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ABSTRACT:
S-formylglutathione hydrolases (FGHs) constitute a
family of ubiquitous enzymes which play a key role in
formaldehyde detoxification both in prokaryotes
and eukaryotes, catalyzing the hydrolysis of
S-formylglutathione to formic acid and glutathione.
While a large number of functional studies have been
reported on these enzymes, few structural studies have so
far been carried out. In this article we report on the
functional and structural characterization of PhEst, a
FGH isolated from the psychrophilic bacterium
Pseudoalteromonas haloplanktis. According to our
functional studies, this enzyme is able to efficiently
hydrolyze several thioester substrates with very small acyl
moieties. By contrast, the enzyme shows no activity
toward substrates with bulky acyl groups. These data are
in line with structural studies which highlight for this
enzyme a very narrow acyl-binding pocket in a typical o/
B-hydrolase fold. PhEst represents the first cold-adapted
FGH structurally characterized to date; comparison with
its mesophilic counterparts of known three-dimensional

structure allowed to obtain useful insights into molecular
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determinants responsible for the ability of this

psychrophilic enzyme to work at low temperature. © 2010
Wiley Periodicals, Inc. Biopolymers 93: 669—677, 2010.
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INTRODUCTION
-formylglutathione hydrolase (FGH) is an enzyme
present both in prokaryotes and eukaryotes, which
catalyzes the hydrolysis of S-formylglutathione to
formic acid and glutathione and constitutes part
of a well-conserved formaldehyde detoxification
pathway.' This enzyme, also known as esterase D, was first
purified from human tissues,” where polymorphisms in its
expression were associated to several diseases including reti-
noblastoma and Wilson’s disease.” Subsequently, FGHs were
characterized in several organisms such as Paracoccus denitri-
ficans," Saccharomyces cerevisiae," Candida boidinii,> Esche-
richia coli,>” and Arabidopsis thaliana.>® Regardless of their
source, all these enzymes showed remarkable conservation in
their sequence and were characterized by the presence of a
conserved cysteine residue (generally in position 59), a con-
served sequence motif (GHSMGG) containing the catalytic
serine, which together with an aspartate and a histidine resi-
due completed a serine hydrolase catalytic triad. Moreover,
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the functional characterization of these enzymes showed that
they were not strictly specific to glutathione thioesters, but
also showed significant hydrolytic activity against xenobiotic
carboxylic esters including methylumbelliferyl acetate.®'°

Despite the large number of functional studies reported
for this enzyme family, few structural studies are available. In
particular, the sole FGHs to be structurally characterized so
far are those from Arabidopsis thaliana (AfFGH),'° Saccharo-
myces cerevisiae (SCFGH),'"' human liver (hESTD),'? and
Agrobacterium tumefaciens (AtuFGH)."> Analysis of the
structures of these enzymes revealed that, despite the differ-
ent kingdom of origin, all these proteins share a high degree
of structural similarity: they are all dimeric and present a
typical o/ f-hydrolase fold with the catalytic serine, aspartate,
and histidine residues in the canonical positions. These stud-
ies also highlighted the role of the aforementioned conserved
cysteine residue in regulating enzyme catalytic activity.

We recently identified a new prokaryotic member of the
FGH family, hereafter indicated as PhEst, which was isolated
from the psychrophilic bacterium Pseudoalteromonas halo-
planktis TAC125. This 280-residue protein, whose gene corre-
sponds to the ORF PSHAa1385, was originally annotated as a
feruloyl esterase, since it hydrolyzed the 4-methylumbellifer-
yl(p-trimethylammonium cinnamate chloride; MUTMAC), a
model substrate for determining feruloyl esterase activity.'*
However, the search for homologues in several genome data-
bases pointed to a high sequence similarity of this enzyme with
members of the FGH family, suggesting more appropriate clas-
sification as FGH. A preliminary biochemical and functional
characterization of this enzyme showed that it has an optimum
activity at pH 8.0 and at the temperature of 20°C."* Moreover,
PHEST can efficiently hydrolyze carboxyl esters such as o-naph-
tyl-acetate (K.y 2.75 s ', Ky 0.5 mM, ke Ky 5.5 s~ /mM), f-
naphtyl-acetate (K. 1.8 s~ ', Ky 0.5 mM, k/Ky 3.6 s~/
mM), and pNP-acetate (K., 2 s~ ', Ky 0.75 mM, ke/Ky 2.7
s~ '/mM), while it shows no activity with pNP-esanoate and -
dodecanoate as substrates."* In view of the wide distribution of
FGHs and their role in the formaldehyde detoxification path-
way we began to investigate the structure and functions of
PhEst. In particular, in this article we describe its crystal struc-
ture at 2.20 A and provide a characterization of the catalytic ac-
tivity of this enzyme toward several thioester substrates, further
supporting the new classification of this enzyme as FGH.

RESULTS

Expression, Purification, and Catalytic

Activity of PhEst

The PhEst gene was expressed in E. coli strain BL21(DE3)
under the control of the T7 RNA polymerase transcription

system at 37°C. Five milligrams of purified protein were
obtained from 3 g of bacterial cells originated from a 250-ml
culture of E. coli BL21 (DE3) after IPTG induction and
growth for 3 h. The recombinant protein was purified to ho-
mogeneity by a single-step Ni** affinity chromatography as
revealed by SDS-PAGE analysis. The protein mass of PhEst
was estimated to be 30 kDa by SDS-PAGE, which was con-
sistent with the value predicted from the amino acid
sequence. The purified enzyme was also analyzed for its
native molecular mass by gel filtration chromatography. It
showed a molecular mass of about 60 kDa, suggesting a di-
meric structure for this protein.

Enzyme specificity was examined with several thioester
substrates, namely p-nitrophenyl-thioacetate (pNP-S-Ac)
and three glutathione derivatives: S-formylglutathione, S-lac-
toylglutathione, and S-acetylglutathione. Thorough analysis
of the activity toward pNP-S-Ac was thwarted by the instabil-
ity of this substrate at concentrations higher than 0.5 mM,
hampering the calculation of the kinetic parameters. How-
ever, a qualitative analysis of enzyme hydrolytic activity
revealed that this thioester was hydrolyzed to the same degree
as the analogue ester substrate pNP-O-Ac previously investi-
gated.'* By contrast, analysis of the enzymatic assays with
glutathione derivatives showed that PhEst presents quite a
high hydrolytic activity toward S-acetylglutathione (5.7 U
mg '), while its activity is reduced with S-formylglutathione
(1.2 U mg™") and is barely detectable with S-lactoylgluta-
thione (4.6 X 10 U mgfl).

Overall Structure

PhEst was crystallized in the space group P2,2,2, with four
molecules per asymmetric unit (named A, B, C, and D). Its
structure was solved by molecular replacement using the S.
cerevisite FGH (PDB code 1PV1) as starting model and
refined to a crystallographic R-factor of 16.1% and an R-free
of 20.5% in the 20.00- to 2.20-A resolution range. The final
model consisted of 8660 nonhydrogen atoms, 1054 water
molecules, and 4 chloride ions present in the crystallization
solution and clearly identified in the Fourier maps. Poor elec-
tron density was observed for the N- and C-terminal residue
of all the monomers that were not included in the final
model. The refined structure presented a good geometry
with RMSD from ideal bond lengths and angles of 0.007 A
and 1.4°, respectively. The average temperature factor (B) for
all atoms was 15.6 A% The stereochemical quality of the
model was assessed by PROCHECK."” The most favored and
additionally allowed regions of the Ramachandran plot con-
tained 89.4 and 9.8%, respectively, of the nonglycine resi-
dues. Refinement statistics are summarized in Table L.
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Table I Data Collection and Refinement Statistics

Crystal parameters

Space group P2,2,2,
a(A) 49.49
B (A) 129.75
CA) 152.67
Number of independent molecules 4
Data collection statistics
Resolution (A) 20.00-2.20
Wavelength (A) 1.54178
Temperature (K) 100
R-sym (%)* 5.3 (16.6)
Mean I/o(I) 19.5 (5.9)
Total reflections 195285
Unique reflections 49990
Completeness (%) 98.7 (93.6)
Refinement
Resolution (A) 20.00-2.20
R-factor (%)° 16.1
R-free (%)" 20.5
RMSD from ideal geometry:

Bond lengths (A) 0.007

Bond angles (°) 1.4

Number of protein atoms 8660
Number of water molecules 1054
Average B factor (Az):
All atoms 15.6
Protein atoms 14.3
Water molecules 25.4

Values in parentheses refer to the highest resolution shell (2.28-2.20 A).

* Rym = ZII; = <I>I/ZI; over all reflections.

® Rictor = ZIFy — FA/ZFy; Reee calculated with 5% of data withheld
from refinement.

PhEst is a compact globular protein, whose roughly ellip-
soidal shape is ~40 X 40 X 50 A® in size. Its structure shows
the typical features of the o/f-hydrolase fold: it consists of a
central nine-stranded mixed f-sheet surrounded by nine -
helices, four 3,,-helices, and one 7-helix (Figures 1A and
1B). In agreement with gel filtration analysis the four inde-
pendent molecules in the asymmetric unit form two dimers
very similar to those observed for the other FGHs with
known crystal structure.'®'® Within each dimer, the two
monomers interact via eight hydrogen bonds (Table II) and
numerous van der Waals interactions, thus generating an
interface area that extends over 1754 A% The two active sites
stand opposite to each other and are perfectly accessible to
the substrate (see Figure 2).

The four molecules in the asymmetric unit are almost
identical: superimposition carried out on the Co positions of
all 278 residues leads to an RMSD ranging from 0.17 to 0.22
A. Therefore, the following discussion will be conducted
based on only one arbitrarily chosen monomer, unless other-
wise stated.
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Catalytic Triad and Binding Pockets

PhEst contains a catalytic triad formed by residues Ser147,
Asp225, and His258, all located according to the classic
arrangement characterizing the o/ f-hydrolases. Ser147 is part
of the hexapeptide sequence Gly-His-Ser-Met-Gly-Gly, con-
served in all characterized FGHs. It is located at the apex of a
sharp turn, called nucleophilic elbow, which connects strand
p6 and the following helix o5 (Figure 1A). The sharpness of
the turn causes a strained conformation of the catalytic ser-
ine with backbone ¢ and  angles lying in an unfavorable
region of the Ramachandran plot (¢ = 55.9° and Y =
—110.0°). A hydrogen bond interaction between Ser1470G
and His258NE2 atoms contributes to the stabilization of this
conformation (see Figure 3). The active site histidine is
located in a five-residue loop connecting strand 9 to helix
o9 (Figures 1A and 1B). It is hydrogen bonded to the third
residue of the «catalytic triad, Asp225 (His258ND1—
Asp2250D2 = 2.63 A), which in turn interacts with Phe227
(Asp2250D2—-Phe227N = 2.79 A) and GIn221
(Asp2250D2—GIn221NE2 = 3.13 A; see Figure 3). As al-
ready observed for AfFGH,'® ScFGH,'' HESTD,'? and
AtuFGH,"® Leu54 and Met148 complete the catalytic ma-
chinery, with their main chain NH groups being used to
define the oxyanion hole, required for the oxyanion inter-
mediate stabilization during the catalytic process. In fact,
the nitrogen backbone atoms of these residues are hydro-
gen bonded to a water molecule that approximately mimics
the position occupied by the negatively charged oxygen
of the tetrahedral intermediate arising from the nucleo-
philic attack of the catalytic serine on the ester substrate
(see Figure 3).

Detailed inspection of the solvent accessible surface reveals
the presence of a large cleft, delimited by residues Thr55,
Cys56, Asn60, Lys64, His258, Ser259, and Tyr260, that spans
from the protein surface to the catalytic serine. By contrast, a
very small cavity, bordered by residues Leu54, 1le173, Trp181,
Phe227, and Leu232 is located close to this catalytic serine.
The structural superposition of PhEst with other esterases in
complex with substrate analogues'”'® allowed the cavity to
be identified as the acyl binding pocket and the cleft as the
alcohol/thiol binding pocket of the ester substrate. Interest-
ingly, as already observed for other FGHs whose three
dimensional structure has been solved, the acyl binding
pocket is very small and allows for the accommodation of
substrates with very short acyl chains, like formyl- or acetyl-
esters. Instead, the alcohol/thiol binding pocket is very large
and allows for the accommodation of very large moieties,
thus explaining the high activity of this enzyme toward esters
of glutathione and umbelliferon. Cys56, the highly conserved
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PhFGH 1 —MLERISSV;VSGGWHKOYTH;DVST%CTM?FAvﬁ/QDGHS ————— ESN(VPJLYWLS FMOS GAFFRAAEAGIAIVAPDTSPRGDNVPN_——DSYD
SCFGH 1 --MKVVKEFSVCGGRLIKLSHNSNSTKTSMNVNIYLPKHYYAQDFPRNKRIPTVFYLS AFWQFQADKYGFATVFPDTSPRGDEVANDPEGSWD
hESD 1 MALKQISSNKCFGGLQKVFEHDSVELNCKMKFAVYLPPKAE------ TGKCPALYWLS 0N 1SKSGYHOSASEHGLYVI APDTSPRGCNIKGE- DESHD
AtUFGH 1 --MNIISQNTAFGGMQGVFSHQSETLKSEMTFAVYVEPKAT------ HEPCPVVWYLS VMERGEYRRMASELGLVVVCPDTSPRGNDVPDEL-TNWQ
¥ _“. p——{o —{5]
PHFGH 98 FAQGAGFYVNATOAPYNTHFNMYDYVVNELPALIEQHF---—-----I PVTSTKATSGHSMGGHGALM I ALKNF - -QDYVSASAFSPEVNP INCFGVKAFTGYLGA
ScFGH 104 FGQGAGFYLNATQEPYAQHYQMYDYIHKELPQTLDSHFNKNGDVKLDFLDNVAITGHSMGGYGAICGYLKGYSGKRYKSCSAFAP@VNPSNVPNGOKAFKGYLGE
hESD 99 FGTGAGFYVDATEDPWKTNYRMYSYVTEELPQLINANF------- PVDPQRMSIFGHSMGGHGALICALKNP--GKYKSVSAFAPECNPVLC SKKAFSGYLGT
AtuFGH 97 MGKGAGFYLDATEEPWSEHYQMYSYVTEELPALIGQHF------- RADMSRQSIFGHSMGGHGAMT IALKNP--ERFKSCSAFAPRVAPSSADRSEPALEKYLGA
-

ScFGH 209 EKAQWEAYDPCLLIKNIRHVGDDRILIHVGDSDP@L-EEHEKPELLLEAVKATSWODYVEIKKVHGF!
hESD 195 DQSKWKAYDATHLVKSYPG-SQLDILIDQGKDDORLLDGORLPDNFIAACTEKKI--PVVFRLOEDY!

PhAFGH 193 DKTTWAQYDSCKLMAKAEQSNYLPMLVSQGDADNEL-DEQEBKPONLVAVAKQKDY--PLTLEMQTGY.
AtuFGH 193 DRAAWRRYDACSLVEDGA*fRFP"FLIDQGhADS - EKGRPWLFEEATKGTDI - ~-GLTLRMHDRY

FFISSFIDOHLVFHHQYLSA-
YFVSTFVPEHAEFHARNLGLI
YFIATFITDHIRHHAKYLNA-

FISTFMDDHLKWHAERLG--

*

FIGURE 1 (A) PhEst overall fold. ff-strands are reported in yellow (f1, 3—10; 2, 13-22; 3, 27-35;
B4, 45-51; B5, 77-80; f6, 137-145; 7, 167-170; f8, 217-222; 9, 248-253), a-helices in red (a1, 58—
65; a2, 67-75; 3, 118-125; o4, 125-135; o5, 147-160; 06, 179-191; o7, 201-208; a8, 233-245; o9, 259—
279), 31¢-helices in cyan (3,04, 175-178; 310B, 193-197; 3,0C, 197-200; 3;,D, 210-214) and 7-helices
in blue (71, 227-232). Secondary structure assignments were obtained from PROMOTIE.'® (B) Struc-
ture-based sequence alignment of PhEst with ScFGH (PDB code 1PV1),'"! hESTD (PDB code 3FCX)'?
and AtuFGH (PDB code 3E4D)."> Secondary structural elements refer to PhEst. Catalytic triad and
oxyanion hole residues are starred, strictly conserved residues are bold while residues delimiting the
acyl and alcohol/thiol binding pockets are highlighted in magenta and green, respectively.

coordinate file of AfFGH is not available in the PDB data-
base, this enzyme will not be used in the structural compari-
sons below. Despite the difference in the kingdom of origin,
PhEst, ScFGH, hESTD, and AtuFGH present a high sequence
identity (42% for PhEst/ScFGH, 52% for PhEst/hESTD, and
52% for PhEst/AtuFGH) and a substantial degree of three-

residue that is assumed to play a key role into FGH regula-
tion,'™®'" is located on the edge of the alcohol/thiol binding
site in the loop connecting strand (4 to helix «l, at ~9 A
from Ser147 (SerCB-CysCB = 8.84 A).

Structural Comparison with Other FGHs

AFGH,'° ScFGH,'! hESTD,'? and AtuFGH' are the only
examples of proteins belonging to the FGH family to be
structurally characterized to date. However, since the PDB

dimensional similarity. Indeed, the RMSD for the superposi-
tion of the backbone atoms of PhEst with the corresponding
atoms in ScFGH,'' hESTD,"? and AtuFGH'" was calculated

Biopolymers



Table I Intermolecular Hydrogen Bonds Stabilizing the
Dimeric Structure of PhEst

Chain A Chain B Distance (A)
LysONZ Thr2540 2.82
Serl1N Ser2650G 2.78
Lys69NZ Asp2680D2 2.84
Tyr2560H Glyl12N 2.67
Glyl12N Tyr2560H 2.92
Thr2540 LysONZ 2.95
Asp2680D2 Lys69NZ 3.02
Ser2650G Ser11N 2.96

as 1.3, 1.1, and 1.0 A, respectively. The main differences were
observed in the loops connecting 53 and f4, 5 and a3, x4
and f6, and a8 and f}9, where several insertions or deletions
were observed in PhEst with respect to the other enzymes
(Figure 1B). Since these regions are located far away from the
active site, the observed differences should not influence ei-
ther catalytic activity or substrate binding. The active site
regions of the three enzymes were almost superimposable.
Interestingly, sequence alignment reported in Figure 1B
revealed that the structural similarity in this region was also
associated to a total conservation of the amino acids delimit-
ing the acyl and alcohol/thiol binding pockets.

Structural Determinants of Cold Adaptation

Psychrophilic or cold-adapted enzymes have two main prop-
erties: rapid inactivation at moderately high temperature and
a high specific activity at low temperatures. Much research
effort has been made in recent years to obtain information
on the molecular determinants responsible for these proper-
ties by comparing both sequences and three-dimensional
structures of psycrophilic enzymes with their mesophilic
counterparts. From sequence analysis a decreased number of
proline residues, an increased number of glycine residues,
fewer arginine residues, and a lower arginine/(arginine + ly-

Leu54

Met148

GIn221
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FIGURE 2 Dimeric structure of PhEst with one monomer col-
ored white, the other gray. The active site cavity of each monomer is
reported in black.

sine) ratio have emerged as a hallmark of psycrophilic
enzymes.'”' The sequence comparison of PhEst with its
mesophilic counterparts ScFGH,"' hESTD,'? and AtuFGH"
reveals that among these factors only the number of arginine
residues and the value of the arginine/(arginine + lysine) ra-
tio show a clear correlation with enzyme psychrophilicity
(see Table IIT).

On the other hand, structural comparisons have shown
that several factors, such as a reduced number of salt bridges
25,26

and hydrogen bonds, a reduced contribution of charged
residues to the accessible and buried surface,”*®

increased contribution of hydrophobic residues to the surface

and an

area®® can influence the ability of cold-adapted enzymes to
work at low temperature. Thus, all these parameters were
compared between PHEST and its mesophilic counterparts
and reported in Table III. Close analysis of this table reveals
that among the considered parameters the number of ionic
interactions calculated at 4 and 6 A displayed the clearest cor-
relation with enzyme psychrophilicity. Indeed, PhEst shows
the fewest ion pairs within the structures analyzed, indicating
that the enzyme most likely adopts this strategy to maintain
appropriate protein flexibility at low temperature. The amino

Leu54

Met148

FIGURE 3 Stereo view of the PhEst active site. Hydrogen bonds are shown as dotted lines.
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Table III Comparison of Sequences and Structural Features of PhEst, ScCFGH, hESD, and AtuFGH

PhEst ScFGH hESD ArFGH
Sequence comparison
Number of Arg residues 2 (0.7)* 8 (2.7)* 5(1.8)" 14 (5.0)*
Number of Lys residues 15 (5.4)* 22 (7.4)* 22 (7.8)* 11 (4.0)*
Arg/(Arg + Lys) 0.1 0.27 0.19 0.56
Number of Gly residues 18 (6.4)* 24 (8.0)* 22 (7.8)* 23 (8.3)*
Number of Pro residues 16 (5.7)* 16 (5.4)* 16 (5.7)* 15 (5.4)*
Number of Gln + Asn residues 30 (10.8)* 26 (8.7)% 23 (8.2)* 14 (5.1)*
Structural comparison
Number of ion pairs (4 A)P 5(0.018)¢ 12 (0.040)° 8 (0.028)° 17 (0.061)°
Number of ion pairs (6 AP 15 (0.054)° 24 (0.080)°¢ 20 (0.071)€ 29 (0.104)¢
Number of hydrogen bonds® 158 (0.56)¢ 156 (0.52)¢ 157 (0.56)¢ 159 (0.57)¢
Total solvent accessible surface area (Az)f 20636 23168 20790 20476

7180 (34.8)%
8795 (42.6)%
4661 (22.6)8
2371 (11.5)8
1968 (9.5)8
4338 (21.0)8

>Charged residues’
>Polar residues’
>Hydrophobic residues’
Gln contribution to the surface area (A)f
Asn contribution to the surface area (A2)
Gln + Asn contribution to the surface area (A%)"

11573 (50.0)®
6234 (26.9)8
5361 (23.1)8

8742 (42.0)8
6152 (29.6)8
5897 (28.4)8

10784 (52.7)%
4560 (22.3)®
5132 (25.0)®

1312 (5.7)® 1552 (7.5)% 942 (4.6)®
1887 (8.1)8 1320 (6.3)8 761 (3.7)%
3198 (13.8)8 2872 (13.8)8 1703 (8.3)8

? Percentage respect to the total number of protein residues.

b Salt bridges within a distance of 4 and 6 A, measured on the chain A of each enzyme, using the program PIC (http://crick.mbu.iisc.ernet.in/~PIC/

index.html).*

¢ Ton pairs normalized respect to the number of protein residues.

4 Intramolecular hydrogen bonds counted on chain A of each structure, using the program CNS,** a maximum distance between acceptor oxygen and do-
nor nitrogen of 3.5 A and a minimum angle between acceptor carbon, acceptor oxygen and donor nitrogen of 120°.

¢ Hydrogen bonds normalized respect to the number of protein residues.

f Surface areas calculated using the program GRASP** with a 1.4 A probe and taking into account the physiological dimer of each structure. The amino
acid residues were grouped as follows: charged (R,K,D,E,H), polar (S,T,Q,N,Y), hydrophobic (G,A,L,LW,PLEM,C,V).

& Percentage of surface respect to the total solvent accessible area.

acid composition of the protein surface is another major fea-
ture that distinguishes PhEst from the other three enzymes.
In particular, in agreement with literature data, PhEst shows
the smallest portion of charged surface area, while no agree-
ment with the literature data is observed for the hydrophobic
surface area, since PhEst presents a lower or approximately
equal content of hydrophobic amino acids on its molecular
surface. Interestingly, a large amount of PhEst surface is made
of polar residues. The presence of polar amino acids on the
surface of cold-adapted enzymes is considered an extremely
important factor for proper protein solvation and for main-
taining the right molecular flexibility, due to the high viscosity
and high surface tension of water at low temperatures.” It is
worth noting that the PhEst polar surface area has a higher as-
paragine and glutamine content, which compensates for the
reduction in surface charged residues. A relative abundance of
these amino acids is typical in psychrophilic organisms and has
been observed in the whole genome of Pseudoalteromonas halo-
planktis TAC125.%° This trend provides evidence for the adap-
tation of the bacterium to its cold environment. Indeed, gluta-
mine and asparagine side chains are heat-labile and are predis-

posed to deamination at high temperatures,”" while are quite
stable in a cold environment, thus explaining their increased
content in cold-adapted proteins.>

DISCUSSION

Formaldehyde is a very reactive compound that has been classi-
fied as a potential human carcinogen. It is a widespread pollu-
tant as well as a common by-product of primary metabolism
originated by the spontaneous dissociation of 5,10-methylene
tetrahydrofolate and by protein-repair and oxidative-demethy-
lation reactions.” To perform the detoxification from formal-
dehyde, different organisms have developed different sys-
tems.”*>® However, the glutathione-dependent repair system is
the most widespread in nature, being found in most prokar-
yotes and all eukaryotes."”*”* In this process formaldehyde
reacts with reduced glutathione (GSH) to yield S-hydroxyme-
thylglutathione, which is subsequently oxidized by NAD-de-
pendent formaldehyde dehydrogenase (FALDH) to S-formyl-
glutathione. Lastly, this compound is hydrolyzed to formate
and GSH by S-formylglutathione hydrolase (FGH). Thus both
FALDH and FGH are part of a GSH-dependent formaldehyde

Biopolymers



oxidation pathway. However, while FALDH was extensively
characterized in recent years both structurally and biochemi-
cally,”>~** FGH has received much less attention.

In this article we reported the characterization of the cata-
Iytic activity and crystallographic structure of PhEst, a FGH
isolated from the psychrophilic bacterium Pseudoalteromonas
haloplanktis TAC125. The kinetic characterization of the
enzyme with several thioester substrates demonstrated that
PHEST can efficiently hydrolyze substrates with small acyl
S-acetylgluta-
thione, and S-formylglutathione, while it shows no activity

moieties such as p-nitrophenyl-S-acetate,

toward substrates with a bulky acyl group such as S-lactoyl-
glutathione. Analysis of the crystallographic structure corre-
lates well with these findings. Indeed, the enzyme, which
shows a typical o/f-hydrolase fold, is characterized by the
presence of a very small acyl binding pocket and a large alco-
hol/thiol binding pocket. These observations are also in line
with previously reported kinetic studies on this enzyme,
which showed that it can hydrolyze with high efficiency o-
naphtyl-, f-naphtyl, and pNP-acetate esters, whilst showing
no activity with pNP-esanoate and -dodecanoate.'* Interest-
ingly, the structural comparison of PHEST with all other

11-1
3 reveals

FGHs with known three dimensional structure
that, irrespective of their source, these enzymes show a re-
markable degree of three dimensional similarities and, more
surprisingly, a complete conservation of all residues delimit-
ing the acyl and alcohol/thiol binding pockets (see Figure
1B). These findings go some way to explaining the strong
similarity in substrate specificity exhibited by these enzymes
and further support the idea, already suggested by several
authors,””™ that the FGH enzyme is part of an universal
detoxification pathway shared by a variety of organisms.
PhEst is the first cold-adapted FGH to be structurally char-
acterized. In recent years, many research groups have focused
on cold-adapted enzymes since the peculiar features of these
proteins make them particularly interesting for applications in
industrial processes.*’ Indeed, their high catalytic efficiency at
low temperature together with their rapid inactivation at tem-
perature as low as 30°C confer great potential on these enzymes
in biotechnological applications. For the above reasons, identi-
fication of the molecular basis of the cold adaptation for differ-
ent enzyme families is of great topical interest. The availability
of structural data for PhEst and its mesophilic analogues
ScFGH, hESTD, and AmFGH provided the opportunity to
identify subtle structural differences which may account for
their ability to cope with different environmental temperatures.
In particular, a reduced number of ionic interactions together
with a decreased value of the charged surface area seem to have
a major role in the capability of the psychrophilic enzyme
under investigation to work at low temperature. Other cold
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adaptations are not evident, further supporting the idea that
each enzyme family can choose a different strategy for dealing
with low environmental temperature.

In conclusion our structural studies of PhEst obtained fur-
ther insights into the catalytic and structural features of
FGHs and identified some possible molecular determinants
of cold adaptation in this enzyme family; however, further
mutagenesis studies are necessary to test these hypotheses.

MATERIALS AND METHODS

Protein Expression and Purification

The gene PhEst, encoded by the ORF PSHAa 1385, was cloned into
the expression vector pET28a in frame, at its N-terminus, with a six-
histidine stretch.'* N-terminus His6-S-tagged protein from pET28a
construct was overexpressed following transformation in E. coli
BL21(DE3). After growth at 37°C on Luria-Bertani medium supple-
mented with 50 ug of kanamycin ml™", the cells were recovered and
lysed by sonication (Soniprep; Sanyo). Induction was carried out by
adding 0.1 mM IPTG to a culture at an optical density of 0.5 measured
at 600 nm, and then incubating the culture at 37°C for 3 h. The
obtained protein was purified by nickel affinity chromatography as
described by the manufacturer (Novagen). Thrombin cutting on col-
umn was used to obtain the protein without the His stretch at its N-
terminal. The purified protein was analyzed by SDS-PAGE as described
by Laemmli** and by Western Blotting with anti-His antibodies.

Synthesis of Thioesters

S-lactoylglutathione and p-nitrophenyl-thioacetate were provided
by Sigma-Aldrich, while S-acetylglutathione and S-formylgluta-
thione were synthesized following procedures reported elsewhere.*’
Products were purified by HPLC on a Phenomex Jupiter 10u Proteo
90A 250 X 10.00 mm® column, and analyzed by LC-MS on a
Thermo Finnigan (MSQ) instrument with a Phenomenex Jupiter
101 Proteo 90A 250 X 10.00 mm? column. S-acetylglutathione was
purified using a gradient of acetonitrile (0.1% TFA) in water (0.1%
TFA) from 0 to 40% in 45 min (Mass: calculated: 349.4 Da;
observed 349.9 Da). S-formylglutathione was purified using an iso-
cratic gradient of water (0.1% TFA) of 45 min (Mass: calculated:
335.1 Da; observed 335.4 Da)

Enzymatic Assays

Protein concentration was determined as described by Bradford,*®
using the BioRad protein staining assay, and BSA as standard. Thio-
esterase activity was determined at 20°C by using pNP-O-Ac and
PNP-S-Ac as substrates. The assays were performed in 1 ml of 20
mM sodium phosphate buffer pH 7.4 containing 5 mM pNP-O-Ac
and 0.5 mM pNP-S-Ac. The release of p-nitrophenol was continu-
ously monitored at 405 nm by a Cary ultraviolet-visible spectropho-
tometer equipped with a Dual Cell Peltier Temperature Controller
(Varian). One enzyme unit was defined as the amount of enzyme
releasing 1 umol of p-nitrophenol per minute under the described
conditions. The assays with glutathione thioesters (S-formylgluta-
thione, S-lactoylglutathione, and S-acetylglutathione) at a concen-
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tration of 1 mM were carried out at 20°C in 20 mM sodium phos-
phate buffer pH 7.4. The hydrolysis of S-derivatives of glutathione
was determined by monitoring the respective decrease in absorb-
ance at 240 nm.

Crystallization and X-Ray Data Collection

PhEst was crystallized at 293 K using the hanging drop vapor diffu-
sion technique. Drops were prepared by mixing 1 ul of enzyme solu-
tion (4 mg ml™" in 25 mM TRIS-HCI, pH 7.3) with 1 gl of precipi-
tant solution (20% (w/v) PEG MME 5000, 0.2M sodium acetate,
0.1M TRIS-HCI, pH 7.0), and equilibrated over a well containing 1
ml of precipitant solution. Crystals appeared after 3 days and grew
in about one week to maximum dimensions of 0.3 X 0.2 X 0.2
mm?®. A complete dataset was collected at 2.20-A resolution from a
single crystal at the temperature of 100 K, with a copper rotating an-
ode generator developed by Rigaku and equipped with Rigaku Sat-
urn CCD detector. Prior to cryogenic freezing, crystals were trans-
ferred to the precipitant solution with the addition of 15% (w/v)
glycerol. Data were processed using the HKL2000 crystallographic
data resolution package (Denzo/Scalepack).”” The crystals belonged
to the space group P2,2,2; with unit cell dimensions of a = 49.49
10\, b = 129.75 A, ¢ = 152.67 A. The Matthews coefficient (Vm =
1.99 A® Da™!) indicated that the crystallographic asymmetric unit
contained four molecules according to a solvent content of 38%.
Data collection statistics are reported in Table I.

Structure Determination and Refinement

The structure of PhEst was solved by molecular replacement tech-
nique using the program AMoRe*® and the crystallographic struc-
ture of the SC(FGH (PDB code 1PV1)'! as model template. The rota-
tion and translation functions were calculated using data between
15.0 and 3.5 A resolution. The one-body translation search, using
the centred-overlap function (c-0), on the first 50 rotation solutions
led to a single solution with a correlation coefficient of 25.4% and
an R-factor of 52.1%. The n-body translation search carried out
with the phased-translation function (p-t), by including a PC
refinement before each n-body translation search led to finding the
remaining three molecules contained into the asymmetric unit. This
improved the correlation coefficient and the R-factor to 73.8 and
32.7%, respectively. Refinement of the structure was carried out
using CNS** and model building was performed with O.* The first
cycles of the refinement were carried out with four-fold NCS-
restraints with an energy barrier of 300 kcal mol ™' A, After R-fac-
tor and R-free reached 21.7 and 24.1%, respectively, the NCS
restraints were removed, and further cycles of manual rebuilding
and positional and temperature factor refinement were necessary to
reduce the crystallographic R-factor and R-free values (in the 20.00-
to 2.20-A resolution range) to 16.1 and 20.5%, respectively. Data
refinement statistics are summarized in Table I. Coordinates and
structure factors were deposited in the Protein Data Bank (accession
code 3LS2).
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