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Aeromonas hydrophila is a bacterial pathogen that infects a 
large number of eukaryotes, including humans. The UDP-gal-
actose 4'-epimerase (GalE) catalyzes interconversion of UDP- 
galactose to UDP-glucose and plays a key role in lipopoly-
saccharide biosynthesis. This makes it an important virulence 
determinant, and therefore a potential drug target. Our earlier 
studies revealed that unlike other GalEs, GalE of A. hydrophila 
exists as a monomer. This uniqueness necessitated elucidation 
of its structure and active site. Chemical modification of the 
6xHis-rGalE demonstrated the role of histidine residue in catal-
ysis and that it did not constitute the substrate binding pocket. 
Loss of the 6xHis-rGalE activity and coenzyme fluorescence 
with thiol modifying reagents established the role of two dis-
tinct vicinal thiols in catalysis. Chemical modification studies 
revealed arginine to be essential for catalysis. Site-directed mu-
tagenesis indicated Tyr149 and Lys153 to be involved in catalysis. 
Use of glycerol as a cosolvent enhanced the GalE thermo-
stability significantly. [BMB reports 2010; 43(6): 419-426]

INTRODUCTION

Galactose utilization in majority of gram-negative bacteria oc-
curs by the Leloir pathway (1). UDP-galactose 4'-epimerase 
(GalE), a pyridine nucleotide-dependent oxidoreductase, cata-
lyzes the interconversion of UDP-galactose and UDP-glucose. 
The UDP-galactose donates its galactose moiety to lipopoly-
saccharide (LPS) precursors for core biosynthesis. The galE mu-
tants synthesize LPS deficient cell wall and display attenuated 
virulence (2). The active site of epimerase is divided into three 
regions; substrate binding, coenzyme binding and catalytic 

region. The hexose moiety of the nucleotide sugar and the pyr-
idine moiety of the coenzyme are located adjacent to each 
other at the catalytic site for hydride transfer and epimerization 
(3). Although considerable work has been done on the re-
action pathway and the reaction mechanism; little is known 
about the architecture of the active site of GalEs except for few 
reports on yeast epimerases (4-6).

Classical dehydrogenases exploit a histidine residue that 
functions as a general base in initiating enzyme catalysis (4). 
Chemical modification studies with Kluyveromyces fragilis en-
zyme revealed the requirement of an essential thiol, histidine 
and arginine residues in the overall catalytic process (4-6). 

Aeromonas hydrophila is reported to infect both humans 
and fishes, and results in major economic losses to aqua-
culture industries (2). GalE mutants of A. hydrophila have been 
reported to be avirulent and therefore it can be used as a po-
tential drug target. Amino acid sequence analysis of the A. hy-
drophila GalE revealed a characteristic Tyr-X-X-X-Lys couple, 
at 128-133rd position, a key player in catalysis (7). However, 
the GalE of A. hydrophila exhibits interspecies variation and 
heterogeneity at its structural and functional level and there-
fore, the differences between the GalE of the host and the 
pathogen can be exploited for drug designing (8). Therefore, 
the present investigation was carried out to identify the crucial 
residues involved in catalysis and cofactor binding, their loca-
tion and organization within the active site of the exception-
ally unique monomeric GalE of A. hydrophila.

RESULTS AND DISCUSSION

Histidine residue is crucial for the activity of the 6xHis-rGalE
The classical catalytic mechanism of several dehydrogenases is 
initiated by a base, usually a histidine leading to the formation 
of enzyme-bound intermediates (4). In view of this paradigm, 
it was pertinent to explore the presence of any histidine resi-
due located in the vicinity of the catalytic region of the active 
site. Incubation of the 6xHis-rGalE (recombinant 6x-His tag 
protein) with increasing concentrations of DEPC resulted in a 
time-dependent loss of activity (Fig. 1A). The control/unmodified 
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Fig. 1. Histidine is crucial for the 6xHis-
rGalE activity. (A) Kinetics of inactiva-
tion of the 6xHis-rGalE by DEPC. (B) 
A plot of log of pseudo-first order rate
constant for inactivation (kobs) at vary-
ing DEPC concentrations Vs log [DEPC].
Inset depicts ΔA246 of the DEPC-modi-
fied 6xHis-rGalE (C) Relationships be-
tween DEPC-induced inactivation of the
6xHis-rGalE with the protein fluores-
cence (a), coenzyme fluorescence (b), 
efficiency of energy transfer (c), and 
activity (d) are plotted against the in-
cubation time. (D) Percentage residual 
activity of DEPC-modified and reacti-
vated 6xHis-rGalE with hydroxylamine 
(E) DEPC modification did not alter 
the adenine moiety of the 6xHis-rGalE-
bound NAD+. The graph represents %
activity of NAD+ in the native and 
DEPC-modified 6xHis-rGalE; with rPGI 
as positive control and glucose-6-phos-
phate dehydrogenase without the rPGI 
as negative control. (F) Reduction of 
NAD+ in the DEPC-modified enzyme. 
The coenzyme fluorescence of the 
6xHis-rGalE, 6xHis-rGalE with 5'-UMP 
and NaBH4, modified 6xHis-rGalE+5'- 
UMP+NaBH4 were recorded.

6xHis-rGalE in 1% ethanol was active during the incubation 
obviating the possibility of the loss of activity due to organic 
solvent. Plot of log remaining activity against time (1-e−k't)/k' 
for inactivation at various concentrations of the reagent yield-
ed a straight line (Fig. 1B). The increase in A246 with increasing 
concentration of the modifier demonstrated a dose dependent 
modification (Fig. 1B, inset). The reaction order (one) obtained 
for the enzyme inactivation, with respect to the DEPC concen-
tration, suggested that approximately one molecule of 
DEPC-inactivated one molecule of the 6xHis-rGalE. This is in 
agreement with the earlier observations on the inactivation of 
K. fragilis GalE (4). 

DEPC is known to react with residues other than histidine 
like tyrosine, tryptophan and cysteine (4). The intensity and na-
ture of protein fluorescence spectrum of the 6xHis-rGalE re-
mained unaffected upon DEPC modification thereby ruling out 
the possibility of either tryptophan or tyrosine modification 
(Fig. 1C). The potential of hydroxylamine to remove the carbe-
thoxy group exclusively from DEPC-modified histidines, and 
not from lysine/cysteine was exploited for the reversal experi-
ments. A substantial (80%) recovery of the DEPC-modified 
6xHis-rGalE activity with hydroxylamine suggested that the 
modified amino acid is histidine (Fig. 1D). 

Previous studies have demonstrated that the DEPC results in 
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the ring opening of the imidazole moiety of adenosine (9). 
However, treatment of A. hydrophila 6xHis-rGalE with DEPC 
had no effect on the adenine moiety of bound NAD+. About 
75% of the NAD+ was active in the modified enzyme which 
was almost comparable with the unmodified enzyme (90%), 
thus suggesting that both the enzymes were able to reduce 
NAD+ efficiently (Fig. 1E). The data thus suggest that the in-
activation of the 6xHis-rGalE upon DEPC treatment was not 
due to any non-specific modification of the coenzyme’s ad-
enosine moiety, and was solely due to the histidine modi-
fication.

Failure of the substrate (UDP-galactose) to afford protection 
to the histidine against DEPC-induced inactivation provided a 
clue that the histidine is not located at the substrate binding re-
gion of the active site (data not shown). Further evidence in 
this direction was obtained by assessing the fluorescence en-
ergy transfer (FRET) phenomenon. The characteristic fluore-
scence of the bound coenzyme was exploited to monitor sub-
tle changes at the active site of the enzyme. It has been ob-
served that a small amount of protein energy fluorescence was 
transferred to the coenzyme fluorophore of the 6xHis-rGalE 
and was emitted at a higher wavelength with two emission 
maxima (340 nm, protein fluorescence; 450 nm, coenzyme 
fluorescence) (data not shown). Fairly good kinetic correlation 
was observed between the loss of enzyme activity upon mod-
ification of histidine and loss of energy transfer process (Fig. 
1C). This abolition of the energy transfer upon DEPC modifi-
cation with no loss of enzyme and coenzyme fluorescence 
suggested a conformational change in the vicinity of the coen-
zyme binding region, thus possibly leading to the improper 
orientation of the two fluorophores. 

Epimerases are reductively inactivated by NaBH4 but the re-
duction is sluggish in the absence of UMP (4).  An attempt was 
made to reduce the bound NAD+ of the native and DEPC- 
modified 6xHis-rGalE by NaBH4 to reinforce its presence at 
the coenzyme binding site. The NaBH4 reduction of the 
6xHis-rGalE led to enhanced fluorescence due to the for-
mation of catalytically abortive enzyme-NADH complex, which 
is stabilized by 5'-UMP. However, after DEPC modification, 
the coenzyme (NAD+) of the 6xHis-rGalE was not amenable to 
chemical reduction (Fig. 1F). The data thus demonstrated that 
DEPC modification rendered the coenzyme completely re-
sistant to NaBH4 treatment. 

Collectively, the results revealed that the histidine is located 
in the close proximity to the coenzyme binding region and not 
in the substrate binding pocket.

Role of cationic residues in enzyme catalysis
It has been reported that an arginine is located in the substrate 
binding region of K. fragilis GalE (5). The guanido-nitrogen of 
arginine at 292nd position in the GalE of E. coli forms a bond 
with the oxyanion of α-phosphate of its substrate (5). Intere-
stingly, arginine residues (R231, 291 and 292) are conserved 
amongst species (7). We have earlier reported that the fluctua-

tions in the pH drastically affected the 6xHis-rGalE con-
formation and its activity. We thus inferred that the enzyme at-
tained a relatively more ordered structure at higher pH, and 
further established the role of electrostatic interactions in main-
taining its nativity (8). The 6xHis-rGalE substrate, UDP-gal-
actose, being negatively charged at physiological pH, prompt-
ed us to investigate the possible involvement of positively 
charged residue(s) at the active site. This was confirmed by ob-
serving a progressive loss of 6xHis-rGalE activity in a dose- de-
pendent manner, upon modification with 2,3-cyclobuta-
nedione (Fig. 2A). However, the inactivation did not follow 
monophasic pseudo-first order kinetics, rather displayed bipha-
sic kinetics, suggesting that few arginine residue(s) are much 
more accessible to the reagent. 

Functional significance of two distinct active site thiols
In classical dehydrogenases, the hydride transfer is facilitated 
either by a metal ion e.g. in yeast alcohol dehydrogenase or by 
an amino acid which acts as a general base as in lactate de-
hydrogenase (10, 11). The lack of evidence in support of epi-
merases being metalloenzymes, we speculated that the thiol of 
epimerase either alone or in tandem with histidine may facili-
tate hydride transfer. This is analogous with the glyceraldehyde- 
3-phosphate dehydrogenase where the thiol in combination 
with the pyridine ring generates charge-transfer complex (12). 
S-adenosylhomocysteinase and TDP-glucose oxidoreductase 
are other examples of oxidoreductases involving cysteine and 
histidine residues for catalysis (3, 13). 

A. hydrophila 6xHis-rGalE was inactivated by increasing 
concentrations of DTNB (Fig. 2B). An increase in A412 sug-
gested specific modification of the thiol groups (Fig. 2B, inset). 
The inactivated enzyme was partially reactivated by DTT (Fig. 
2E). Also, progressive and coordinated loss of coenzyme fluo-
rescence induced by DTNB-inactivation was restored partially 
by DTT (Fig. 2C). Further insight into the role of two thiols was 
obtained with another thiol modifying agent, NEM. Concor-
dant with the results obtained with the DTNB modification, 
NEM indicated the crucial role of thiol residues in catalysis 
(Fig. 2E). However, a very striking and substantial difference in 
the modification pattern was observed with the two reagents. 
DTNB generated inactive and non-fluorescent enzyme (dark 
enzyme) (Fig. 2C) while NEM led to the formation of inactive, 
but fluorescent enzyme molecules. The loss of coenzyme fluo-
rescence in the NEM-modified 6xHis-rGalE upon DTNB addi-
tion could therefore be attributed to the simultaneous mod-
ification of an additional thiol residue other than the essential 
one (Fig. 2D). The second additional thiol in discussion there-
fore might not be accessible to modification by NEM, but lost 
its integrity upon DTNB addition. This is indicative of the fact 
that DTNB modified a second thiol in the vicinity of the pyr-
idine fluorophore, which subsequently resulted in quenching 
of the coenzyme fluorescence (Fig. 2D).

It is known that unlike NEM-induced modification, DTNB 
modification is reversible. To prove the discriminatory and 
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Fig. 2. Significance of arginine and 
thiol residues in enzyme catalysis. (A) 
Inactivation kinetics of the 6xHis-rGalE 
by 2,3-cyclobutanedione and DTNB (B).
The inset represents ΔA412 upon DTNB-
modification. The coenzyme fluorescence
spectra of control and modified 6xHis- 
rGalE. (C), spectrum of untreated, DTNB-
inactivated and DTT-reactivated 6xHis- 
rGalE; (D), spectrum for the unmodi-
fied, NEM-inactivated and DTNB-NEM 
inactivated 6xHis-rGalE. (E) The percent
change in the 6xHis-rGalE activity by 
DTNB- and NEM-induced modifications.

non identical roles of two thiols beyond doubt, protection ex-
periments employing the strategy of consecutive modification 
with both the reagents were performed. In the first set, the en-
zyme was inactivated with DTNB followed by NEM. This 
could have two possible results: If both the reagents modified 
the same thiol, the incubation with DTNB will protect the sec-
ond thiol from NEM modification. Therefore, reactivation with 
DTT should restore the activity partially. On the other hand, if 
both the reagents are modifying two distinct thiols, inacti-
vation with DTNB will fail to afford any protection against sub-
sequent irreversible modification by NEM. Therefore, in this 
case, no regeneration of the enzyme activity is expected. Fig. 
2E depicts the activity of the 6xHis-rGalE, subjected to differ-
ent treatments. The sets I-V depict the potential of the modify-

ing agents (DTNB and NEM) in the inactivation and reacti-
vation (DTT) compared to the untreated enzyme. The 6xHis- 
rGalE completely lost its activity when both DTNB and NEM 
were added together (Set VI). Set VII shows that the enzyme re-
gained 40% of its original activity by DTT after modification 
with DTNB and NEM. This suggests that the loss of enzyme ac-
tivity was due to the modification of a unique thiol residue. 
Therefore, the study revealed the existence of a non-catalytic 
second thiol, resistant to NEM modification, involved primarily 
in generating and maintaining the coenzyme structure.

Studies conducted for K. fragilis also demonstrated similar 
mechanism of catalysis involving two distinct thiol residues 
with entirely different functions (5), thereby suggesting that 
even though A. hydrophila epimerase has a unique quaternary 
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Fig. 3. Biochemical characterization of 
the 6xHis-rGalE mutants. (A) Express-
ion and purification of the 6xHis- 
rGalE mutants. Lanes 1, 4 and 7, 
lanes 2, 5 and 8 and lanes 3, 6 and 
9 represent uninduced(UI), induced 
cell lysates (I) and the purified mutant 
proteins (P), respectively (B) Coen-
zyme fluorescence spectra of the wild 
type and mutant 6xHis-rGalEs. Inset 
depicts tryptophan fluorescence spectra.
(C) CD spectra of the wild type and 
mutant 6xHis-rGalEs. (D) Catalytic pa-
rameters, cofactor dependency and Tm

of the wild type 6xHis-rGalE and its 
variants. The values represent an aver-
age of the experiments performed in 
triplicates.

and subunit composition, it follows similar epimerization 
kinetics. Crystallization of the 6xHis-rGalE will provide a de-
finitive and direct evidence for the role of essential thiols, argi-
nine or histidine in catalysis.

Catalytic parameters of the 6xHis-rGalE mutants of A. 
hydrophila
Chemical modification studies provided an insight into the 
role of histidine, thiol and arginine residues near the active site 
of the enzyme. To delineate the active site residues of the 
6xHis-rGalE, and to decipher the catalytic mechanism, site- 
specific mutants were generated. The 6xHis-rGalE mutants, 
Y149G, K153N and Y149G-K153N were expressed (Fig. 3A, 
lanes 2, 5 and 8, respectively) and purified (Lanes 3, 6 and 9, 
respectively). The kinetic coefficients, Km and Vmax, were de-
rived using Lineweaver-Burk plot (Fig. 3D). The enzyme in-
activation after substitution of the highly conserved Lys153 
and Tyr149 indicated an essential role of these residues in 

catalysis. Crystal structure of the E. coli GalE revealed  that the 
2'- and 3'-hydroxyl groups of the nicotinamide riboside of the 
coenzyme formed hydrogen bonds with the ε-NH2 group of 
lys153 (14). The substitution of lysine to glutamine at 153rd po-
sition in the 6xHis-rGalE affected the catalytic activity only 
slightly; however, the NAD+ binding potential was reduced 
dramatically, thus substantiating the role of this residue in 
coenzyme binding (Fig. 3B).

It has been known that the epimerization involves a general 
acid-base that facilitates hydride transfer from galactosyl or glu-
cosyl substrates to the nicotinamide of NAD+. The close prox-
imity between the nicotinamide ring of NAD+ and the phe-
nolic oxygen of Tyr149 in the GalE of E. coli suggests that it 
might participate in the charge-transfer phenomenon (14). In 
agreement to this, the A. hydrophila 6xHis-GalE with Tyr149 
mutation was completely inactive, thereby suggesting the role 
of Tyr149 in general acid-base catalysis (Fig. 3D). The decrease 
in activity could therefore be attributed to the unfavorable 
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Fig. 4. Glycerol enhances the thermostability of the 6xHis-rGalE. (A) Effect of glycerol on heat inactivation of the 6xHis-rGalE. (B, C) The Tm

of the 6xHis-rGalE in the presence of different concentration of glycerol using (B) UV-absorption spectroscopy and (C) differential scanning 
calorimetry. The intrinsic fluorescence (D) and CD spectra (E) of the 6xHis-rGalE after heat inactivation in the presence and absence of 
glycerol. CD spectrum of the guanidine- hydrochloride treated 6xHis-rGalE was included as control.

folding and rigidity of the enzyme (as inferred from slightly in-
creased Tm) as well as loss of -OH group. Also, tyrosine is sol-
vent exposed and its substitution with  an uncharged small gly-
cine possibly results in the burial of the active site, making it 
slightly inaccessible to the substrate, and thus affecting the hy-
drophobic interactions significantly. The double mutant did 
not display any activity even at higher substrate and enzyme 
concentrations. Further, elucidation of the crystal structure of 
the wild type and mutant enzymes would aid in better under-
standing of the mechanism(s) underlying catalysis.

The fluorescence and far UV-CD spectra (Fig. 3B inset and 
3C, respectively) of the wild type 6xHis-rGalE and its mutants 
were comparable, suggesting that the point mutation did not 
cause substantial unfolding (tertiary structure) or other gross 
significant perturbations in the secondary structure.

Thermal denaturation analysis of the wild type 6xHis-rGalE 
and its mutants revealed an  increase in Tm (≈2oC) of the 
Y149G mutant  with respect to the wild type and K153N mu-
tant (Fig. 3D). A slight decrease in Tm (1oC) upon substitution 
of lysine with glutamine at 153rd position in the 6xHis-rGalE 
could be a result of the impaired NAD+ binding, which prob-
ably resulted in the perturbation of the electrostatic interactions 
and loss of hydrogen bonds. 

Effect of glycerol on the 6xHis-rGalE stability
The potential of glycerol in providing protein(s) with pro-
tection against denaturation has been demonstrated (15). This 
has led to its usage as a cryoprotectant in order to improve the 
long-term storage of biopharmaceuticals. Considering the po-
tential of A. hydophila GalE as a drug target, stability of the 
protein in context to its shelf-life is an important parameter. 
Therefore, the effect of glycerol on protection of the 6xHis- 
rGalE against heat stress was investigated. The data obtained 
from UV-melting curves demonstrated an increase in the Tm 
from 48.5-57oC with increasing concentrations of glycerol (Fig. 
4A). The residual activity was also determined after denaturing 
the enzyme in the presence or absence of glycerol. Fig. 4B 
shows that the enzyme in 50% glycerol could retain 90% of its 
activity, whereas only 20% activity was observed for the iden-
tically treated control enzyme (Fig. 4B). The data therefore sug-
gested that glycerol protected the enzyme against heat-in-
duced unfolding, enhanced its structural stability, and reduced 
its rate of inactivation. The calorimetric studies depicted a shift 
in the Tm of the 6xHis-rGalE by 8-9oC in 50% glycerol (Fig. 
4C). The results from spectroscopy and calorimetry corrobo-
rated with each other, and suggested that the protective effect 
of glycerol was due to the enhanced structural stability of the 
6xHis-rGalE. The fluorescence spectra of the 6xHis-rGalE de-
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natured in the presence of glycerol showed a blue shift in the 
emission maxima (357-327 nm) in comparison to the control 
denatured 6xHis-rGalE, suggesting formation of a compact glo-
bular structure in glycerol that could protect the 6xHis-rGalE 
from thermal denaturation. (Fig. 4D). The intrinsic fluorescence 
results were further substantiated by the CD spectra which re-
vealed that 6xHis-rGalE containing glycerol could efficiently 
resist heat-induced changes in the secondary structure (Fig. 
4E). Similar results were obtained with creatine kinase in glyc-
erol, suggesting that the cosolvent shifts the equilibrium of the 
denatured enzyme towards the native state (16). 

Thus, the role of catalytic residues in the GalE of A. hydro-
phila is illustrated. It is of interest to note that though the 
6xHis-rGalE is unique as it exists as a monomer, residues near 
its active site exhibited properties similar to those of dimeric 
GalEs. Elucidation of the crystal structure would facilitate bet-
ter understanding of its interactions with the substrate and 
coenzyme and also identify the regions that could be targeted 
for drug design.

MATERIALS AND METHODS

Materials
Diethylpyrocarbonate (DEPC), 5,5'-dithiobis-(2-nitrobenzoic acid) 
DTNB, 2,3 butanedione, N-ethylmaleimide (NEM), hydroxyl-
amine,  DTT and oligonucleotides were procured from Sigma 
Co., USA. Quick-change site-directed mutagenesis kit was 
from Stratagene, USA. E. coli, DH5α and BL21 (λDE3) strains 
were  procured from Novagen, USA.

Site-directed mutagenesis of the 6xHis-rGalE and purification 
of the 6xHis-rGalE and its mutants
Point mutants of A. hydrophila GalE were constructed using 
pET.AhgalE (harboring wild type galE) as a template (8). Oligo-
nucleotides to generate mutants, Y149G, K153N and Y149G- 
K153N are shown in Table S1. The wild type and mutant pro-
teins were expressed, purified and assayed for activity as de-
scribed (8).

Modification of histidine, thiol and arginine residues of the 
6xHis-rGalE
DEPC specifically modifies histidine(s) at pH 7.0 (4). Carbe-
thoxylation using DEPC was carried out by incubating the en-
zyme in 20 mM potassium phosphate buffer, pH 7.0, with 
varying DEPC concentrations (prepared in ethanol). The rate of 
inactivation was determined by measuring the residual activity 
at different time intervals as described in supplementary in-
formation (S.2). Reactivation of the modified 6xHis-rGalE was 
followed by 0.05 M hydroxylamine for 1 h. The percentage re-
stored activity of the modified enzyme was determined in 
comparison of the native enzyme kept under identical condi-
tions. To assess any adverse affect of DEPC on the coenzyme 
(NAD+), the modified and the control samples were heated at 
70oC for 15 min to dissociate NAD+ from the enzyme surface. 

The activity of NAD+ in the supernatant was estimated by 
monitoring the reaction at 340 nm (16). Coenzyme fluorescence 
(excitation, 353 nm; emission, 435 nm), protein fluorescence 
(excitation, 290 nm; emission, 340 nm) and energy transfer 
spectrum (excitation, 290 nm; emission, 435 nm) of the con-
trol and modified enzyme (50 μg/ml) in 20 mM potassium 
phosphate buffer, pH 7.0, were recorded (Cary Eclipse Spectro-
fluorimeter; excitation and emission slit widths, 5 nm; scan 
speed, 50 nm/min). To ascertain the location of histidine resi-
due, coenzyme fluorescence of the modified 6xHis-rGalE (1 
mg/ml), incubated with 5'-UMP (1 mM) and sodium borohy-
dride (20 mM NaBH4) was measured. 

For assessing the role of thiol residue in 6xHis-rGalE, vary-
ing concentrations of DTNB (20 mM sodium phosphate buffer; 
pH 8.0) at 25oC was added to the enzyme and residual activity 
was measured. Modification of the thiol residue was moni-
tored at 412 nm. Reversal of DTNB-induced modification was 
performed by adding 50 mM DTT to the modified enzyme for 
1 h. The enzyme’s residual activity and coenzyme fluorescence 
in the presence of another thiol modifying agent, NEM (10 
mM) was also studied (6). 

Arginine modification of the 6xHis-rGalE was carried out us-
ing  2,3 cyclobutanedione, in 50 mM sodium borate buffer, 
pH 8.8 at 28oC, followed by measuring the inactivation ki-
netics (5). 

Biophysical characterization of the rGalE mutants
Far-UV circular dichroism (CD), fluorescence emission max-
ima and the denaturation transition of the 6xHis-rGalE and 
mutants were obtained as described in Supplementary in-
formation (S.3). 

Thermal stability of the 6xHis-rGalE 
Effect of glycerol on enzyme activity: The 6xHis-rGalE dia-
lyzed against 20 mM Tris-HCl, pH 8.0, containing different con-
centrations of glycerol was heat inactivated at 45°C for 30 
min, prior to activity assay (8). The 6xHis-rGalE without glycer-
ol was included as control. The coenzyme and protein fluo-
rescence was acquired as described above.

Tm measurement by spectroscopy and differential scanning 
calorimetery
The Tm of the 6xHis-rGalE (200 μg/ml) with and without glyc-
erol was measured spectrophotometerically as described. Calo-
rimeteric measurements for same samples were performed on 
a VP-DSC (Microcal Inc., USA). The data were accumulated at 
a scan rate of 1oC/minute for 100 min. Tm was calculated by 
plotting Cp (kcal/mole) values on Y-axis versus temperature 
(oC) on the X-axis. 
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