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ABSTRACT. To determine how much information can be transferred from folding and unfolding studies of
one protein to another member of the same family or between the mesophilic and thermophilic homologues
of a protein, we have characterized the equilibrium unfolding process of the dimeric enzyme serine
hydroxymethyltransferase (SHMT) from two sourcBscillus subtilis(bsSHMT) andBacillus stearo-
thermophilus(bstSHMT). Although the sequences of the two enzymes are highly identi@al%) and
homologous (89%), bstSHMT shows a significantly higher stability against both thermal and urea
denaturation than bsSHMT. The GdmCI-induced unfolding of bsSHMT was found to be a two-step process
with dissociation of the native dimer, resulting in stabilization of a monomeric species, followed by the
unfolding of the monomeric species. A similar unfolding pathway has been reportégdberichia coli
aspartate aminotransferase, a member of the type | fold family of PLP binding enzymes such as SHMT,
the sequence of which is only slightly identicat4%) with that of SHMT. In contrast, for bstSHMT,

a highly cooperative unfolding without stabilization of any monomeric intermediate was observed. These
studies suggest that mesophilic proteins of the same structural family even sharing a low level of sequence
identity may follow a common unfolding mechanism, whereas the mesophilic and thermophilic homologues
of the same protein despite having a high degree of sequence identity may follow significantly different
unfolding mechanisms.

There have been conflicting reports in the literature about amino acid substrates in different structural protein contexts
the conservation of folding pathways of homologous proteins. (10). Goldsmith and colleagues classified PLP-dependent
A few studies have shown that homologous proteins with enzymes into five different fold types on the basis of amino
high levels of sequence identity or structural homology have acid sequence comparison, predicted secondary structure
similar folding mechanisms1{5). However, studies on  elements, and available three-dimensional struct@®. (
fB-sheet proteins with nearly identical structures reported a Among these enzymes, the type | fold or aspartate ami-
markedly different folding mechanism for these prote)s (  notransferase family of proteins is the best structurally
On the basis of these reports, it was argued that the proteinscharacterized fold type as of the 27 PLP-dependent enzymes
having a high degree of sequence identity along with high with known three-dimensional structures, this family contains
o-helical content exhibit similar folding pathway8)( One 18 of them (2). The enzymes in this class are catalytically
of the ways to validate this suggestion is to compare the active as homodimers but in some cases assemble into larger
folding—unfolding mechanisms of mesophilic and thermo- complexes. Each subunit folds into two domains: a large
philic homologues of a protein having a high degree of domain (the PLP binding domain) and a small domain (the
sequence identity. There are a few comparisons of kinetics C-terminal domain). The N-terminal part of the chain does
of folding and unfolding of mesophilic and thermophilic not have a common fold within this class. Serine hydroxym-
homologues of protein®2( 7—9). However, not much has ethyltransferase (EC 2.1.2.1), a PLP-dependent enzyme
been reported about the comparison of the equilibrium which belongs to the type | fold family of PLP-dependent
unfolding pathways of these proteins. enzymes, is widely distributed in nature, and found both in

Pyridoxal 3-phosphate (PLP)s a versatile cofactor that ~ prokaryotic and eukaryotic celld?). SHMT from Escheri-
is able to catalyze a spectrum of reactions on a variety of chia colias well as from several bacterial sources is dimeric,

whereas the enzyme from mammalian sources is a homotet-
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carried out Furthermore, the unfolding pathway of SHMT
has also been compared with that reported Eor coli

Bhatt et al.

Circular Dichroism MeasurementdCD measurements
were taken with a Jasco J810 spectropolarimeter calibrated

aspartate aminotransferase, a mesophilic protein which is awith ammonium {+)-10-camphorsulfonate. The results are
member of the type | fold family of PLP enzymes having a expressed as relative ellipticity and plotted as percentage
very low degree of sequence identity but a high degree of values. The CD spectra were recorded at enzyme concentra-
structural homology with SHMT. tions of 1 and 1QuM for far- and near-UV measurements,

respectively, wit a 1 mmcell at 4°C. The values that were
EXPERIMENTAL PROCEDURES

obtained were normalized by subtracting the baseline re-
Overexpression and Purification of bsSHMIhe expres-  corded for the buffer having the same concentration of
sion plasmid containing th&. subtilis SHMT gene was

denaturant under similar conditions.
transformed into the BL21(DE3) strain & coli. A single Synthesis of PyP-SHMThe reduction of PLP aldimine
colony was inoculated into 10 mL of LB broth containing

was achieved according to the procedure of Cai and Schirch
100 ug/mL ampicillin and grown overnight at 37C. The

1.
cells were inoculated into 250 mL of LB medium containing  8-Anilino-1-naphthalenesulfonic Acid (ANS) Fluorescence
100ug/mL ampicillin and grown for 3 h. For overexpression,

Measurementd-luorescence spectra were recorded with a
the cells were induced with 0.4 mM isopropgyip-thioga-  perkin-Elmer LS 50B spectrofluorometer & 5 mmpath
lactopyranoside at an QR value of 0.6. After 3 h, the cells  |ength quartz cell at 4C. Aliquots of protein with a final
were harvested and the pellet was resuspended in 50 mMMconcentration of 1uM were equilibrated at the desired
Tris buffer (pH 7.2) containing 1 mM EDTA and 2 MM GdmClI concentration overnight at 4C. They were then
B-mercaptoethanol. The cell suspension was kept in ice andmixed with a concentrated stock solution of ANS dissolved
sonicated until it was optically clear. It was then centrifuged in the same buffer and incubated for 1 h. The excitation
at 2400@ for 20 min, and the supernatant was directly loaded \avelength was 365 nm, and the emission was recorded from
onto a Mono-Q column (Amersham Pharmacia Biotech, 400 to 560 nm. The final ANS concentration was /9.
Uppsala, Sweden) pre-equilibrated with the same buffer. The Sybtracting the baseline recording for the probe alone under

column was washed with the 50 mM Tris buffer, 1 mM
EDTA, and 1 mMg-mercaptoethanol containing 200 mM
NaCl and the protein eluted using a linear gradient from 200
to 600 mM NaCl. The fractions containing SHMT were
pooled, and ammonium sulfate was added to a final
concentration of 1.1 M. The protein solution was loaded on
a Phenyl Sepharose (high substituted) column pre-equili-
brated with Tris buffer containing 1.1 M ammonium sulfate.
After being thoroughly washed with the same buffer, the
protein was eluted using a linear gradient from 1.1 M to
100 mM ammonium sulfate. The fractions containing SHMT
activity were pooled and subjected to dialysis againis of

Tris buffer containing 0.1 mM PLP for 16 h with two

changes. The purity of the enzyme sample that was obtained

was checked using SBSPAGE followed by silver staining
and was found to be greater than 98% pure.
Overexpression and Purification of bstSHMThe bst-

SHMT was cloned, overexpressed, and purified as describeqN

previously (L4).

Differential Scanning CalorimetryDifferential scanning
calorimetric experiments was performed on a Microcal VP-
DSC machine using a protein concentration ofudd (15).
The samples were scanned at a rate of °@h. Data
reduction and analysis were performed using the Microcal
Origin software. All the scans were found to be irreversible
under the experimental conditions used for these studies.

SHMT Actiity. The presence of the active enzyme was
assessed by determining the extent of formation of an
abortive complex formed between holo-SHMT, glycine, and
5-formyltetrahydrofolate (0.2 mM) as described previously
(16). An enzyme concentration of AM was used for the
studies.

Guanidine Hydrochloride or Urea Denaturation of SHMT.
Serine hydroxymethyltransferase 4M) was dissolved in
50 mM Tris buffer (pH 7.2) containing 1 mM EDTA and 2

similar conditions normalized the values.

Cross-Linking Using Glutaraldehyd&o native and Gd-
mCl-treated SHMT (0.3 and uM for bsSHMT and
bstSHMT, respectively, or mentioned otherwise) was added
an aliquot of 25% (w/v) glutaraldehyde to achieve a final
concentration of 1% glutaraldehyde. This sample was
incubated at 25C for 5 min followed by quenching the
cross-linking reaction by addition of 200 mM sodium
borohydride. After a 20 min incubation, 8L of 10%
aqueous sodium deoxycholate was added. The pH of the
reaction mixture was decreased te-25 by addition of
orthophosphoric acid that resulted in precipitation of the
cross-linked protein. After centrifugation (1328and 4°C),
he obtained precipitate was redissolved in 0.1 M Tris-HCI
(pH 8.0), 1% SDS, and 50 mM dithiothreitol and heated at
90—100°C. SDS-PAGE was carried out on 10% gels.
Size Exclusion Chromatograph®el filtration experiments
ere carried out on a Superdex 200HR 10/30 column
(manufacturer’s exclusion limit of 600 kDa for proteins) on
an AKTA FPLC system (Amersham Pharmacia Biotech).
The column was equilibrated and run on 50 mM Tris buffer
containing 1 mM EDTA, 2 mMS-mercaptoethanol, and the
desired GdmCI concentration at°€. The SHMT solution
(10uM) was incubated at the desired GAmCI concentrations
overnight at 4°C. Two hundred microliters of this sample
was loaded on the column and run at@ with a flow rate
of 0.3 mL/min.

RESULTS

Amino Acid Sequence and Structural Comparison of
SHMT and Aspartate Aminotransferase (eAATT)e amino
acid sequences of bsSHMT, bstSHMT, and aspartate ami-
notransferase (eAAT), members of the type | fold family of
PLP enzymes, are compared in Figure 1. The sequences of

mM p-mercaptoethanol in the presence and absence ofbsSHMT and bstSHMT are~77% identical and 89%
increasing concentrations of GdmCI or urea and incubated homologous. The major variations in the sequences of the

overnight at 4°C before the measurements were taken.

two enzymes were localized mainly in the C-terminus. The
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Bstshmt SRRl L PeQDLOVFAATIVER (RO SRR LK T EL T AS ENSRRIFVSIIAVMEAQGS VLTNK
Bsshmt 1 4: L. PAQDIHOVFITA T eV ERERQEI ol vK T EL T A S ENSEBIFV S)XAVMEAQGS VLINK
eAAT MFENITAAIZADPILGLADLFR2 PGR INLGUGVYKDSTGR TP LTSYKKEQYLIFEINE
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eAAT TILSN- - DAWRAIWEQLTDMRQRIQRMRQIF\NTLQEKGANRDFSFI IKQNEMFEFSGL
Bstshmt IPYDPEEFPFVTSGIRMIGTAAVTINRGF A A

Bsshmt IPYDPEYPFVTSGIRMIGTAAVTHRGFNEDA? AT IF

eBAT TKEQVLRLREEF AVASGRIJNVAEMTPRNTAPLCEAN

Batshmt ----P8idA------
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eBAT  mmmmmmmme oo

Ficure 1: Amino acid sequences of bstSHMT, bsSHMT and eAAT. The sequence positions with identical residue are shown in green, and
the positions that are homologous are shown in yellow.

FIGUrRe 2: Schematic representation of the structur&o€oli aspartate aminotransferase d@hdstearothermophiluSHMT. The diagram
was produced using the program MolScrip). Each subunit comprises three parts: the N-terminus (green), the PLP binding domain or
P-domain (red), and the C-terminus (blue). The PLP molecule (white) is also shown.

sequence oE. coli aspartate aminotransferase 4% (Figure 2). The three-dimensional structure of the enzyme
identical and~43% homologous with that of SHMT, and  shows the presence of two domains: a large P-domain and
the variations are dispersed throughout the sequence. a smaller domain formed by the N- and C-terminal exten-

Figure 2 shows the comparison of the monomer structure sions. A very high degree of structural homology exists for
of eAAT (18) and bstSHMT 14) as determined by X-ray  the P-domain between the two enzymes. The C-termini also
crystallography. A high degree of structural homology exists show a significant degree of homology; however, for
between the two enzymes. The monomers of both the bstSHMT, due to it having significantly more amino acid
enzymes consist of three structural parts: the N-terminus, residues than eAAT (Figure 1) in the primary sequence, an
the PLP binding domain (P-domain), and the C-terminus extended structure is observeldl). The N-terminal regions
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Ficure 3: (A) Differential scanning calorimetric scans of native
bsSHMT ©) and bstSHMT @). The circles show the data points,
and the line shows the fitting. (B) Urea-induced unfolding transition
of native bsSHMT Q) and bstSHMT @). A linear extrapolation

Bhatt et al.

Unfolding Studies on SHMBeveral spectroscopic tech-
niques and enzymatic activity measurements were used to
study the GdmCI-induced unfolding of SHMT.

Secondary Structural Changeg&igure 4A shows the
change in mean residual ellipticity at 222 nm with increasing
concentrations of GAmCI for the two SHMTSs. For bsSHMT,
the overall process was found to be biphasic, and an
intermediate state appeared to be stable~@t65-1 M
GdmCI. The transition midpoints defined by the horizontal
baselines and the plateau were at 0.3 M GdmCl for the first
phase and at 1.44 M GdmClI for the second phase. The far-
UV CD spectra of the intermediate stabilized at 0-85M
GdmCl possesset64% of the native CD spectral amplitude
(Figure 4A, inset I). These observations suggest that an
~36% loss of secondary structure of native dimeric bsSHMT
is associated with the first transition and a complete loss of
structure at high GdmCI concentrations.

For bstSHMT, a sigmoidal dependence of the decrease in
mean residual ellipticity at 222 nm with increasing GdmcCl
concentrations was observed. Between 0 and 0.6 M GdmClI,
a slight linear enhancement (from 100 to 106%) in the CD
ellipticity of the native enzyme followed by a sharp decrease
in CD ellipticity (from 106 to 25%) between 0.6 and 2.5 M
GdmCl was observed. At3.5 M GdmCI, a complete loss
of the far-UV CD signal was observed (Figure 4A, inset Il)
which is an indication of the unfolding of the enzyme under
these conditions. The&C,, (the concentration of GdmCI
required for half-denaturation) for GAmCI denaturation of
bstSHMT was found to be-1.29 M.

Tertiary Structural Changes and PyP Fluorescenés.
no intrinsic fluorophore (tryptophan molecule) is present in
bs- or bstSHMT, the reduction of bound PLP resulting in
the formation of a pyridoxyl phosphate secondary amine,
namely, PyP, that is fluorescernt® was carried out. By
this modification, a fluorescent probe is placed in the region
of the enzyme between two domains, namely, the large

of the baselines in the pre- and post-transitional regions was useddomain and the C-terminal domain. Furthermore, the fluo-
to determine the fraction of enzyme within the transition region by rophore remains attached in the protein even when the

assuming a two-state mechanism of unfolding.

of the enzymes show significant variation.
Enhanced Stability of bstSHMA differential scanning

enzyme is completely unfolded and, hence, can provide
information about the unfolding of the enzyme. For both
enzymes, a significant difference between fluorescence
emission wavelength maxima of PyP was observed for the

calorimetric StUdy was carried out to compare the stability native (389 nm) and denatured (398 nm) enzyme. Hence, a
of bsSHMT and bstSHMT against thermal denaturation and correlation between the GdmCl concentration and the
is summarized in Figure 3A. For both enzymes, two distinct fractional changes in emissidg.ayxwas plotted for extracting
transitions were observed with increasing temperature.information about stabilization of intermediates during
However, for bstSHMT, enhancells of 65 and 71°C, GdmCl-induced unfolding of the enzym&9j and is sum-
respectively, as compared to values of 52 and °€5 marized in Figure 4B. For bsSHMT, two distinct transitions
respectively, for bsSHMT, were observed. Hence, bstSHMT in the GdmCI concentration ranges 0f0.65 and 0.71.8

is more stable than bsSHMT against thermal denaturation.m were observed with increasing GdmCl concentrations.

The two SHMTs exhibited similar CD spectra with However, for bstSHMT, a single transition between GdmCl
maxima between 195 and 250 nm, suggesting that they haveconcentrations of 0.6 @2 M centered at-1.25 M was
similar secondary structures. The urea denaturation of bothobserved.
the SHMTs was carried out, and the results are summarized Although similar profiles for GdmCI-induced unfolding
in Figure 3B. For both enzymes, a sigmoidal decrease in of bsSHMT or bstSHMT were observed by far-UV CD and
the ellipticity value at 222 nm with increasing urea concen- PyP fluorescence, a slightly high€, for GdmCl-induced
tration was observed. However, ti@,, the concentration  unfolding was observed by PyP fluorescence. This is so
of urea required for half-denaturation of the enzyme, was because reduction of PLP to PyP in SHMT results in a slight
found to be~0.6 M higher for bstSHMT (2.8 M urea) than  stabilization of the enzymelp).
for bsSHMT (2.17 M urea), thus demonstrating that bst- Exposure of Buried Hydrophobic ClusterBhe solvent
SHMT is more stable than bsSHMT against urea denatur- exposure of nonpolar clusters during GdmCl-induced unfold-
ation. ing of bs- and bstSHMT was studied by the binding of ANS,
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a hydrophobic fluorescent dye(@), to the enzyme on

ofYy

ANV GdmCl-induced denaturation. Figure 4C summarizes the
ol | e changes in the fluorescence intensity of ANS on incubation
o with SHMT treated with increasing concentrations of GdmCI.

For both bs- and bstSHMT, a single transition with respect
to increasing GdmCI concentrations was observed. For
bsSHMT, a transition between 0&2 M GdmCl, centered

at 0.44 M, exhibited an enhancement eR.2 times in
fluorescence intensity (at the maximum), indicating signifi-
R T T cant exposure of buried hydrophobic clusters in the enzyme
Wavelength (nm) at low denaturant concentrations. Furthermore, this transition
overlaps with the first transition observed by far-Uv CD

200 210 220 230 240 250

16]x10-2 cm? dmol!

[61X10°deg cm’dmol” (%)

T T studies (Figure 4A). These observations suggest that for
[GdmCI M bsSHMT the structural transition corresponding to low

denaturant concentrations is associated with exposure of

1wk B some buried hydrophobic clusters present in the native

: enzyme. Such a change in enzyme structure may lead to its

08 aggregation due to hydrophobic interactions. This is indeed

- 8 the case which was supported by the significant enhancement
o 06F é‘@gd in OD at 540 nm (from 0.02 to 0.1) observed with increasing
S $ concentrations of enzyme for 0.5 M GdmCl-stabilized
04 ;25 bsSHMT (Figure 4C, inset). For the native enzyme (control),
= no significant change in the OD value was observed,

02 P suggesting an absence of aggregation of the enzyme under
I O‘f similar conditions.
0.0 |-

For bstSHMT, a transition, however, with a very small

0 p > 3 P enhancement (from 100 to 140 fluorescence units) in ANS
[GdmCI] M fluorescence was observed between 0.4 &M GdmcCl,

indicating only a slight alteration in the exposure of buried

240

L C R hydrophobic clusters of bstSHMT at low GdmCI concentra-
200F 4 0 0/(6.51\/1 GdmCl) tIOh‘_S. o

L E / Dissociation of PLP from the Enzym&or SHMT, a
160 - /' 2 vor e significant difference in the visible CD signal of the native
ol b R PP . 2 and apo or denatured enzyme has been reported due to the

loss of PLP bound to the enzymggj. The native SHMTs
exhibit a unique peak at 420 nm due to bound PLP that
disappears with the loss of PLP from the enzyme either on
unfolding or in the apoenzyme. For both enzymes, a
sigmoidal dependence of the loss of the CD signal at 420
nm with increasing GdmCI concentrations was observed
— P T (Figure 5A). For bsSHMT, the transition was observed
[GdmCI] M between 0.2 and 0.8 M GdmCI which corresponds to the
first transition observed by far-UV CD (Figure 4A) for this
FiGUrRe 4: Equilibrium GdmCl-induced unfolding of bs- and enzyme. However, for bstSHMT, it was observed at higher

bst-SHMT as studied by optical spectroscopic techniques. (A) GdmcCl concentrations, between 0.4 and 1.3 M GdmCl.

GdmcCl-dependent unfolding of bsSHMD) and bstSHMT @) : o )
measured by far-UV CD spectroscopy monitored at 222 nm. The Figure 5B shows that enzyme activity of both bs- and

data are represented as a percentage of ellipticity at 222 nm taking?StSHMT was lost via a strong cooperative transition
the value for the native enzyme to be 100%. The insets show relativebetween 0.1 to 0.8 M and between 0.5 to 1.3 M GdmCl,
CD spectra of bsSHMT (inset 1) and bstSHMT (inset Il). The respectively. For both bs- and bstSHMT, the transitions

numbers in the inset represent the GdmCl concentration. (B) Plot ghseryed by near-UV CD coincide with that observed by
of the fractional change in the wavelength of maximum fluores-

02 04 06 08 10

[Protein] mg/ml
80 -

40 -

Relative intensity (%)

IS
o

cence emission of PyP for bsSHMT and bstSHMF/(fy-fo) vs enzymatic activity measurements, thus suggesting that t_he
GdmCl concentratiorf; is the wavelength for a particular sample, |05_5 Qf PLP from the enzyme results in the loss of enzymatic
f, is the wavelength in the absence of GAmCI, dnthe wave- activity.

length at GdmCI concentration3 M. The excitation wavelength The spectroscopic studies demonstrate that unfolding of

was 335 nm, and the emission was recorded from 360 to 500 nm. ; ; ; ;
The final enzyme concentration wasuM. The symbols are the bsSHMT by GdmCl is a noncooperative process involving

same as in panel A. (C) GdmCl-induced unfolding of bsSHMT two discrete steps pr(_)bably of_dissociation of the nativ_e dimer
and bstSHMT monitored by following the changes in ANS into the monomeric intermediate followed by unfolding of
fluorescence intensity at 460 nm. The data are represented as théhe monomeric intermediate (discussed later). In contrast,

percentage of fluorescence intensity at 460 nm, taking the value for hbstSHMT, only a single transition at a similar GdmClI
for the native enzyme to be 100%. The symbols are the same as in ; ; ;
panel A. The inset shows the change in OD at 540 nm for native concentration was observed with all the spectroscopic

and 0.5 M GdmCl-stabilized bsSHMT at increasing protein t€Chniques, suggesting that the GdmCl-induced unfolding of
concentrations. bstSHMT occurs in a cooperative manner with dissociation
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monomers was observed at even 0.5 M GdmCl, no effect
A on the subunit structure of native bstSHMT is observed up
oM to even 1 M GdmCI. For 1.5 M GdmClI, both the dimer and
monomer were observed; however, the monomer was the
major component. A2 M GdmCI, only protein species
M corresponding to monomers were observed.
o (2) Size Exclusion Chromatographffor studying the
effect of GAmCI on the molecular dimensions of bs- and
bstSHMT, size exclusion chromatographic studies on the
S-200 Superdex column in the absence and presence of
increasing concentrations of GAmCI were carried out and
are summarized in panels C and D of Figure 6. For the native
bsSHMT dimer, a single peak with a retention volume of
. ‘ . . 12.6 mL was observed (Figure 6C). However, for the 0.5 M
00 05 10 15 20 GdmCl-stabilized enzyme, two peaks having retention vol-
[GdmCI M umes of 8.7 and 13.9 mL (designated as A and B,
respectively) were observed (Figure 6C, inset). Peak A
appeared at a dramatically reduced retention volume of 8.7
mL, which is the void volume (8 mL) of the column
(exclusion limit of 600 kDa), indicative of vastly increased
hydrodynamic radii for the enzyme under these conditions
(i.e., an aggregated species). Peak B observed at a signifi-
cantly higher retention volume of 13.9 mL compared to that
of the native dimeric enzyme (12.6 mL) is suggestive of
highly reduced hydrodynamic radii for the enzyme under
these conditions. The cross-linking studies (Figure 6A)
showed a stabilization of the bsSHMT monomer under these
conditions which indeed will have a significantly reduced
r hydrodynamic radius compared to that of the native dimeric
o enzyme; hence, peak B corresponds to the bsSHMT mono-
. . L . L . L . L mer. The presence of both the monomer and aggregates under
00 05 10 15 20 these conditions indicates that they exist in equilibrium under
[GdmCI] M conditions at which the column was run. The structural
FIGURE 5: (A) GdmCI-dependent unfolding of bsSHMD () and studies (Figure 4A) showed a significant loss of secondary
bstSHMT @) measured by near-UV CD spectroscopy monitored structure for 0.5 M GdmCl-stabilized bsSHMT; hence, the
at 422 nm. The data are represented as the percentage of ellipticity,onomer stabilized under these conditions is probably a

at 422 nm, taking the value for the native enzyme to be 100%. .
The inset shows the visible CD spectra of nativd arvi GdmCI- partially unfolded monomer of bsSHMT. As the bsSHMT

stabilized SHMT. (B) Changes in enzymatic activity of bsSHMT Species stabilized at 0.5 M GdmCI has a tendency to
and bstSHMT with increasing concentrations of GdAmCI. The data aggregate (Figure 4C), enzyme concentration-dependent size
are represented as the percentage of enzymatic activity, taking theexclusion chromatographic studies were carried for studying
value for the native enzyme to be 100%. The symbols are the samey, o aggregation properties of these monomers. At an enzyme
as in panel A. . -,
concentration of 2«M under these conditions, only the

and unfolding of the enzyme occurring in a concerted enzyme species corresponding to the monomer was observed
manner. (retention volume of 13.9 mL corresponding to peak B).

Effect of GdmCI on the Subunit Assembly and Molecular These observations demonstrate that 0.5 M GdmCl-stabilized
Dimension of bs- and bstSHMT. (1) Cross-Linking Studies. monomers of bsSHMT undergo concentration-dependent
Glutaraldehyde cross-linking studies were carried out to study aggregation. At a GdmCI concentration of 3 M, a single peak
the effect of GdmCI treatment on the subunit configuration having a highly reduced retention volume of 11.0 mL was
of bs- and bstSHMT and are summarized in panels A and B observed, indicating a significantly larger hydrodynamic
of Figure 6, respectively. For glutaraldehyde-cross-linked radius for the enzyme under these conditions which is
native bsSHMT, a single protein species corresponding to possible only when the enzyme is in an unfolded conforma-
the dimer was observed. However, for the 0.5 M GdmCI- tion. The stabilization of the unfolded monomer of the
treated enzyme, two species corresponding to the dimer andenzyme 83 M GdmCl is supported by collective information
the monomer were observed (Figure 6A) with the monomer from the spectroscopic (Figure 4) and cross-linking studies
was being the major species and a very small population of (Figure 6A) reported above.
the dimer (comparison based on the relative intensity of the For native bstSHMT, a single peak at a retention volume
two protein bands). A1 M GdmCI, only protein species of 12.6 mL was observed which is similar to that observed
corresponding to monomers were observed. for bsSHMT, suggesting that in the native conformation the

For bstSHMT, up to a GdmCI concentration of 1 M, only two enzymes have relatively similar hydrodynamic radii
a protein band corresponding to the dimer was observed(Figure 6D). For 0.21 M GdmCl-stabilized bstSHMT, a
(Figure 6B). This demonstrates that unlike bsSHMT for single peak, however, at an enhanced retention volume of
which significant dissociation of the native dimer into 14.2 mL was observed. These observations suggest that
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Ficure 6: GdmCl-induced changes in molecular dimension and subunit configuration during enzyme unfolding. HRAEESprofiles

of glutaraldehyde cross-linked GdmCl-treated bsSHMT and bstSHMT are presented in panels A and B, respectively. In panel A, lanes 1
and 2 represent the native and cross-linked native enzyme, respectively. Lanes 3 and 4 represent cross-linked samples of 0.5 and 1 M
GdmCl-stabilized bsSHMT, respectively. In panel B, lanes 1 and 2 are the same as in panel A.-t&mepr@sent cross-linked samples

of 0.5, 1.5, ad 2 M GdmCl-stabilized enzymes, respectively. Chromatographic profiles of bsSHMT (C) and bstSHMT (D) on the Superdex
200HR 10/30 column on the AKTA FPLC system at increasing GdmCI concentrations. In panel C, the inset shows the profile for 0.5 M
GdmCl-stabilized bsSHMT at 10 andu® enzyme. The curves have been displaced orythgis for display purposes. Panel E represents

the chromatographic profiles of 0.5 M NaCl-stabilized bstSHMT on then Superdex 200HR 10/30 column on AKTA FPLC system. The
inset shows the SDSPAGE profiles of gluteraldehyde cross-linked 0.5 M NaCl-treated bstSHMT. The lanes 1 and 2 represent un-cross-
linked and cross-linked samples, respectively.

bstSHMT at low GdmCI concentrations has a significantly tions indicates that these two species exist in equilibrium
reduced hydrodynamic radius compared to that of the native under conditions at which column was run. The equilibrium
dimeric enzyme; however, the cross-linking studies (Figure between the partially unfolded compact dimer and monomer
6B) showed the presence of a dimeric enzyme species undeat 1.5 M GdmCl is also supported by the structural studies
these conditions. These observations collectively suggest tha{Figure 4A), where a significant denaturation was observed
a low concentration of GdmCI induces compaction of the under these conditions. For &h3 M GdmCl-stabilized
native conformation of bstSHMT, resulting in stabilization enzyme, a single peak having a retention volume-@0.9

of a compact dimer of the enzyme. A similar compaction of mL was observed, suggesting the presence of an unfolded
the native conformation of the dimeric enzyme glucose enzyme under these conditions (as discussed for bsSHMT).
oxidase has recently been reported by 15).(For 1.5 M The results of glutaraldehyde cross-linking along with the
GdmCl-stabilized bstSHMT, two peaks (designated A and results of size exclusion chromatography reported above
B) having retention volumes of 12.3 and 13.9 mL, respec- suggest that treatment of bsSHMT with a low concentration
tively, corresponding to partially unfolded compact dimeric of GAmCI results in dissociation of the native dimeric enzyme
and monomeric species, respectively (based on the observaand the monomers are stabilized. At higher GdmCI concen-
tion from cross-linking, Figure 6B, and spectroscopic studies, trations, only unfolded monomeric species were observed.
Figure 4), were observed. The presence of both a partially In contrast for bstSHMT, no stabilization of monomers was
unfolded compact dimer and monomers under these condi-observed at low concentrations of GdmCI; however, under
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Ficure 7: (A) Differential scaning calorimetric scan of 1 M

GdmCl-stabilized bsSHMT. (B) Urea-induced unfolding transition
of native ©) and 0.5 M GdmCl-stabilized bstSHM®]. A linear
extrapolation of the baselines in the pre- and post-transitional
regions was used to determine the fraction of enzyme within the
transition region by assuming a two-state mechanism of unfolding.

Bhatt et al.

Ficure 8: Molecular surface of the bstSHMT dimer colored
according to electrostatic potential (blue for negative and red for
positive potential). The molecular surface was displayed using
GRASP.

Gdm" and Cf. The presence of these ions would influence
the stabilizing properties of proteins and/or enzymes. Com-
paction of the native conformation and/or enhanced ther-
mostability of the protein due to Gdncation) binding to
negatively charged moieties of protein has been reported for
multimeric (L5) and monomeric protein®8). The electro-
static surface potential of bstSHMT from its crystal structure
as obtained by GRASP2{) is shown in Figure 8. The
enzyme has a predominant negative charge with clusters of
negative charges localized on the surface of the enzyme
molecule. Due to localization of these negative charge
clusters, the enzyme molecule will experience repulsive
electrostatic interaction, resulting in stabilization of an open
structure of the enzyme at neutral pH [as explained previ-
ously 25)]. The interaction of Gdrhcations with negatively
charged moieties present in the enzyme would result in
weakening of the repulsive electrostatic force, thus permitting

these conditions, the enzyme was found to undergo compac-orces favoring compaction of the enzyme’s conformation.

tion of its conformation (Figure 6D), resulting in stabilization
of a compact dimeric species. At higher GdmCI concentra-
tions, unfolded bstSHMT was observed.

Properties of a GdmCI-Stabilized Compact Dimer of
bstSHMT The GdmCl-stabilized compact dimer of bstSHMT
exhibited enzymatic activity similar to that of the native
dimer (Figure 5). Furthermore, the structural properties of
the compact dimer were also very similar to those of the
native dimeric enzyme (Figure 4). However, a significant
difference in the stability of the two dimers was observed.
Figure 7B summarizes the urea denaturation profiles of 0.5
M GdmCl-stabilized bstSHMT as monitored by changes in
CD ellipticity at 222 nm. An enhancement @y, of urea by
~1.3 M urea was observed for the 0.5 M GdmCl-stabilized
enzyme as compared to that of the native enzyme, thus
demonstrating that GdmCl-induced compaction of the native
conformation of bstSHMT results in enhanced enzyme
stability.

Mechanism of GdmCI-Induced Stabilization of the Com-
pact Dimer of bstSHMTGdmCI is an electrolyte with alf
of ~11, which means that at a pH below this the GdmCI
molecule will be present in fully dissociated form, i.e., as

The cation (Gdm)-induced compaction of the native con-
formation of bstSHMT is further supported by the studies
using NaCl. Incubation of bstSHMT with 0.5 M NaCl results
in stabilization of the compact dimer of the enzyme, which
is similar to that stabilized by 0.5 M GdmCl, as observed
by the reduction in the hydrodynamic radii of the enzyme
by size exclusion chromatography and glutaraldehyde cross-
linking (Figure 6E).

DISCUSSION

The simplest mechanism that accounts for all experimental
observations on GdmCIl-induced unfolding of bsSHMT is

De2M* <= U

where D is native dimer, M* a partially unfolded monomer
and U the unfolded enzyme. The partially unfolded mono-
meric intermediate M* that is thermodynamically stable at
about 0.65 to IMGdmClI retained about 64% of thaelical
structure (Figure 4A), but was enzymatically inactive (Figure
5B) and had significant exposure of buried hydrophobic
clusters due to which it has tendency to aggregate (Figure
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4C). Furthermore, this intermediate M* showed a significant ACKNOWLEDGMENT

enthalpy associated with its thermal denaturation (Figure 7A).
At higher concentrations of GAmCI the unfolded enzyme was
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For eAAT, an unfolding pathway very similar to that
observed for bsSHMT has been report2d) ( Low concen-
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tion of native dimer, resulting in stabilization of a monomeric REFERENCES

intermediate. The dissociation of native dimer is associated
with loss of about 50%-helical structure present in the
native enzyme, exposure of buried hydrophobic clusters, loss
of enzymatic activity and dissociation of PLP from the
enzyme. All these properties are similar to that observed for
GdmCl-induced dissociation of the native dimer of bsSHMT
under similar conditions. At higher concentrations of dena-
turant, the enzyme monomer was reported to be unfolded.
These observations suggest that bsSHMT and eAAT follow
a similar unfolding pathway.

For bstSHMT, a significantly different pathway of GAmCI-
induced unfolding was observed which on the basis of the
results obtained could be summarized as follows:

De=D*=U

where D is native dimer, D* a compact dimer and U the
unfolded enzyme.

Unlike in bsSHMT, no discrete step of dissociation of the
native dimer resulting in stabilization of any monomeric
species was observed for bstSHMT. However, at low
concentrations of GdmCI (up to 0.5M) compaction of the
native dimer of enzyme (species D*) was observed by
examination of hydrodynamic radii using size exclusion
chromatography. Furthermore, this compact dimer showed
a higher stability against urea denaturation as compared to
native enzyme (Figure 7B) suggesting that compaction of
the native conformation of bstSHMT leads to enhanced
stability of the enzyme. At higher GdmCI concentration
unfolding of the enzyme with dissociation and denaturation
occurring in a concerted manner was observed.

The bstSHMT shares a very high degree of sequence
identity with bsSHMT and a low degree of sequence identity
but high degree of structural homology with eAAT. How-
ever, the unfolding pathway for bstSHMT was found to be
very different from that of bsSHMT or eAAT, which have
a similar unfolding pathway. The bstSHMT undergoes a
highly cooperative unfolding with dissociation and unfolding
of native dimer occurring in a single step whereas bsSHMT
and eAAT undergo a non cooperative unfolding with
stabilization of intermediates during the unfolding process.
These observations suggest that for the family of fold type
| of PLP binding proteins the thermophilc proteins unfold
more cooperatively than their mesophilic counterparts.
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