replacement by EG linker in human LCMT1
is also indicated.
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Figure 6-9. Model of the protein-protein interaction with PP2A. (a)
Qualitative representation of the surface electrostatic potential of LCMT1 was
generated in PyMOL viewer (DeLano Scientific LLC). Molecular surfaces of
yeast PPM1 (left) and human LCMT1 (right) shown in the equivalent
orientations reveal narrow grooves providing access to the cofactor. AdoMet
is shown as van der Waals spheres representation with atoms of carbon,
sulphur, oxygen and nitrogen coloured green, yellow, red and blue respectively.
In both images an activated methyl group bound to the sulphur atom is visible.
Above the active sites in both molecules, there are areas of positively charged
surface (blue region) suggesting an additional site of association with PP2A. (b)
Areas of negative surface potential of PP2Ap (red) that might be involved in
binding LCMT1. (c) Isothermal titration calorimetry experiments revealed no
effective binding between PP2A, subunit and LCMT1.
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6.4.4 Putative Mode of PP2A Interaction with LCMT1

Over the past several years, the structures of several proteins forming
complexes with PP2A have been determined, including the structure of the
holoenzyme with the B’ (PR61) [17,19] or B (PR55) subunits [24], the structure
of SV40 small-T antigen in complex with the PP2A scaffolding subunit (PP2Aa)
[217] and methylesterase PME1 with the PP2A core enzyme (PP2Ap) [221],
and these structures can provide some clues regarding LCMT1 interaction with
PP2A. While B’ (PR61), B (PR55) and SV40 small-T antigen associate with
both catalytic PP2A¢ and scaffolding PP2Aa subunits, PME1 was observed to
interact only with PP2Ac. The PP2Aa subunit, which is composed of HEAT
repeats, uses different sets of these repeats for intermolecular interactions with
various partners, such that HEAT repeats 2, 4 and 5 are involved in the
PR61-PP2Ax interaction, whereas HEAT repeats 3 to 7 are associated with the
PR55-PP2A, interaction. The SV40 small-T antigen, on the other hand,
interacts with the intra-HEAT-repeat loops of HEAT repeats 3-7 of the PP2Ax
subunit. The association of PP2A¢ with various regulatory proteins is even

more diverse, due to the different functions that these proteins perform.

Although it is the C-terminal carboxyl group of the PP2Ac subunit that is
methylated, the substrate for the LCMT1 enzyme is a PP2Ap core enzyme — a
complex between the A and C subunits. Furthermore, LCMT1 does not exhibit
any activity towards the synthetic peptide corresponding to the conserved
C-terminal motif of the PP2A¢, suggesting that LCMT1 would also need to

recognize other molecular features of PP2A in addition to Leu309. LCMT1
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might use protein/protein interactions to orient its active site appropriately
towards the C-terminus of PP2A¢ which, otherwise, would be a poor substrate
and this mode of interaction might involve recognition of specific surfaces on
the A subunit or a direct interaction with the C subunit at a site additional to that
of the C-terminus, in a fashion similar to that seen for the methylesterase PME1
[221]. Qualitative examination of the electrostatic surface potential of LCMT1
reveals a positively charged area of the protein (Figure 6-9a) just above the
deep groove leading to the cofactor. This surface is formed by the helices a2,
aB and the flexible loop linking a2 to aZ of human LCMT1. Examination of the
electrostatic surface potential of the core PP2Ap enzyme reveals two
complementary negatively charged regions, one on the C subunit and another
formed by the C-terminus of PP2A¢ and the N-terminal HEAT repeats of the A
subunit, suggesting that either of these regions might be involved in
protein/protein interaction with LCMT1 (Figure 6-9b). However, isothermal
titration calorimetry experiments with 100 uM full length LCMT1 did not detect
any association between LCMT1 and PP2A, as no significant heat change was
observed (Figure 6-9c). Thus, we would suggest that either the binding
constant for PP2A, is very low, contrary to what would be expected for the
proposed charge-charge surface interaction, or that LCMT1 might only

associate with PP2Ac. Further verification of this model is needed.

6.5 Summary

LCMT 12334 was the only protein product that was crystalized in complex with

the co-factor, S-adenosylmethionine from the optimized crystallization
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conditions of 0.1 M Na-citrate (pH 6.5), 1.6 M ammonium sulphate, 0.38 M
Na-K tartrate, 2 % PEG 400, 4 % acetone and 5 mM DTT at 22 °C. However,
these crystals diffracted only to 7 A and were not suitable for structure
determination. Several methods were used to improve diffraction quality of the
crystals including additive screening method (Hampton Research), dehydration
using MicroRT™ Capillaries (MiTeGen), crystal annealing and seeding method
(Hampton Research) but neither method was successful in improving
diffraction pattern suggesting that additional protein constructs would need to

be considered for crystallization in order to obtain a different crystal form.

New constructs were designed based on secondary structure prediction and
limited proteolysis. The crystals from the variant LCMT 1gp20-334 protein were
also successfully developed in various precipitant buffers. A single crystal from
one of the conditions (0.05 ammonium sulphate, 0.05 M Bis-Tris chloride pH
6.5, 30 % pentaerythritol ethoxylate) was used to collect diffraction data that

were used to solve the structure.

Crystal structure of human LCMT1 exhibits strong conservation of the core of
the globular structure including the AdoMet binding site. Unique structural
elements that represent variation to the common topology are most likely
involved in protein/protein interactions with its substrate — the catalytic subunit
of the key cellular phosphatase PP2A. LCMT1 is involved in regulation of
methylation-dependent PP2A holoenzyme assembly however the full
implications of this modification are not well understood. The crystal structure

of LCMT1 could be exploited for the development of the specific inhibitors that
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would be used as molecular tools for investigation of PP2A methylation in vivo.
The truncated form of enzyme that we described here is very soluble and
crystallized under a range of conditions thus it would provide an excellent

platform for the crystallographic studies of the putative inhibitors.
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Chapter Seven

Conclusions and Discussion
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Protein phosphatase 2A is an important protein involved in several essential
cellular mechanisms that has been a subject of investigation for many years
[10,74,75]. Cancers and Alzheimer’s disease were related to de-regulation of
PP2A [96-100]. In addition, two main modes of regulation of PP2A,
phosphorylation and methylation, were studied for almost two decades.
Phosphorylation at Tyr807 of PP2A¢ leads to the inactivation of PP2A [50-53];
however, the role of methylation and demethylation, carried out by LCMT1 and
PME1 respectively, at Leu309 of PP2A; was debated for several years. More
recently, it was demonstrated that the methylation state of the catalytic subunit

is a key mechanism for the assembly of a PP2A holoenzyme [72].

Tight binding of PME1 to PP2A was demonstrated in vivo several years ago
together with the role of PME1 in de-methylation and stabilization of PP2A¢ [63].
Recently, the three-dimensional structure of PME1 and PP2A was determined
suggesting that in the trimeric complex of PP2AA, PP2Ac and PME1, as
expected, PP2A¢ is in contact with the methylesterase but there was no
interaction observed between PP2A, and PME1 [221]. In contrast, our SPR
and ITC studies showed direct association of PP2As with PME1 and the
thermodynamic parameters of this interaction were obtained. To gain an insight
into the molecular characteristics of PME1 interaction with PP2Aa, ITC
experiments were carried out at different temperatures and saline buffers.
Positive heat capacity change suggests that interaction between PME1 and
PP2A, is via polar residues. Increasing the concentration of salt interferes with
the electrostatic nature of interaction between PME1 and PP2Aa. Finally, the

truncated PME1, PME139.376, l0ses its ability to associate with PP2Aa due to the
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deletion of an important amino acid segment (residues 239-282) that is most

likely required for interaction.

In the crystallographic structure of PME1-PP2A complex, a large space
between truncated PME1 and PP2As can be clearly observed and, in the
context of a complex that would be formed between the full-length PME1 and
PP2A,, it might accommodate the truncated polypeptide segment (residues
239-282) of PME1. To support this assumption, the structure of PP2A-PR61
[17,19], SV40 small t antigen-PP2A, [217] and PP2A-PME1 complex [221]
were superimposed and analyzed (Fig 7-1). Although no structural similarity
was found among PR61, SV40 small t antigen and PME1, PR61 and SV40
small t antigen interact with PP2A, at similar HEAT repeats region. HEAT
repeats 2, 4 and 5 are involved in PR61-PP2A interaction and SV40 small t
antigen interacts with the intra-loops of HEAT repeats 3-7 of PP2Aa. HEAT
repeats 3 to 7 are positioned beneath the proposed space for the truncated
segment (residues 239-282) of PME1. Additionally, the superimposition shows
that this space bellow the residues 238 and 283 of PME1 is occupied by two a
helices of PR61 in a structure of a complex of PP2A with PR61. Secondary
structure prediction of PME1 using PSIPRED indicates that the truncated
segment (residues 239-282) of PME1 is composed of two a helices connected
by a loop. Thus | would propose that HEAT repeats 3 to 7 of PP2Aa are not only
the target for PR61 and SV 40 small t antigen, but also the site of PP2Aa

interaction with for PME1.

It would be necessary to determine the three-dimensional structure of the full
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length PME1 in a complex with PP2A in order to fully describe molecular basis
of their interaction. Further efforts will be made to isolate full length
PME1-PP2AA complex for crystallization studies. Data described in this thesis
imply that PME1 which can interact individually with either PP2Aa or PP2Ac¢

may play additional role in the mechanism of PP2A regulation.
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Figure 7-1. The superimposition and comparison of PP2A complexes. The
structure of PP2A-PR61 (PDB: 2NYM), SV40 small t antigen-PP2A, (PDB:
2PKG) and PP2A-PME1 (PDB: 3C5W) complex were superimposed using
CCP4mg program. PR61 and SV40 small t antigen interact with PP2A, at
similar region, HEAT repeats 3 to 7. A large space (black square) observed
beneath the residues cys238 and lys283 may be occupied by the missing
polypeptide segment (residues 239-282) in a complex between the full-length
PME1 and PP2A. Hence, PME1 may also interact with PP2A, at HEAT repeats
3to7.
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High resolution diffracting crystals of human LCMT1 crystals were generated.
The crystal structure of human PP2A LCMT1 exhibits strong conservation of
the core of the globular structure including the AdoMet binding site. Unique
structural elements that represent variation to the common topology are most
likely involved in protein/protein interactions with its substrate — the catalytic
subunit of the key cellular phosphatase PP2A. The crystal structure of LCMT1
could be exploited for the development of the specific inhibitors that would be
used as molecular tools for investigation of PP2A methylation in vivo. The
truncated form of the enzyme that we described here is very soluble and
crystallized under a range of conditions thus it would provide an excellent
platform for the crystallographic studies of the putative inhibitors. Furthermore
inhibition of LCMT1 might have therapeutic potential in cancer, as it was shown

that LCMT1 is required for cell cycle progression and cell survival.
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