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ABSTRACT: Saccharomyces cerevisiae expresses a 67.8 kDa homodimeric serine thioesterase, S-
formylglutathione hydrolase (SFGH), that is 39.9% identical with human esterase D. Both enzymes possess
significant carboxylesterase and S-formylglutathione thioesterase activity but are unusually resistant to
organophosphate (OP) inhibitors. We determined the X-ray crystal structure of yeast (y) SFGH to 2.3 A
resolution by multiwavelength anomalous dispersion and used the structure to guide site-specific
mutagenesis experiments addressing substrate and inhibitor reactivity. Our results demonstrate a steric
mechanism of OP resistance mediated by a single indole ring (W197) located in an enzyme “acyl pocket”.
The W1971 substitution enhances ySFGH reactivity with paraoxon by >1000-fold (KY'7" = 16 + 2
mM~! h™!), thereby overcoming natural OP resistance. W1971 increases the rate of OP inhibition under
pseudo-first-order conditions but does not accelerate OP hydrolysis. The structure of the paraoxon-inhibited
W1971 variant was determined by molecular replacement (2.2 A); it revealed a stabilized sulfenic acid at
Cys60. Wild-type (WT) ySFGH is inhibited by thiol reactive compounds and is sensitive to oxidation;
thus, the cysteine sulfenic acid may play a role in the regulation of a “D-type” esterase. The structure of
the W1971 variant is the first reported cysteine sulfenic acid in a serine esterase. We constructed five
Cys60/W 1971 variants and show that introducing a positive charge near the oxyanion hole, W197I/C60R
or W197I/C60K, results in a further enhancement of the rates of phosphorylation with paraoxon (ki = 42
or 80 mM~! h™!, respectively) but does not affect the dephosphorylation of the enzyme. We also
characterized three histidine substitutions near the oxyanion hole, G57H, L58H, and M162H, which

significantly decrease esterase activity.

Human esterase D (hEstD)," also called S-formylglu-
tathione hydrolase (SFGH, EC 3.1.2.12) (1), is a ubiquitous
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intracellular carboxylesterase (CE). hEstD can be found in
blood cells and most human tissues (2) and is one of the
major CE activities detectable in cytosolic fractions of human
liver (3). SFGH hydrolyzes a range of uncharged ester
substrates in vitro, including p-nitrophenyl acetate (pNPA)
and 4-methylumbelliferyl acetate. Clinical screening of
SFGH/hEstD activity was useful in linkage studies aimed at
locating a retinoblastoma locus on chromosome 13 (reviewed
in ref 4). hEstD has more recently been found to be
selectively overexpressed in at least one invasive breast
cancer cell line (5). On the basis of results obtained in vitro
and in vivo (6, 7), it is widely accepted that SFGH functions
as a thioesterase in the removal of genotoxic formaldehyde
via a glutathione-dependent reaction (Scheme 1). The enzyme
may also play a role in xenobiotic metabolism (8), as SFGH
can be induced in human cells by exposure to methylmethane
sulfonate or phenobarbital (2, 9).

Saccharomyces cerevisiae SFGH (ySFGH) and hEstD are
“D-type” esterases as originally defined by Main (/0) because
they are susceptible to inhibition by Hg?t but are resistant
to organophosphorus (OP) inhibitors such as paraoxon
[diethyl p-nitrophenyl phosphate (DEP)]. The classification
of these enzymes as either serine or thiol esterases remained
unclear prior to the X-ray crystal structure of the S. cerevisiae
SFGH (PDB entry 1PV1), which confirmed the catalytic
triad, Ser161-His276-Asp241 (amino acid numbering of
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Scheme 1: Formaldehyde Detoxification®

Formaldehyde + Glutathione
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“ S-Hydroxymethylglutathione is spontaneously formed from the reaction of formaldehyde and glutathione. S-Formylglutathione is the product
of formaldehyde dehydrogenase, an enzyme which catalyzes the oxidation of S-hydroxymethylglutathione. SFGH catalyzes the hydrolysis of
S-formylglutathione to produce formate and glutathione. Formate is then oxidized to carbon dioxide by formate dehydrogenase, and glutathione is

recycled in subsequent detoxification reactions.

1PV1 used throughout), and pointed to a conserved cysteine
adjacent to the triad (Cys60) in the regulation of the enzyme.
Negligible losses of SFGH activity in a C60S variant (/7),
however, have confounded the role of the conserved cysteine
in catalysis.

While the chemistry and structural features underlying OP
reactive serine esterases are well-documented, relatively little
is known of the OP resistance mechanism of D-type
esterases. Understanding the molecular basis for OP resis-
tance and susceptibility is of toxicological interest as these
inhibitors are used as pesticides as well as therapeutics
(reviewed in refs /2 and 13).

At least three possible mechanisms could account for the
apparent SFGH resistance to organophosphorus inhibitors:
(1) poor binding of the OP, for example, by steric exclusion
from the active site (/4); (2) poor chemical reactivity, which
may be caused by inefficient accommodation of the OP
transition state (TS) (15); or (3) rapid OP hydrolase activity,
since enzymes which hydrolyze OP are not irreversibly
inhibited (76, 17). On the basis of analysis of a recently
determined crystal structure of Arabidopsis thaliana SFGH,
Cummins et al. postulated a steric exclusion mechanism (due
to an acyl pocket residue) for resistance of SFGH to PMSF
based upon a predicted clash between the inhibitor and an
acyl pocket residue. Superposition of a structurally related
enzyme inhibited by DEP (/8) onto ySFGH also suggests
steric exclusion. By a combined application of site-directed
mutagenesis, X-ray crystallography, and inhibition and
reactivation kinetics, we determine the mechanism of OP
resistance for a eukaryotic D-type esterase and examine
the role of the cysteine adjacent to the triad in inhibition
and reactivation.

We determined the X-ray crystal structure of a ySFGH
variant (W197I) following phosphorylation with DEP (PDB
entry 3C6B described herein) which enabled the assignment
of the oxyanion hole residues. The introduction of an
imidazolium near the oxyanion hole of selected a/f-serine
hydrolases enhances OP hydrolase activity (16, 19), but this
strategy has not been tested on a D-type esterase or in
enzymes which are structurally dissimilar to cholinesterase
or human CE1. SFGH has an uncommon fold and an unusual
regulatory cysteine. In a preliminary attempt to determine if
OP hydrolase activity could be enhanced in the SFGH
scaffold, we constructed three histidine variants and measured
OP inhibition and reactivation rates. As an alternative
approach, we constructed a series of amino acid substitutions
(His, Gln, Lys, and Arg) at residue Cys60 located within
4—9 A of the oxyanion hole to examine the effects of a
positive charge on organophosphorus reactivity at this

position. While characterizing and reversing the natural OP
resistance of SFGH enzymes, we trapped an unexpected
sulfenic acid which suggests a potential regulatory role for
Cys60 in D-type esterases.

EXPERIMENTAL PROCEDURES

Materials. BugBuster was from Novagen (San Diego, CA).
G-75 Sephadex, Q-Sepharose, and PD-10 columns were from
GE Healthcare Life Sciences (Piscataway, NJ). BioSpin-6
columns were from Bio-Rad (Hercules, CA). QuikChange
kits were purchased from Stratagene (La Jolla, CA). All
substrates were from Sigma. Neat dimethyl p-nitrophe-
nylphosphate (DMP) and DEP were from ChemServices Inc.
(West Chester, PA) and were 99% pure; phenylmethane-
sulfonyl fluoride (PMSF) and 4-(2-aminoethyl)benzenesulfo-
nyl fluoride HCl (AEBSF) were from Sigma (St. Louis, MO).
Detailed procedures for the cloning, expression, and purifica-
tion of ySFGH and its mutants are supplied as Supporting
Information.

Esterase Assays. CE activity was routinely measured using
p-nitrophenyl acetate (pNPA) or butyrate (pNPB) dissolved
in dimethyl sulfoxide (DMSO). pNP was monitored at 405
nm and room temperature (22 £+ 2 °C) in 0.067 M Na/K
phosphate (Sorensen’s buffer) (pH 7.4). Hydrolysis of
S-lactoylglutathione was monitored at 240 nm (¢ = 3100
M~! ¢cm™") (20). The protein concentration was determined
by using the absorbance at 280 nm, a calculated ¢ of 56060
M~! cm™, and a molecular mass of 33934 Da. A unit was
defined as a micromole of product produced per minute.
Enzyme stock solutions contained 2—4 mM bME and were
diluted 1:100 in all assays.

Inhibition Kinetics. Progressive inhibition by DMP, DEP,
or PMSF was assessed in the absence of substrate with at
least four different concentrations of inhibitor (in DMSO)
essentially as described in ref 2/. The K|, is analogous to a
Michaelis constant, where k, is the maximum rate of
inhibition at a saturating inhibitor concentration.

kob

s =ky/(1+ K /1) (1)

The apparent bimolecular rate constant for inhibition, k;,
describes the rate of formation of the covalent E—I complex
from free enzyme and inhibitor in the absence of substrate

and was calculated according to eq 2.

k=ky/K, @)

Reactivation Kinetics. The rate of spontaneous reactivation,
or the return of pNPA hydrolysis activity over time due to
spontaneous hydrolysis of the inhibitor from the active site
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Table 1: X-ray Crystallography Data Collection and Refinement Summary Statistics

Data Collection and Processing

ySFGH (1PV1)

remote edge peak DEP-W1971 (3C6B)
space group P2,2,2, C2
unit cell dimensions (A) a=1214,b =669, c = 1719 a=579,b=069.0,c=79.0, o=y =90°p =926
wavelength (A) 0.9300 0.9791 0.9787 1.54

resolution range (A)“
no. of unique reflections

50—2.3 (2.38—2.30)

56795 (4702) 50447 (3215)

56213 (4549)

80—2.2 (2.26—2.17)
16188 (855)

Ry 0.079 (0.49) 0.065 (0.39) 0.083 (0.56) 0.14 (0.31)
Ilol 10.8 (1.8) 9.8 (1.4) 10.3 (1.6) 11.13 (2.2)
completeness 86.7 (69.4) 74 (42.3) 86.1 (67.5) 97.8 (82.8)
redundancy 14.2 9.8 13.5 5.1
no. of Se atoms 12
phasing power (iso/ano)“ 1.28/2.44 1.38/2.57
Refinement Statistics
ySFGH (1PV1) DEP-W1971 (3C6B)
resolution (A) 500—2.3 80—2.2
no. of reflections 53832 15361
Reacior” 0.255 0.190
Riree 0.298 (5%)* 0.252 (5%)*
no. of atoms
protein 9340 2311
solvent 122 63
other 8
average B factor (A2)
protein 29.8 12.8
solvent 23.8 8.2
rmsd from ideal geometry
bond lengths (A) 0.01 0.024
bond angles (deg) 1.61 2.06
Ramachandran plot
most favored regions (%) 81.9 87.9
additional allowed regions (%) 14.4 10.5
generously allowed regions (%) 2.6 1.2
disallowed regions (%) 1.1 0.4 (Serl61)

“Values in parentheses are for the outermost data shell. b Roym = I — (DX € Phasing power

(Fu)/E(iso) or (2F”(cal))/E(ano); defined in

SHARP. ¢ Ryyetor for the working set of reflections was calculated using the equation Rycor = JMF,l — IFI/ZIF,l. ¢ Riee for a test set and the size of the

test set as the percentage of total reflections in parentheses.

serine, was measured essentially as described previously (16, 22).
Inhibitors were removed with BioSpin-6 columns in triplicate
or single PD-10 columns. Fractions were incubated at 37
°C for 40—100 h. The removal of inhibitor was verified by
mixing the fractions with a dilute solution of acetylcho-
linesterase (AChE) from Torpedo californica (23). No
significant decreases (<20%) in activity were observed.
Identical columns were run using uninhibited enzyme. The
percent reactivation was plotted over time and fit to the
following equation (24):

v, =, (1 —e " (3)
where u; is the activity of the inhibitor-treated enzyme
column fraction and v, is the activity of the uninhibited
enzyme incubated at 37 °C for the same length of time.

Crystallization of yYSFGH. The Se-Met ySFGH enzyme
was crystallized under Hampton Cryo Screen condition
number 10 [0.17 M ammonium acetate, 0.085 M sodium
acetate trihydrate (pH 4.6), 25.5% (w/v) PEG 4000, and 15%
glycerol] in sitting drops consisting of equal volumes of
precipitant and protein solution (~7 mg/mL protein stock).
Thick crystalline plates were obtained after a few weeks at
17 £ 2 °C.

Crystals of the ySFGH W1971 variant were prepared using
the same precipitant. yYSFGH W1971 was fully inhibited by

DEP at 22 £ 2 °C prior to crystallization. Excess inhibitor
was removed with a Superdex G-200 column [S0 mM Tris
(pH 7.6), 150 mM NaCl, and 2 mM bME]. Suitable crystals
were selected after 3 months and flash-frozen in liquid
nitrogen.

Structure Determination and Refinement. The structure of
the ySFGH selenomethionine derivative was determined by
multiple-wavelength anomalous dispersion (MAD) methods
(25). Three data sets at peak, edge, and remote wavelengths
were collected at the X12C beamline of the National
Synchrotron Light Source using a Brandeis CCD detector.
Data collection statistics are listed in Table 1. Patterson maps
were calculated, and the positions of 12 Se atoms were
obtained using PHASES and SOLVE (26). Fractional posi-
tions of the Se atoms were refined and the phases computed
with SHARP (25). Phases were improved further using
noncrystallographic symmetry (NCS) and solvent flattening.
Maps calculated from the data collected at the remote
wavelength were used for model building. Iterative rounds
of model refinement were performed using O (27) and the
maximum likelihood target function of CNS 1.1 (28).

Diffraction data for crystals of the yYSFGH W1971 variant
were collected with a Bruker FR591 high-flux, rotating anode
X-ray diffractometer (PROTEUM) and a SMART 6000 2K
CCD detector at WRAIR. Initial phases were calculated from
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FIGURE 1: Steady-state kinetics of WT and W1971 ySFGH. (A) The WT enzyme shows substrate preference for pNPA (@) over pNPB (O).
In all graphs, the solid line shows the data fit to the Michaelis—Menten equation; the dotted line shows the data fit to the Haldane equation
[v = Via/(1 + Kn/s + s/K)]. The absorbance at 405 nm was monitored in Sorensen’s buffer (pH 7.4) at 22 °C. Error bars show standard
deviations from at least three measurements. Below 5 mM, pNP acetate substrate inhibition was not observed (ke = 107 & 8 min~!, K,
= 0.5 £ 0.2 mM, K, = 10 £ 10 mM). The inset shows an enlargement of the pNP butyrate data and fits. (B) The substrate preference is
reversed in the W197I variant. Substrate inhibition was not observed with either substrate below 1 mM.

1PV1, and the structure was determined by molecular
replacement using Amore (29). Simulated annealing was
carried out with CNS (28). The model was refined using Coot
0.1.2 and Refmac5 (30).

Thermal Denaturation Curves. Thermal denaturation was
monitored (2 °C/min) from 45 to 80 °C using a Jasco 810
circular dichroism spectrophotometer fitted with a Peltier
temperature controller. The melting temperature was deter-
mined from a four-parameter fit of the averaged ellipticity
at 222 nm versus temperature from at least two variable-
temperature scans conducted at the same protein concentration.

RESULTS AND DISCUSSION

Purification and Characterization of S. cerevisiae SFGH.
ySFGH was overexpressed in Escherichia coli and purified
to a single band in a Coomassie-stained SDS—PAGE gel
(=95% pure). The identity of the protein was verified by
mass spectrometry (Table 1 of the Supporting Information).
The elution of a 56.9—62.4 kDa dimer from a calibrated G-75
Sephadex column confirmed that WT ySFGH dimers are
present in solution. The kinetic constants of pNPA hydrolysis
by ySFGH purified by the protocol described above (Figure
1 and Table 2) are comparable to those reported for
endogenous ySFGH purified from S. cerevisiae (7). The
substrate preference for pNPA over pNPB and the resistance
to DEP and sensitivity to thiol alkylating agents are in
keeping with the operational definition of a D-type esterase
(10). The reported specificity constant for S-formylglu-
tathione is 31-fold higher than that measured for pNPA (7).
For WT ySFGH, the rate of hydrolysis of S-lactoylglutathione
(S-LG) was not significantly above the spontaneous rate of
hydrolysis at the highest substrate concentration tested (1.25
mM) (Table 2).

Wild-Type ySFGH Can Be Slowly Inhibited by High
Concentrations of DMP and DEP. While other groups have
been unable to show that WT ySFGH can be inhibited by
DEP (11, 31), we were able to measure inhibition using
millimolar concentrations of OP. WT ySFGH can be
inhibited by high concentrations of either DMP or DEP to
>95% at 22 + 2 °C and pH 7.4 (Table 3 and Figure 2A).

Table 2: Steady-State Kinetic Parameters for ySFGH-Catalyzed
Hydrolysis of S-Lactoylglutathione (S-LG), p-Nitrophenyl Acetate
(pNPA), or p-Nitrophenyl Butyrate (pNPB) for the WT and Variants
Described Herein”

kcal/Km
enzyme substrate Ky, (mM)  keye (min™!) (mM~! min~!)
WT pNPA  040+0.07 108 +7 270 £ 50
pNPB  0.09+0.02 11.9+03 130 &+ 30
S-LG® >1.25
W1971 pNPA  0.054 £ 0.006 63 £2 1200 £ 100
pNPB  0.04 +£0.01 1157 2900 £ 700
S-LG 3+1 7000 £ 2000 2000 £ 1000
MI162H pNPA 09+04 6+1 7+3
pNPB  0.14+0.05 0.19+£0.01 14+£05
C60S pNPA® 0.32+0.06 95=£3 300 £ 60
pNPA  0.19+0.03 92+£3 480 £ 80
pNPB  0.09+0.03 47+03 50 + 20
C60Q/W1971 pNPA  0.10+£0.01 31.5£0.6 320%30
pNPB  0.012 £ 0.002 99 £ 3 8000 % 1000
C60H/W1971 pNPA  034+0.03 90+£2 260 + 20
pNPB  0.13+0.02 218+9 1700 £ 300
CO60K/W1971 pNPA  0.15+£0.01 583 +£09 390+30
pNPB  0.03+0.02 74=£6 2500 + 1600
C60R/W1971 pNPA  0.013 £0.002 19.0£ 0.3 1500 + 200
pNPB  0.018 £0.03 26=£1 1400 + 200
C60S/W1971 pNPA  0.14+0.01 458+0.7 33020
pNPB  0.019 £0.002 118 +£3 6200 £ 700
S-LG 3+2 3000 £ 1000 1000 £ 700
M162H/C60S/W1971 pNPA 2.6 +0.9 1.7+£0.3 0.7+£0.2
pNPB  0.124+0.03 24+0.1 20+ 5
L58H/W1971 pNPA? 0.23+£0.07 0.33+£003 15405
pNPBY <0.2 <0.99 <5

“ Assays were conducted in Sorensen’s buffer at pH 7.4 and 22 + 2
°C, and parameters were determined from nonlinear curve fits to the
Michaelis—Menten equation unless stated otherwise. ” Activity was not
twice above background. © Measured after bME had been removed from
the enzyme stock solution. ¢Derived from Lineweaver—Burke
extrapolation instead of direct curve fit.

The O-alkyl groups of DMP and DEP differ by only a
methylene group; the K, of DEP (K,PEP = 29 £+ 9 mM) is
12-fold higher than that measured for DMP (K,PMF =2.5 +
0.9 mM). The reactions of WT ySFGH with OP inhibitors
are relatively slow compared to those of several other serine
esterases, including AChE, butyrylcholinesterase (BChE),
hCE-1, or hCE2 (e.g., DMP k; = 72000 mM ! h™! for human
AChE) (32, 33). In fact, the phosphorylation rates of WT
ySFGH are more comparable with those of the serine-
protease o-chymotrypsin (e.g., DEP k; = 0.3 mM ' h™!) (34).
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Table 3: Kinetic Parameters of Phosphorylation (k2, K;,, and k;) and Spontaneous Reactivation (kobs, % reactivation) for ySFGH and Its Mutants

Inhibited with DMP or DEP*

ky (h™1) K, (mM) ki (h~! mM~1h) kobs (h™1) % reactivation
Methyl Paraoxon (DMP)
WT 0.29 £ 0.03 25+09 0.12 £ 0.04 0.8 £0.2 29+9
C60S 0.20 £+ 0.04 35+2
MI162H 13+8 200 £ 100 0.07 £ 0.05 04+02 16 +£2
W1971 25+ 4 35408 7+2 0.21 £ 0.04 50+5
W1971/C60S N/D 0.17 £ 0.02 13.7+04
W1971/C60Q 144 +0.7 5+1 29+0.6 0.25 £ 0.06 20+£2
W1971/C60H 32+8 4+2 8+4 0.09 + 0.05 13+1
W1971/C60K 382+0.7 23+£03 17+2 0.24 £+ 0.09 7+1
W1971/C60R 48+£6 5+1 10£2 0.15 £ 0.03 18+1
Paraoxon (DEP)
WT 0.4 +0.1 29+9 0.014 £+ 0.005
WI197H 6.0+£0.2 0.38 £0.05 16+2
W1971 11.2+0.5 0.7+0.1 16+2 N/D <4
WI1971/C60Q 19+1 1.1+£0.3 17+5 N/D <5
W1971/C60H 20+ 3 0.8 +£0.6 30 £20 N/D <1
W1971/C60K 46 £5 0.6 +0.2 80 + 30 N/D <2
W1971/C60R 44 +2 1.04 £+ 0.09 42+4 N/D <1

“ Inhibition rates were measured at room temperature (22 £+ 2 °C) in Sorensen’s buffer with 2 mM bME (pH 7.4); spontaneous reactivation was

assessed at 37 °C in the same buffer.
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FIGURE 2: Inhibition and reactivation of WT ySFGH and site-
directed mutants. (A) Dependence of ks on the concentration of
DEP for the WT (O), W197H (@), and W1971 (O) variants fitted
to eq 1 (27). Only two of the four points are shown for the WT
enzyme in this graph. Enzymes were inhibited in Sorensen’s buffer
(pH 7.4) and 2 mM bME at 22 °C. (B) Spontaneous reactivation
after DMP inhibition of WT (@) and C60S (O) at 37 °C collected
in triplicate. Standard deviations are shown. In both cases, ap-
proximately half of the enzyme was reactivated. Rates of reactiva-
tion are reported in Table 3.

The slower rate of inhibition in ySFGH is partly due to the
acyl pocket, which may limit the binding of inhibitors

containing acyl groups larger than a methyl group and/or
poorly accommodate the pentacoordinate TS of these inhibi-
tors. The faster rate of phosphorylation in human AChE may
also be due to its three-point oxyanion hole versus the two-
point oxyanion hole of ySFGH.

To confirm that OP resistance was not due to OP hydrolase
activity, we measured the rate of spontaneous reactivation
of the DMP adduct of the WT enzyme (kos = 0.8 £ 0.2
h™"). At pH 7.4 and 37 °C, less than half of the enzyme is
reactivated (29 £ 9%) (Figure 2B). On the basis of the slow
rates of spontaneous reactivation, we ruled out natural OP
resistance due to accelerated OP hydrolase activity.

Structure of SFGH (1PV1). Crystals diffracted beyond 2.2
A and belonged to the P2,2,2, space group; the structure
was refined to 2.3 A resolution (Table 1). The overall
topology of ySFGH reveals an infrequent variant within the
o/f-hydrolase superfamily, supporting an earlier sequence-
based prediction that the sequence YJLO68C might encode
a novel fold (35, 36). ySFGH is built around a three-layer
sandwich architecture with an uncommon nine-stranded
[-sheet and eight helices, three of which (residues 124—142,
161—178, and 278—296) are bent (30—45°) (Figure 3A).

WT ySFGH crystallized as a dimer of dimers with four
molecules in the asymmetric unit (Figure 3B). The interface
between chains A and B is estimated to be 3300 A? by
AreaMol and corresponds to ~'/4 of the overall surface area
(~11100 A?). Although ySFGH contains five Cys residues,
the monomers and dimers do not possess disulfide bonds;
all of the Cys residues appear to be in the reduced state in
1PVI.

Catalytic Triad. ySFGH contains a Ser161/His276/Asp241
catalytic triad (Figure 4A) in a conserved "YGHSMG!'®
motif. The serine is in a strained conformation (¢ and
angles of 52.6—60.0° and —103.5° to —105.3°, respectively),
making the Ser-OH or “nucleophilic elbow” well exposed
to His276. The active site of ySFGH (PDB entry 1PV1) is
occupied by a large (> 100) spherical peak within hydrogen
bonding distance of the putative oxyanion hole residues,
Leu58 and Metl162; the density may represent partial
occupancy of a solvent anion.
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FIGURE 3: Structure of S. cerevisiae SFGH determined at 2.3 A (1PV1). (A) Structure of the ySFGH homodimer. At the dimer interface,
the side chain of Tyr279 inserts into the opposing monomer. (B) Structure of the dimer of dimers found in the asymmetric unit. (C)
Topology of ySFGH [diagram generated by TOPS (47)]. Helices 4, 5, and 9 (colored green in panel A) are significantly bent; each half of
helix 5 is diagramed as two helices (05A and a5B). Panels A and B were generated using PyMOL (DeLano Scientific, LLC).

Structural Similarity. The A. thaliana SFGH enzyme was
reported to share a topology with 1PV1 (cf., Figure 3C and
ref 11). The plant SFGH is not currently available in the
protein database, but a Dali structural similarity search (37)
identifies antigen 85C, a mycolyltransferase from Mycobac-
terium tuberculosis, as another close structural neighbor of
SFGH (PDB entry 1DQY) (8). The structure of antigen 85C
is similar to that of ySFGH (overall rmsd of 2.3 A over 209
C, atoms with 1PV1) despite a low level of sequence identity
(17%). The 85C fold, however, contains only eight 3-strands.

Antigen 85C contains a Ser/His/Glu triad like most serine
esterases (38) and can be inhibited by DEP in 12 h at 4 °C
with a roughly 2-fold molar excess (/8). Residues adjacent
to the alkyl group of the octyl thioglucoside substrate of
antigen 85C differ significantly between the two enzymes.
Another significant difference is the presence of Arg41 near
the active site serine in antigen 85C, a residue which is
replaced with Thr59 in ySFGH. Antigen 85C does not
contain a Cys near its active site; an Ala is located at the
homologous position.

Acyl Pocket. The superposition of 3C6B with 1PV1
suggests that the acyl pocket is primarily formed by the
hydrophobic residues L58, W102, 1189, F243, L248, and
W197. In the WT enzyme, the shallow acyl pocket most
likely accounts for the high substrate specificity for the
small formyl group of S-FG (7). On the basis of a
superposition of yYSFGH and DEP-inhibited antigen 85C,
we expressed and purified a W197I variant to enhance
OP reactivity.

Effects of the W1971 Acyl Pocket Substitution on Substrate
Specificity. Trpl97 limits the depth of the acyl pocket
(Figure 1A,B of the Supporting Information). The W1971
substitution increases the specificity constant for S-LG and
pNPB (22-fold) (Table 2) and inverts the substrate

preference (Figure 1). The W1971 substitution primarily
affects the turnover numbers for the S-LLG substrate (which
increases from undetectable to 7000 & 2000 mM~! min™!)
and pNPB substrate (9.7-fold increase) and has an only
small ~2-fold effect on the K,, (pNPB). The observed
increase in kg, may reflect a faster on-rate due to a more
open active site.

Effects of W1971 Acyl Pocket Substitution on OP Reactiv-
ity. Preferences for substrates are recapitulated in the
specificity constants of the DMP and DEP inhibitors. The
W1971 substitution enhances the rate of DMP inhibition 60-
fold when compared to that of WT ySFGH (Table 3). The
effect is primarily on k, which increases by 2 orders of
magnitude when compared to that of WT. A <2-fold increase
in K, is observed. The rate enhancement may be due to better
accommodation of the transition state and/or faster on-rates.

Unlike WT ySFGH, the W197I variant is readily inhibited
by DEP (5VT-PEP = 0.014 £ 0.005 h™! mM™! vs k;W1971-DEP
=16 £ 2 h"! mM™!) and PMSF (Table 2 of the Supporting
Information). The 3 order of magnitude rate enhancement
is due to both a 40-fold decrease in K, and a 28-fold increase
in k,. Comparable inhibition rates are observed for the W1971
and W197H variants with DEP (Figure 2A); both substitu-
tions effectively abolish OP resistance by enlarging the acyl
pocket. OP resistance in WT ySFGH appears to be primarily
due to steric occlusion by a single indole ring in the acyl
pocket but may also be attributed to poor accommodation
of the TS of the OP since the W197I substitution affects
both K, and k.

While the WI1971 substitution increases the apparent
phosphorylation rate constant, the spontaneous reactivation
rate (dephosphorylation) of DMP-inhibited W1971 is similar
to that of WT ySFGH; only partial reactivation of the W1971
variant (50 £ 5%) is observed as with WT (29 + 9%). In
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FIGURE 4: Active site of WT ySFGH and the W197I variant. (A)
The Ser161/His276/Asp241 catalytic triad and adjacent Cys60 are
shown in the structure of WT ySFGH (PDB entry 1PV1). MSE
refers to selenomethionine. (B) Active site of the W197I variant
showing density for the covalently bound DEP at the 1.50 contour
level (PDB entry 3C6B). Positive and negative density is not visible
at the £40 contour level. The oxyanion hole is formed by the
backbone amide NH group of Leu58 and Met162. The H-bonding
distances from the phosphoryl oxygen of DEP to the backbone
amide groups of Leu58 and Met162 are 2.7 and 3.1 A, respectively.
An oxidized Cys60 sulfenic acid was also trapped in this structure.
The hydrogen bonding interaction between the Asn64 carbonyl and
Thr61 backbone NH groups which most likely prevents the
formation of a cyclic sulfenamide is colored red. This figure was
generated using PyMOL (DeLano Scientific, LLC).

contrast, after DEP inhibition, only a very small amount of
the W1971 enzyme is reactivated (<4%). The C60S substitu-
tion has no significant effect on the spontaneous rate of
reactivation in the W1971/C60S double mutant after DMP
inhibition (kobs = 0.17 £ 0.02 h™"). Only partial reactivation
(13.7 £ 0.4%) occurs after 50 h, 3-fold less than with the
W1971 variant.

We compared the melting temperatures, measured by CD,
of the uninhibited and inhibited W197I variant to determine
if incomplete reactivation was due to DEP-induced unfolding
of the enzyme. The DEP modification of W197I increases
the observed T, by 6 °C when compared to that of the
unmodified enzyme (Table 3 of the Supporting Information).
Similar stabilization for other OP enzyme complexes has
been observed and attributed to favorable enthalpic interac-
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tions between the OP and residues of the enzyme active site.
Slow and incomplete enzyme reactivation following DEP
inhibition may have been caused by the stabilizing effects
of nearby residues on the OP—Ser bond, as well as post-
inhibitory processes that compete with dephosphorylation
(39). These processes may include denaturation after phos-
phorylation and/or dephosphorylation, or more complex
reaction mechanisms such as the loss of an alkyl group from
the OP via enzyme-catalyzed side reactions (cf., cholinest-
erase “aging” reaction). Denaturation was ruled out by the
observed increase in the measured 7}, by CD. The nitrogen
of His276 (2.9 A) of the catalytic triad in the 3C6B structure
is closer to the oxygen of the DEP O-ethyl group than the
O, atom of Serl61 (3.4 A). The H-bond to the O-alkyl group
is a common feature of other aged structures (40, 41) and
may prevent deprotonation of the attacking water or proto-
nation of the leaving Ser161 by His276 during dephospho-
rylation.

Structure of the W1971 Acyl Pocket Variant. W1971-DEP
crystallized in space group C2 and diffracted to 2.1 A; data
from the 2.2 A resolution shell were included for refinement.
Strong positive difference electron density (> 120), tetrahe-
dral in shape, in the initial F,, — F. maps corresponded with
the OP in a covalent bond with the O, atom of Serl6l
(Figure 2A of the Supporting Information and Figure 4B).
Electron density for the ethoxy groups was relatively weak,
consistent with their enhanced rotational mobility; similar
density has been reported for other DEP structures (18, 42).

Positive difference electron density (>9.50) at Cys60 was
best modeled as a cysteine sulfenic acid (Figure 2 of the
Supporting Information and Figure 4B). Attempts to model
a sulfinic acid or hydrosulfonyl group [—S(OH)=O or
O=S(H)=0] into the density resulted in positive and/or
negative density. While oxidation to the sulfenic acid can
be reversed by reductants such as glutathione, the sulfinic
acid or sulfone cannot be reversibly reduced (43). All other
cysteines were in the reduced state.

Large conformational changes were not observed between
the structures of the WT enzyme and DEP-W197I; the two
structures could be superimposed with a root-mean-square
deviation (rmsd) of 0.50 A over 288 C, atoms. In both 1PV1
and 3C6B, two phenylalanine residues (Phe70 and Phe73)
at the A—B dimer interface appear disordered as evidenced
by increased thermal factors for these side chains.

Oxyanion Hole. The DEP structure allows us to unam-
biguously assign the oxyanion hole of SFGH. It is formed
by two potential H-bonds from the backbone amide groups
of Met162 (O-+-H—N bond distance of 3.1 A) and Leu58
(O+++H—N bond distance of 2.9 A) to the phosphoryl oxygen
of DEP (Figure 4B and Scheme 2). The structure supports
the assignment of the backbone amides made by Cummins
et al. in A. thaliana SFGH and argues against the mechanism
of Gonzales et al. (20), which proposes that the backbone
amides of Glyl59 and Serl61 of 1PV1 function as the
oxyanion hole residues. In the structure of 3C6B, the Ser161
amide is 5.3 A from the double-bonded phosphoryl oxygen
and is thus an unlikely oxyanion hole residue. Similarly, the
Gly159 NH group is located in a f-strand 11 A from the
phosphoryl oxygen.

Effects of Oxyanion Hole Substitutions on Esterase Activity
and OP Hydrolysis. Mutation of oxyanion hole residues has
led to significant rate enhancements in the dephosphorylation
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Scheme 2: Proposed Mechanism for the Hydrolysis of S-Formylglutathione under Reducing Conditions
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of OP adducts from human BChE and Bungarus fasciatus
AChE (16, 22). While OP hydrolase activity has been
engineered into enzymes which share the cholinesterase fold
by the conversion of a single Gly residue in the oxyanion
hole to a His (16), ySFGH was not amenable to the analogous
substitution. Substitution of G57, L58, and M162 with
histidine in attempts to mimic the role of G117H in BChE
decreased the rate of pNPA hydrolysis by at least 1 order of
magnitude (Table 2), suggesting that the active site substitu-
tions interfered with the formation of the pNPA TS and/or
binding of the substrate. Purified G57H/W 1971 did not have
detectable levels of pNPA hydrolysis above background
consistent with a steric clash (Figure 1C of the Supporting
Information). The L58H and MI162H substitutions were
sufficiently far from the active site serine and were not
expected to interfere directly with catalysis. However, only
the M162H variant retained activity near that of the WT
enzyme, and no increase in the reactivation rate after
inhibition by DMP was observed (Table 3).

Cysteine Subsite. D-Type esterases have been shown to
be inhibited by sulfhydryl reactive compounds such as NEM,
Hg?", and iodoacetamide (2, /7). Cummins et al. proposed
that alkylation of Cys60 leads to a steric blockade of the
active site. A C60Q variant exhibited a 2-fold decrease in
pNPA activity comparable to that reported for iodoacetamide;
however, the K, did not significantly increase in the C60Q/
W197I double mutant when compared to that of W197I,
suggesting that the substitution does not affect substrate
binding.

Effects of Cys60 Substitutions on Esterase Activity. To
determine if a positively charged residue at this position
could act as an additional electrostatic catalyst in OP
hydrolysis, we constructed a series of Cys60/W 1971 double
mutants. The Cys60 substitutions had only modest effects
on the k¢ and K, of pNP substrates when compared with
those of W1971; the specificity constants were within a factor

e 177 \H%

of 5 (Table 2). The C60H/W1971 double mutant had the
largest observed increase in Ky, (6-fold, pNPA) and k¢, (1.4-
fold) and the largest decrease in its specificity constant (4.6-
fold). Significant changes in K, were not observed for the
variants with more flexible side chains; therefore, this does
not suggest steric effects in substrate binding. The nearby
positive charge may instead affect the nucleophilicity of the
active site serine since reductions in k., were observed as
the side chain length increased (C60H > C60K > C60R).

Effects of Cys60 Substitutions on OP Reactivity. Mutating
Cys60 to Q, H, K, or R had small but significant effects on
OP reactivity. Rates of DEP phosphorylation quadrupled in
the C60K and C60R/W 1971 double mutants when compared
to that of the W197I variant (Table 3), suggesting that the
substitutions primarily affect the transition state. Only minor
effects on K, were observed (<2-fold different from that of
WI197I). It is unlikely that the longest side chain, R60,
H-bonds with the OP (Figure 1D of the Supporting Informa-
tion) since Lys could effectively replace Arg at the same
position.

The T, of the C60S/W1971 double mutant was not
significantly different from that of W197I, suggesting only
a minor role for Cys60 in hydrophobic packing. With the
C60K and C60R/W 1971 substitutions, the T}, decreased by
11 and 10 °C, respectively, suggesting that the charged
residue may alter hydrophobic packing and/or promote
aggregation.

Trapping the Cys60 Sulfenic Acid in the DEP-Inhibited
W1971 Variant. Little insight into the role of Cys60 in
modulating the activity of SFGH in the presence of oxidizing
or alkylating reagents has been reported. Although other
explanations cannot be excluded, the sulfenic acid found only
at Cys60 suggests a regulatory role under oxidizing condi-
tions (reviewed in ref 43). The structure of 3C6B is the first
report of a sulfenic acid in a serine esterase. The sulfur atom
of Cys60 in 3C6B is 3.3 A (3.5—3.7 A in 1PV1) from the
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Gly57 carbonyl oxygen which is adjacent to the Leu58 NH
group that is part of the oxyanion hole. The angle among
Cp, Sy, and the carbonyl oxygen of Gly57 is nearly 90°
and is too acute to enable a hydrogen bonding interaction.
The electron density maps do not show evidence of a cyclic
sulfenamide (44); a 2.9 A hydrogen bonding interaction
between the Asn64 side chain carbonyl oxygen and the Thr61
NH group most likely precludes its formation (Figure 4).
Deprotonation of the sulfur is required for sulfenic acid
formation. Hydrogen peroxide or superoxide-mediated oxi-
dation of the sulthydryl to yield the sulfenic acid can occur
by at least two mechanisms: (1) nucleophilic attack on
peroxide by a thiolate anion (45) due to a lowered sulthydryl
pKa. or (2) abstraction of a hydrogen atom (H') from the
sulfhydryl by a radical, resulting in a thiyl radical (S°) directly
above the G57—L58 peptide bond; reaction with oxygen or
another hydroxyl radical would form the neutral R—SO" or
R—SOH species (46). The observed acceleration of OP
inhibition of the C60H, C60K, and C60R variants suggests
that a positive charge at this position accelerates the
phosphorylation step. Similarly, the increase in the kg, of
the C60H/W1971 double mutant suggests that a positive
charge above the peptide bond shared by the oxyanion hole
residue Leu58 can enhance the acylation step; thus, a
negatively charged thiolate, sulfenate, or sulfinate anion may
slow the reaction. Trapping the sulfenic acid during or after
OP inhibition suggests that its formation may be coupled to
catalysis. Additional experiments are needed to identify the
pathway by which the sulfenic acid is formed and to
determine whether the sulfenic acid itself is inhibitory or
protective (against overoxidation).
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