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Abstract: The structure of the Atu1476 protein from Agrobacterium tumefaciens was determined at
2 A resolution. The crystal structure and biochemical characterization of this enzyme support the
conclusion that this protein is an S-formylglutathione hydrolase (AtuSFGH). The three-dimensional
structure of AtuSFGH contains the o/p hydrolase fold topology and exists as a homo-dimer.
Contacts between the two monomers in the dimer are formed both by hydrogen bonds and salt
bridges. Biochemical characterization reveals that AtuSFGH hydrolyzes C—O bonds with high
affinity toward short to medium chain esters, unlike the other known SFGHs which have greater
affinity toward shorter chained esters. A potential role for Cys54 in regulation of enzyme activity

through S-glutathionylation is also proposed.
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Introduction

S-formylglutathione hydrolase (SFGH) (3.1.2.12) is a
glutathione thiol esterase that hydrolyzes S-formylglu-
tathione to glutathione and formate. SFGH is part of
the formaldehyde detoxification pathway conserved in
eukaryotes and prokaryotes. Genomic sequence analy-
ses have revealed the existence of putative SFGH-
encoding genes in a variety of organisms. This has
lead to the proposal that SFGH and the glutathione-
dependent formaldehyde oxidation pathway are dis-
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tributed throughout eukaryotes and prokaryotes. In
eukaryotes, SFGHs have been purified and character-
ized from human liver," Arabidopsis thaliana,>® and
Saccharomyces cerevisiae.* SFGH has also been char-
acterized from Paracoccus denitrificans,® described as
a human esterase D homolog. Human esterase D was
recently identified as S-formylglutathione hydrolase.®”
Recently two E. coli SFGH proteins, FrmB (YaiM) and
YeiG, were purified and characterized.® Alignment of
sequences from both prokaryotic and eukaryotic
SFGHs together with site directed mutagenesis experi-
ments have revealed that SFGHs are serine hydrolases
containing a conserved Ser-Asp-His catalytic triad.
Structures of SFGHs from eukaryotes have been
reported,”'® however no prokaryotic SFGH structure
is available. In view of the wide distribution of SFGH
in nature and their importance in the formaldehyde
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Figure 1. Crystal structure of AtuSFGH and superposition with eukaryotic SFGHSs. (A) Stereo view of the monomer structure
of AtuSFGH showing the conserved SFGHs sequence motifs. Motif I: Leu-Ser-Gly-Leu-Thr-Cys (black), Motif II: Pro-Asp-Thr-
Ser-Pro-Arg-Gly (blue), Motif lll: Gly-Xaa-Gly-Ala-Gly-Phe-Tyr-Xaa-Xaa-Ala-Thr (red), Motif IV: lle-Xaa-Gly-His-Ser-Met-Gly-
Gly-Xaa-Gly-Ala (magenta), Motif V: Asp-His-Ser-Tyr-Tyr-Phe (green), and new Motif VI: Xaa-Gly-Xaa-Xaa-Asp-Xaa-Phe
(brown). Ser-Asp-His catalytic triad, the regulatory Cys and Leu/Met from the oxyanion hole are shown as ball-and-stick
representations. The oxyanion hole is indicated with a black star. (B) The AtuSFGH dimer structure. The B-sheet is colored
red and a-helixes are colored blue. The proposed active site residues are shown as ball-and-stick representations.

detoxification pathway, we have expressed, purified,
and crystallized a putative prokaryotic S-formylgluta-
thione hydrolase from Agrobacterium tumefaciens
(AtuSFGH). AtuSFGH consists of 277 amino acid and
shares 46 and 47% sequence identity to the E. coli S-
formylglutathione hydrolase proteins FrmB (YaiM)
and YeiG, respectively, and 44, 47, and 53% sequence
identity to ScSFGH, AtSFGH, and HSFGH,
respectively.

In this article, we present the three-dimensional
crystal structure and biochemical characterization of
AtuSFGH. AtuSFGH has the typical SFGH hydrolase
fold with a Ser-Asp-His catalytic triad similar to that
of ScSFGH and AraSFGH.

Results and Discussion

Overall structure of A. tumefaciens esterase
The overall structure of AtuSFGH consists of six mole-
cules (A-F) packed as three dimers per asymmetric
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unit. Each monomer in the dimer is related to the
other monomer by non-crystallographic twofold sym-
metry. The dimer formed by monomers A and B is
slightly rotated and translated compared with the
other two dimers. The contacts (PISA server: http://
www.ebi.ac.uk/msd-srv/prot_int/pistart.html) between
the two monomers in the dimer are formed both by
hydrogen bonds from main chain and side chain
atoms (five) and salt bridges (four), with a buried sur-
face area of 1037.7 A2 (average of the three dimers).
AtuSFGH is a single domain protein with dimen-
sions of 48 A x 42 A x 29 A. The six monomers are
highly similar (r.m.s.d. of 0.20 A for all 277 equivalent
Co atoms). The AtuSFGH structure shows the general
o/B-hydrolase fold." It consists of a nine stranded cen-
tral B-sheet with strand order 123546789 flanked on
one side by three o-helixes and on the other site by
eight a-helixes and two small 3,, helixes [Fig. 1(A)].
The B sheet is mainly parallel with only the first and
third strand antiparallel. As in other o/B-hydrolases,
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Figure 2. Sequence and structural homology of AtuSFGH. The sequence of AtuSFGH was aligned with five S-
formylglutathion hydrolases (SFGHs). The sequences are from E. coli (FrmB (P51025) and YeiG (P33018)), A. thaliana
(Q8LASS), Sinorhizobium medical (A6U894), human esterase D (P10768), and S. cerevisiae ScSFGH (YJG8) (P40363). The
multiple sequence alignment was guided by a structural alignment of AtuSFGH and ScSFGH (PDB code 1PV1) using
SEQUOIA." Highly conserved residues are highlighted in red. The conserved cysteine residue and the residues contributing
to the catalytic triad are marked with an asterisk below the alignment. The oxyanion hole residues are denoted with triangles.
Proposed residues in substrate and product binding are marked with open circles. The secondary structure elements refer to
the structure of AtuSFGH (above) and ScSFGH (below) the sequence alignment. The consensus sequence motifs are denoted

with dotted lines below the alignment and have the same color as in Figure 1(A). The figure was prepared with ESPript."3

the B-sheet has a left-handed superhelical twist, with
the first and last strand oriented almost perpendicular
to each other. When compared with the general o/p-
hydrolase fold described by Ollis et al," AtuSFGH
contains one additional B strand (p1), five additional
a-helixes (a1, a3, o4, a7, and a8), and two small 3,,
helices (n1 and n2). The active site is located on the
C-terminal side of the B sheet, near the dimer contacts
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of each monomer and contains the classical serine hy-
drolase catalytic triad Seri47, His256, and Asp223
[Flg 1(B)]. The active site cavity has dimensions of
19 Ax12A x 9 A with Seri47 positioned in the mid-
dle of this cavity. Ser147 is found on the characteristic
“nucleophilic elbow,” a sharp vy-like turn between
strand B6 and helix «6." The narrow turn places
Ser147 near the N-terminal end of helix o6, allowing

Structure of Atu SFGH
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Table 1. Kinetic Analysis of wt. AtuSFGH with Various Substrates

Kin (M) Vinax (moles min~" mg™) keat (s7) keat/Km (M "s77)
pNP-acetate 0.48 + 0.045 3.66 + 0.11 1.95 4.07 x 102
pNP-propionate 0.05 £+ 0.006 3.46 + 0.12 1.84 3.85 x 10%
pNP-butyrate 0.11 £+ 0.007 8.40 + 0.14 4.48 4.08 x 10
pNP-caproate 0.02 + 0.002 1.26 £+ 0.033 0.67 3.96 x 10*
a-naphthyl propionate 0.35 £+ 0.027 3.57 £ 0.19 1.90 5.54 x 103
a-naphtyl butyrate 0.44 £+ 0.040 3.24 + 0.21 1.73 3.93 x 10°

charge stabilization through the helix-dipole moment."
The sharp turn places Seri47 in a slightly unfavorable
region of the Ramachandran plot with ¢ and | angles
of 63° and —109° (average of six monomers), respec-
tively, as in other o/p hydrolases."

Structural comparison of AtuSFGH with known
eukaryotic SFGH structures

A structure-based sequence alignment shows that the
Ser-Asp-His catalytic triad and oxyanion hole residues
are strictly conserved among the S-formylglutathione
hydrolases family (Fig. 2). The structure-based
sequence alignment reveals six consensus sequence
motifs,® all lining up the SFGHs active site [Figs. 1(A)
and 2]. Structural superposition of AtuSFGH onto the
eukaryotic SFGHs from human (hSFGH) and yeast
(ScSFGH) shows that the three structures are very
similar with root-mean-square difference (rmsd) of
1.3 A for 272 Co atoms for ScSFGH and rmsd of 1.0 A
for 271 Co atoms for hSFGH. The three structures
show the same relative arrangement of the two mono-
mers. However, there are significant differences
between AtuSFGH and hSFGH and ScSFGH in the
nonconserved flexible loop regions at the N-terminus
of the B sheet between strand B3 and B4, helix a5 and
strand f6, helix a6 and By, helix a9 and B8, helix a10
and B9 (Fig. 2). The differences in these loop regions
are largely due to insertions in ScSFGH.

The architecture of the active site and oxyanion
hole of AtuSFGH is similar to that of the eukaryotic
SFGHs.”'*'* The active site is formed by conserved
secondary structure elements: helix a2, part of the N-
terminus of helices 06, a7, and a11, the C-terminus of
B-strands B4 and B6. Four consensus sequence motifs
are fundamental for the architecture of the SFGH
active site and contain the residues central for cataly-
sis. These motifs are: motif-I at the loop region
between B4-02, motif-IV at B6-06, motif-V at Bo-a11
and the new motif-VI at f8-n2 [Figs. 1(A) and 2].
Most of the residues from the other two consensus
motifs (motif II and motif III) are found in the loops
between strand B5 and helix a4, and likely help to sta-
bilize the fold of the active site [Figs. 1(A) and 2]. The
LSGLTC hexapeptide (motif-I) makes a sharp turn at
the back of the active site and is stabilized by hydro-
gen bonds between the main chain carbonyl oxygen of
Glys1 and the main chain NH of Cys54 in AtuSFGH.
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This loop is held in position by conserved residues
from motif-II and motif-III. The arrangement of the
hexapeptide is essential for formation of the oxyanion
hole, explaining its conservation within the SFGH fam-
ily. This loop (motif-I) and the catalytic nucleophile
Ser147 form a small cavity that would stabilize the
negatively charged tetrahedral intermediate by the
main chain amide of Met148 (Met162 in ScSFGH) and
the main chain nitrogen atom of Leus2 (Leus8 in
ScSFGH). Furthermore, the dipole of helix a6 would
aid in stabilizing the tetrahedral intermediate.’> The
conservation of the overall structures and the invariant
active site motifs indicate the functional relationship
of AtuSFGH with the other SGFH enzymes and would
suggest a common catalytic mechanism.

Substrate specificity and kinetics

Carboxylesterase activity was determined by using p-
nitrophenyl esters of various fatty acids (C2—C16). Ary-
lesterase activity was determined by using a-naphthyl
esters of lengths (C2—C10). Kinetic parameters for the
hydrolysis of the various model esterase substrates are
presented in Table I. AtuSFGH shows increasing activ-
ity against both p-nitrophenyl and o-naphthyl esters
with increasing fatty acid chain length. The highest ac-
tivity for the p-nitrophenyl esters is against p-nitro-
phenyl butyrate (8.40 pmol/min/mg protein), and for
the o-naphthyl esters against o-naphthyl propionate
(3.6 pmol/min/mg protein). Further increase in fatty
acid chain length markedly decreases activity.
AtuSFGH 1is unable to hydrolyse o-naphthyl dodeca-
noate, p-nitrophenyl caprate, p-nitrophenyl laurate,
and p-nitrphenyl palmitate. The enzyme has more af-
finity toward C3 and C4 p-nitrophenyl esters than to-
ward C3 and C4 o-naphthyl esters. The highest cata-
Iytic activity is against p-nitrophenyl butyrate. The
maximal substrate specificity, as measured by the
specificity constant k..;/K,, was found for p-nitro-
phenyl butyrate. Thus, our experiments imply that
AtuSFGH hydrolyses C—0O bonds with high specificity
toward medium chain esters (C3—C4).

AtuSFGH shares 46% and 47% sequence identity
to the E. coli SFGHs FrmB (YaiM) and YeiG, res-
pectively. FrmB and YeiG have high carboxylesterase
activity against p-nitrophenyl esters of fatty acids (C2—
C6) and o-naphthyl acetate.® The highest hydrolytic
activity of these E. coli proteins is toward S-
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formylglutathione, an intermediate of the glutathione-
dependent pathway of formaldehyde detoxification.®
These E. coli proteins are able to hydrolyse two types
of bonds: C—0 and C—S.8 The eukaryotic SFGHs from
yeast,* A. thaliana,® and human' show comparable
kinetics to the E. coli SFGHs.® Unlike the other
SFGHs, AtuSFGH has greater affinity and catalytic ef-
ficiency toward C3 and C4 p-nitrophenyl than do the
other members of this family. AtuSFGH is also active
toward C3 and C4 o-naphthyl esters, whereas the E.
coli proteins are only active toward a-naphthyl acetate.
Comparison of AtuSFGH, ScSFGH, and hSFGH acyl
binding pockets show that the acyl binding pockets of
ScSFGH and hSFGH are shallower than the pocket in
AtuSFGH, preventing binding of C3 and C4 esters.
This is in agreement with kinetic studies that demon-
strate that ScSFGH and hSFGH prefer short chain
esters.*

Mutation of Cys54 and Ser147

Seri47 and Cyss54 are absolutely conserved in the
SFGHs of bacteria, yeast, animals, and plants. The role
of Cys54 and Seri47 were assessed by mutagenesis
and enzyme kinetics. The S147A mutant was unable to
hydrolyse o-naphthyl butyrate, in agreement with
Ser147 being the nucleophilic residue in the catalytic
mechanism of AtuSFGH. The conserved Cys54 from
motif-I is positioned on the edge of the active site cav-
ity, 8.9 A from the catalytic Ser147 [Fig. 1(C)]. This
residue has been proposed to serve a gate-keeping
function in regulating access to the active site via di-
sulfide formation with glutathione.®® The C54S mu-
tant showed a fourfold decrease in a-naphthyl butyrate
activity (data not shown). As with AtSFGH?° and the
E. coli SFGHs FrmB and YeiG,® the activity of wild
type AtuSFGH was inhibited by the thiol reacting
agent N-ethylmaleimide (NEM), however, the C54S
mutant is insensitive to NEM (data not shown). The
effect of the thiol inhibitors on the activity of SFGHs
can be explained by the binding of the inhibitor mole-
cule to the conserved cysteine residue located in the
active site of the enzyme (Cyss4 in AtuSFGH), conse-
quently, blocking the binding of substrate to the active
site of SFGHs. SFGH produces glutathione as a reac-
tion product; under high levels of glutathione in the
cell, this cysteine would likely become susceptible par-
ticularly to S-glutathionylation and would serve as an
auto-regulatory mechanism in these organisms.

Materials and Methods

Purification and crystallization

AtuSFGH was expressed and purified as previously
described.’® The initial crystallization condition was
determined with an optimized sparse crystallization
matrix'” at room temperature using the sitting drop-
vapor diffusion technique. The optimized crystalliza-
tion condition consisted of 0.1M Bis-Tris pH 6.5, 0.2M
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Table II. Data Collection Statistics and Refinement
Statistics

a. Data collection statistics
Space group oPl .
Unit cell dimensions a=66.43A,b=06895A,

c = 95.65 A
o = 92.41°, B = 99.79°,

i Y =98.43°
Resolution range (A) 25.0—2.02 (2.09—2.02)
Observed reflections 153,093
Unique reflections 102,062
Completeness (%) 95 (79.9)
I/o(D 23.2 (4.3)
Ruerge 5.8% (28.8%)

b. Refinement statistics

Resolution range (A) 25.0—2.02
Ryork/ Revee (%)? 18.1/21.8
No. of protein atoms 13,226
No. of water molecules 670
No. of Mg>* ions 6
No. of Cl~ ions 12
Average B factor (A%)
Protein 26.9
Water 26.9
Mg*" 33.6
Cl™ 20.2
Rms deviations
Bond length (108) 0.009

Bond angles (°) 1.21
Residues in regions of
Ramachandran plot

Most favored (%) 88.0
Additionally allowed (%) 11.4
Generously allowed (%) 0.6

# Ryork = Zhkl||Fobs| — |Fcalc||/Zhkl |Fobs|, where the crys-
tallographic R-factor was calculated with 95% of the data
used in the refinement; Rg.. = the crystallographic R-factor
based on 5% of the data withheld from the refinement for
cross validation.

MgCl,, and 25% PEG3350. Crystals were cryoprotected
using Paratone-N oil and were flash-frozen for diffrac-
tion data collection.

Data collection and processing

X-ray data were collected at 100 K with an in-house
apparatus consisting of a Rigaku 007 microfocus rotat-
ing anode X-ray generator with VariMax optics and an
R-AXIS IV++ image-plate detector (Rigaku/MSC).
Diffraction data to 2.0 A was collected and processed
and scaled using DENZO and SCALEPACK.'® Table Ila
shows the data collection statistics. Based on calcula-
tions of the Matthews coefficient V,,,,"® the AtuSFGH
crystal contains six molecules per asymmetric unit
with a solvent content of 45%. Examination of the
self-rotation function clearly indicates the presence of
non-crystallographic symmetry.

Structure determination and refinement

The structure was solved by molecular replacement
using the program MrBump®® with MolRep®' imple-
mented in CCP4. A molecular replacement solution
was found using the crystal structure of ScSFGH (PDB

Structure of Atu SFGH



code = 1PV1) as the search model, which shows 44%
sequence identity to AtuSFGH. The initial model after
MolRep and rigid body refinement (Refmacs) as part
of MrBUMP had a Ry = 34.9% and Rgee = 40.0%.
Initial refinement was carried out in CNS** using
simulated annealing, torsion angle dynamics with start
temperature 1500 K. Further refinement was carried
out with Refmacs.*® NCS restraints were used during
refinement and lowered toward the end of refinement.
The last round of refinement was carried out without
NCS restraints. Model building was performed in
Coot.** Water molecules were added using ARP/
wARP?5 after the Rge. had decreased to below 30%.
The R factors converge to a final crystallographic
Ryork = 18.1% and Rpee = 21.8%. The final refinement
statistics are summarized in Table IIb.

Kinetic and inhibition assays

Enzymatic assays were carried out in triplicate using
2—5 pg mL™' of purified enzyme in buffer Tris-HCI,
pH 8.0. Enzymatic activity toward carboxylesters was
measured by continuous reading of the p-nitrophenol
released by enzymatic action at 400 nm (¢ =
16,300M " cm™") using p-nitrophenyl esters of various
fatty acids (C2—-C16) as substrates. Aryl esterase activ-
ity was evaluated by measuring the release of a-naph-
thol at 310 nm (¢ = 3000M ' ecm™") from a-naphthyl
esters (a-naphthyl-acetate, a-naphthyl-propionate, and
a-naphthyl-dodecanoate). The enzymatic activity was
performed according to the protocols and procedures
previously described.® The kinetic parameters were
determined by nonlinear curve fitting using Microcal
Origin version 8 (OriginLab).

For inhibition assays, purified wild type AtuSFGH
and the Cys54Ser AtuSFGH mutant were incubated in
20 mM Hepes pH 7.4 with thiol inhibitor N-ethylma-
leimide (0—1 mM) for 30 min at 22°C. The residual ac-
tivity with NEM inhibitor was assayed by measuring
the release of a-naphthol from the substrate o-naph-
thyl-butyrate (1 mM) at 310 nm.

Site-directed mutagenesis

Site-directed mutagenesis of the AtuSFGH mutants
(S147A and C54S) was performed using the QuikChan-
ge™ site-directed mutagenesis kit (http://www.jbc.
org/cgi/redirect-inline?ad = Stratagene) according to
the manufacturer’s protocol. The Atu open reading
frame cloned on p15TV-Lic expression vector was used
as a template. The sense primers used were: S147A: 5'-
G TCC ATT TTC GGC CAT GCC ATG GGC GGT CAT
GGT G-3' and Cs54S: 5-G TAT CTC TCC GGC CTC
ACC GCC ACC CAT GCC AAT GTC ATG-3, and anti-
sense primers were : S147A 5'-C ACC ATG ACC GCC
CAT GGC ATG GCC GAA AAT GGA C-3' and Cs4S 5'-
C ATG ACA TTG GCA TGG GTG GCG GTG AGG CCG
GAG AGA TAC-3/, respectively. The standard PCR
mixture contained 50 ng of template DNA and 15
pmole of each primer. PCR amplifications were carried
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out in a GeneAmp PCR PTC100 System. The specific
mutations were verified by DNA sequencing.

Sequence alignment

A Psi-BLAST search®® with the AtuSFGH sequence
revealed that AtuSFGH is well conserved, having
sequence identity of 44—86% with several S-formylglu-
tathione hydrolases (SFGH) and putative S-formylglu-
tathione hydrolases from bacteria, yeast, mammals,
and plants. The highest sequence identity (86%) is
with a putative SFGH from Rhizobium (Sinorhi-
zobium) meliloti (Ro1391) and SFGH (Smed_1021)
from Sinorhizobium medicae (strain WSM419) (Ensi-
fer medicae). Other SFGH proteins with high-
sequence identity are (69%) SFGH from Ochrobac-
trum anthropi (strain ATCC 49188), (60%) SFGH
from Sphingomonas wittichii RW1, (53%) SFGH (Es-
terase D) [ESD] from Homo sapiens, (49%) SFGH
[fghA] from Paracoccus denitrificans, (47%) SFGH
(AtSFGH) (Esterase D) from A. thaliana (Mouse-ear
Cress), (42%) YJGS8, a SFGH from S. cerevisiae
(Baker’s yeast), and the recently characterized SFGHs
from E. coli proteins FrmB alias YaiM (46%) and YeiG
(47%). Structure-based sequence alignments were per-
formed with SEQUOIA.**

Structural analysis

All models were validated using MOLPROBITY>” and
the ADIT validation server at RCSB-Rutgers (http://
deposit.pdb.org/validate/). For structural analyses the
following programs were used: superpositions by
LSQMAN?=® and DALL>® Figures were prepared with
PYMOL (http://www.pymol.org).
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