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Materials and Methods. Materials. Phosphate 1a, phosphonate 4b,
and sulfate 5b (Fig. 1) were obtained from Sigma, phosphates 1b
and 2a from Aldrich. Phosphate 3b was obtained from Riedel de
Haen. Phosphate 2b, phosphonate 4a, sulfate 5a, and sulfonates
6a and 6b were synthesized as described below. Streptactin
protein resin and the pASKIBA5plus plasmid DNA were ob-
tained from Stratech Scientific. All DNA modifying enzymes
were from New England Biolabs except for PfuDNA polymerase
(Stratagene). Oligonucleotides were supplied by SigmaGenosys.
All constructs were sequenced at the sequencing facility of the
Department of Biochemistry, University of Cambridge.

Preparation of substrates. Commercially available phosphates 1a,
1b, 2a, and 3b and phosphonate 4b (Fig. 1) were used as supplied
by the manufacturer.

p-nitrophenyl ethylphosphate (2b) was synthesized as de-
scribed previously (1). 1H NMR and ESI-MS analysis confirmed
that the correct product was obtained.

Phenyl phenylphosphonate (4a) was synthesized by dropwise
addition of a solution of phenol (0.94 g, 0.01 mol) and pyridine
(0.97 mL, 0.012 mol) in diethyl ether over 1 h to a solution of
phenylphosphonic dichloride (2.13mL, 0.015mol) in diethyl ether
at room temperature under argon and left stirring for 12 h. The
resulting white precipitate was filtered and washed with water
and 10% HCl. The ether layer was dried with Na2SO4 and the
solvent removed under reduced pressure. The resulting brown
oil was separated on silica gel eluting with dichloromethane/
methanol (50∶1). The resulting white solid was the target product
4a (1.05 g, 0.004mol, 45% yield): C12H11O3PMr 234.19, 1HNMR
(CDCl3) δ 6.89 (s, 1H), 7.06–7.09 (m, 3H), 7.19–7.21 (m, 2H),
7.40–7.44 (m, 2H), 7.52–7.56 (m, 1H), 7.78–7.83 (m, 2H); 1H
NMR (d6-DMSO) δ 7.07–7.10 (m, 3H), 7.25–7.29 (m, 2H), 7.40–
7.57 (m, 3H), 7.72–7.76 (m, 2H); ESI M-H− 233.1, MHþ 235.2.

Phenyl sulfate (5a) was synthesized by adding chlorosulfonic
acid (1.33 mL, 0.02 mol) dropwise to phenol (1.88 g, 0.02 mol)
dissolved in a mixture of dry dichloromethane and dry pyridine at
−15 °C. The reaction was allowed to come to room temperature
and was stirred overnight. Then 20 mL of 0.5 gmL1 K2CO3 was
added. The obtained white solid was washed with diethyl ether
and subsequently dissolved in H2O. The aqueous solution was
adjusted to pH 5 with acetic acid and extracted with diethyl ether
to remove any remaining phenol. H2O was evaporated under
reduced pressure, and the white solid was recrystallized from
hot ethanol/H2O. The obtained crystals were dried under high
vacuum. A comparison of the UV-visible (UV-vis) spectra of a
solution of this solid prior to and after complete hydrolysis of the
resulting mixture by Pseudomonas aeruginosa aryl sulfatase (2)
showed that the mixture contained ∼60% of the sulfate 5a. 1H
NMR (D2O) δ 7.21–7.42 (m, 3H), 7.35–7.44 (m, 2H), ESI,
Mþ 173.11 (acid form).

p-nitrophenyl sulfate (5b). UV-vis spectra suggested that the
commercial preparation of sulfate 5b was contaminated with
p-nitrophenol. To remove this contamination the commercial
preparation was dissolved in 44 mM succinic acid, 33 mM
imidazole, 33 mM diethanolamine (SID), and the resulting solu-
tion was adjusted to pH 5.0 with acetic acid. The solution was
washed with diethyl ether to selectively extract p-nitrophenol.
The organic phase was back extracted with 0.1 M NaOH. After
two washes the reverse extraction into 0.1MNaOHwas no longer
yellow indicating that all p-nitrophenol had been removed from
the sulfate monoester containing solution. The remaining diethyl

ether was removed in vacuo. The concentration of sulfate 5b was
determined by adding P. aeruginosa aryl sulfatase (2) to a dilute
solution of substrate and incubated for several hours at pH 8.0
and subsequent determination of the concentration of released
p-nitrophenol by absorbance measurements at 400 nm.

Phenyl phenylsulfonate (6a) was synthesized by dropwise
addition of benzenesulfonyl chloride (1.3 mL, 0.01 mol) to a
solution of phenol (0.94 g, 0.01 mol) and triethylamine (1.7 mL,
0.012 mol) in THF at 0 °C under argon. The solution was allowed
to come to room temperature and left stirring for 12 h, after
which a white precipitate resulted. The solution was filtered,
diethyl ether was added, and the solution was washed with satu-
rated NaHCO3 solution and water. The organic solvent layer was
dried with Na2SO4 and the solvent removed under reduced
pressure; a brown oil resulted. The oil was separated on silica gel
eluting with cyclohexane/ethylacetate (50∶1), and a clear color-
less oil resulted (0.87 g, 0.004 mol, 37% yield): C12H10O3S Mr
234.27, 1HNMR (CDCl3) δ 6.95–6.97 (m, 2H), 7.23–7.29 (m, 3H),
7.49–7.52 (m, 2H), 7.63–7.66 (m, 1H), 7.81–7.83 (m, 2H); ESI
M-H− 233.3, MHþ 235.4.

p-nitrophenyl phenylsulfonate (6b) was synthesized by adding
benzenesulfonylchloride (2.6 mL, 0.02 mol) dropwise to p-
nitrophenol (2.48 g, 0.02 mol) dissolved in dry pyridine at 0 °
C. The reaction was allowed to come to room temperature
and was stirred overnight. Pyridine was evaporated under re-
duced pressure, and the remaining solids were dissolved in
chloroform. The organic phase was washed with saturated
NaHCO3 solution (2×) and water (1×) and subsequently dried
by using anhydrous Na2SO4. Chloroform was removed under re-
duced pressure. The resulting crystalline material was washed
with EtOAc:hexane 1:9, resulting in light brown crystals
(4.10 g, 0.015 mol 75% yield). 1H NMR (CDCl3) δ 7.12–7.19
(m, 2H), 7.50–7.58 (m, 2H), 7.65–7.74 (m, 1H), 7.80–7.88
(m, 2H), 8.12–8.19 (m, 2H); ESI Mþ 279.3.

Cloning of BcPMH and mutant construction. The gene encoding
PMH from Burkholderia caryophilli PG2952 (BcPMH) (accession
number U44852) (3) was amplified by PCR from plasmid
pMON9428 (Monsanto) and cloned into the NcoI/PstI restriction
sites of pBADmycHisA for the untagged protein and into XhoI/
PstI sites of pASK-IBA5plus for the N-terminally Strep-tagged
protein. Cloning of the BcPMH gene into the NcoI site of the
pBADmycHisA vector required the introduction of an
extra alanine codon directly after the start codon. Expression
of the gene in the pASK-IBA5plus vector results in a translational
fusion with an N-terminal Strep-tag (Trp-Ser-His-Pro-Gln-
Phe-Glu-Lys). Primers [forward pBADmycHisA: 5′CGC GCG
GCC ATG GCA ACC AGA AAA AAT GTC CTG CTT ATC
GTC3′; forward pASK-IBA5plus 5′GCG CGC CTC GAG
CAT GAC CAG AAA AAA TGT CCT GCT TAT C3′′ reverse
(both constructs): 5′CGCGCGCTGCAGTCAATGGTTGCG
CGT TGT CAG CCC3′] were used at 0.4 nM in a reaction with
0.2 mM dNTPs and 0.05 U μL−1 PfuTurbo DNA polymerase. The
temperature program used was 15 min at 95 ºC without polymer-
ase, followed by 30 cycles of 60 s 95 ºC, 45 s 68 ¨C − 0.5 ¨C cycle−1
(each cycle the temperature of this segment was lowered by
0.5 ºC), 180 s 72 ºC, and finished with 4 min at 72 ºC. The
PCR products for the untagged and tagged constructs were di-
gested withNcoIPstI and XhoIPstI, respectively, and subsequently
ligated into NcoIPstI digested pBADmycHisA or XhoIPstI di-
gested pASK-IBA5plus plasmid DNA using T4 DNA ligase.
The ligation mixture was transformed into E. coli TOP10 by using
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electroporation. The transformants were plated on LB medium
containing ampicillin (100 mgL−1). Colonies were checked for
the presence of the insert by using a PCR with Taq polymerase
and colony material as the template. Positive colonies were used
to inoculate 5 mL of liquid LB medium and grown overnight at
37 ºC. Plasmid DNA was extracted and the insert was sequenced.
The active site cysteine (Cys57) was replaced by alanine by using
the QuikChange method (Stratagene) with pASK-IBA5plus
BcPMH as the template.

Protein expression and purification. Protein from the various plas-
mids was expressed in E. coli BL21(DE3) in TY (16 g∕L bacto
tryptone; 10 g∕L yeast extract; 10 g∕L NaCl) or TB [12 g∕L bac-
to tryptone; 24 g∕L yeast extract; 4% (vol/vol) glycerol; 0.1 M
potassium phosphate] medium containing 100 mg∕L ampicillin
and 50 mg∕L kanamycin at 28 °C. Apart from the protein used
for crystallization, both the tagged and untagged proteins were
coexpressed withMtbFGE (4, 5) to ensure a higher degree of fGly
modification. For testing the presence of contaminants originat-
ing from E. coli, cells containing pASKIBA5plus and pSJMF1
were treated the same way as those expressing the tagged protein.

Untagged BcPMH was purified by using anion exchange (Q-
Sepharose), hydrophobic interaction (Phenyl Sepharose), and size
exclusion (Superdex 200) chromatography. Strep-tagged BcPMH
was purified by using Strep-tactin affinity purification followed
by a size exclusion step.

Expression of MtbFGE from the pSJMF1 construct (5) was
induced by adding 1 mM IPTG to a cell culture at OD600 ∼ 0.2
approximately 15–30 minutes prior to induction of the expression
of the BcMPH gene. Expression from the pBADmycHisABc
PMH construct was induced by addition of 0.02% (wt/vol) L-
arabinose followed by overnight growth. Expression of the tagged
enzyme from the pASKIBA5plusBcPMH constructs was induced
by adding 200 μg∕L anhydrotetracyclin.

Cells expressing the untagged BcPMH were harvested by cen-
trifugation and resuspended in 20 mM Bistris propane pH 9.0.
One tablet of Complete EDTA-Free protease inhibitor cocktail
per 12 g of wet cell pellet weight was added to the suspension, and
the cells were lysed in an emulsiflex-C5 homogenizer (Avestin).
Cell-free extract (CFE) was obtained by centrifugation of the cell
lysate at 30; 000 × g for 90 min. The subsequent anion exchange
and hydrophobic interaction chromatography were essentially
done as described before (3). Active fractions that eluted from
the hydrophobic interaction column were pooled and concen-
trated to a protein concentration of around 15 mg∕mL and sub-
sequently loaded on a Superdex 200 size exclusion column that
was running in 100 mM Bistris propane pH 7.5–9.0, 150 mM
KCl. The protein eluted at the expected molecular weight corre-
sponding to a tetrameric enzyme (3). The protein containing frac-
tions were pooled, concentrated, and desalted into 10 mM Bistris
propane pH 9.0. Small aliquots of the protein were flash-frozen in
liquid nitrogen and subsequently stored at 20 °C. Typical yields
were around 2 mg pure protein per gram of wet cells.

For purification of the Strep-tagged enzyme aCFEwasmade as
described for the untagged enzyme, except that the cells were re-
suspended in 20 mL of 100 mM Tris-HCl pH 8.0, 150 mM NaCl.
The enzyme was purified from CFE by loading an appropriate vo-
lume of CFE (1–3mL depending on protein content) onto a 1-mL
gravity-flow column of Strep-tactin resin. After loading the non-
binding proteins were washed off with 100 mM Tris-HCl pH 8.0,
150 mM NaCl. The tagged enzyme was eluted with 2.5 mM
d-desthiobiotin in 100 mM Tris-HCl pH 8.0, 150 mM NaCl.
The column material was regenerated according to the manufac-
turer’s instructions. This procedure could be repeated several
times depending on the requirement for protein. Active fractions
were pooled, concentrated, and subsequently loadedonto aSuper-
dex 200 column that was running under the same conditions as for
the untagged protein. Active fractions were pooled, concentrated,

desalted, and stored as described for the untagged variant. Typical
yields were around 6–7 mg pure protein per gram of wet cells.

Anaerobic protein expression and purification. To obtain Strep-
BcPMH without fGly conversion, protein expression and affinity
purification were performed under anaerobic conditions. A cul-
ture of the E. coli strain expressing the protein BcPMH grown
under aerobic conditions was used to inoculate 100 mL of LB
medium supplemented with ampicillin (100 mgL−1). Bacteria
were grown overnight under anaerobic conditions in a glove
box (Bactron IV) with a nitrogen/hydrogen/carbon dioxide
(85/5/10) atmosphere. Another 100-mL LB medium supplemen-
ted with ampicillin were inoculated with this culture and grown
anaerobically. This culture was then used to inoculate three flasks
of 1 L of LB medium supplemented with ampicillin and grown to
anOD600 of 0.25. Strep-BcPMHwas expressed as described above
but under the nitrogen/hydrogen/carbon dioxide atmosphere. The
cells were transferred anaerobically into centrifuge tubes, then
harvested by centrifugation at 4; 000 × g for 20min at 4 °C, outside
the glove box, and resuspended under anaerobic conditions in de-
gassed washing buffer (100 mM Tris-HCl pH 8.0, 150 mM NaCl).
Strep-BcPMH was from whole cells purified as described above,
performing all steps under anaerobic conditions, with the excep-
tion of the centrifugation of the crude lysate and the size exclusion
chromatography. All buffers were degassed prior to use.

Determination of background rates. The rates for the uncatalyzed
reactions for substrates 1a–2b and 5a,b could be derived from
published literature data (details in the footnotes to Table S1).

Hydrolysis of phosphate triester 3b in 20 mM Bistris propane
(at pH 7.5, 100 mM KCl) was monitored at 400 nm. The resulting
V obs (in M s−1) was plotted against the substrate concentration.
These results could be fitted to the equation V obs ¼ kuncat

� [phos-
phate triester 3b], and the resulting data are displayed in
Table S1.

Conversion of phosphonate monoester 4b was too slow to be
detected at 30 °C at pH 7.5. The dependency of hydrolysis on
the concentration of hydroxide (kOH in M−1 s−1) at 30 °C was fast
enough to be determined by fitting initial rates. At a fixed
substrate concentration, initial rates (kobs in s−1) were determined
at varying concentrations of KOH. The data could be fitted to
kobs ¼ kOH

� [OH−]. The resulting kOH was used to calculate
kuncat at pH 7.5 by using the same formula in which pH 7.5 cor-
responds to a ½OH−� of 10−ð14–7.5Þ ¼ 3.2 × 10−7 M. Hydrolysis
rates of phosphonate 4a were calculated from the kuncat for phos-
phonate monoester 4b by using a Brønsted value of −0.69 for the
chemical hydrolysis of aryl methylphosphonates (6) and pK val-
ues for p-nitrophenol and phenol of 7.14 and 9.98, respectively.

Background rates for sulfonate monoesters 6a and 6b were
derived as described above for phosphonate 4b from experimen-
tally determined kOH values. kOH 6a ¼ 4.4 � 10−4 s−1; kOH
6b ¼ 1.7 � 10−2 s−1. Both kOH values were determined by measur-
ing from initial rates of product formation (phenolate or 4-nitro-
phenolate), monitored by an increase of absorbance at a fixed
wavelength, at increasing OH− concentrations.

Product analysis. Several techniques were used to support the
proposed mechanism of product formation.

Enzymatic reaction in the presence of 18O-labeled H2O.
Substrates 1b–6b were incubated in 9.5% (vol/vol) H2

18O in SID
of 1,3-bis[tris(hydroxymethyl)methylamino]propane buffer pH
7.5 or 8.0 in the presence of an appropriate concentration enzyme
for 0.5–72 h and subsequently analyzed by using liquid chroma-
tography mass spectrometry (Department of Chemistry, Univer-
sity of Cambridge). The ES− trace of the p-nitrophenol is shown
in Fig. S2C.
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Product identification.
(a) Thin layer chromatography (TLC). To confirm the identity of
the product (i.e., emergence of the 4-nitrophenyl leaving group),
∼0.2–5 mM of substrates 1b–6b was allowed to react in the pre-
sence of phosphonate monoester hydrolase (PMH) (1–20 μM,
12–24 h in 50 mM Tris-HCl, pH 8.0), and a yellow product
emerged, whose spectrum was identical to 4-nitrophenolate
(see below). When the product mixture was acidified to pH ∼ 2,
the yellow color disappeared, consistent with the presence of
p-nitrophenol. The acidified solutions were extracted with diethyl
ether. The diethyl ether extracts were analyzed by TLC (SiO2,
EtOAc: 96% EtOH, 19∶1) and showed a yellow spot. The Rf
values (0.38) of these spots were identical to authentic p-
nitrophenol. When the reference compound was spotted on
top of the substrate incubations, only one single yellow spot
was observed at the expected Rf value, providing further evidence
that the product and 4-nitrophenol are identical. No additional
products can be detected with UV light (254 nm).

(b) HPLC. The above-mentioned incubations of substrate and
enzyme were also analyzed by reverse phase HPLC (on an ACE
5 C18-300 column, 4.6 × 250 mm, flow 1.0 mL min−1; gradient
10–100% acetonitrile in 0.1% (vol/vol) trifluoroacetic acid in
H2O). All incubations showed p-nitrophenol eluting at the same
retention time as an authentic sample of p-nitrophenol (eluting
around 40% acetonitrile).

(c) UV-vis. The above-mentioned incubations of substrate
and enzyme were also analyzed by UV-vis spectroscopy. The
spectrum from 370 to 500 nm was identical in shape to authentic
p-nitrophenol for each conversion.

(d) 31P-NMR. Compounds 1b, 2b, and 4b (∼10 mg in 700–
800 μL 50 mM Tris-HCl pH 8.0 were incubated in the presence
and absence of PMH (2–100 μM) for 12–24 h, after which up to
∼20% (vol/vol) D2O was added. The samples were then analyzed
by 31P-NMR (400 MHz, Bruker DPX400). Chemical shifts for
the substrates and products were in the expected ranges (7):
inorganic phosphate: 2.3–3.1 ppm (8); phosphate monoester 1b:
0.18–0.22 ppm (9); phosphate diester 2b: −4.2 to −4.9 ppm;
ethylphosphate: 3.4 ppm; phosphonate monoester 4b; 13.6 ppm;
phenylphosphonate: 12.1–13.0 ppm. Spiking with authentic
product samples was used to further ascertain product identity. In
each case the peak identified as corresponding to product was
increased by the addition of an authentic sample of presumed
product and no additional peaks arose.

In the case of phosphate triester 3b, only approximately 0.1 mg
of product was produced in 24 h (in the presence of 100 μM
PMH in 1 ml total volume), making detection of the phosphate-
containing product by 31P-NMR difficult. However, 4-nitrophenyl
product was detected for this reaction by TLC [see (a)] in ad-
dition to UV-active baseline material (consistent with the final
monoester product).

Enzyme assays. All enzyme assays were performed in 44 mM suc-
cinic acid, 33 mM imidazole, 33 mM diethanolamine (SID) or in
the case of phosphate triester 3b in 20 mM Bistris propane,
100 mMKCl because of high background hydrolysis of phosphate
triester 3b in SID. Enzymatic hydrolysis of compounds 1b–6b was
followed by monitoring the release of p-nitrophenol at 400 nm by
using a SpectraMax Plus multiwell reader for substrates 1b, 2b,
and 4b–6b. Hydrolysis of phosphate triester 3b was monitored in
a Cary 100 Bio UV-vis spectrophotometer (Varian) in a 1-cm
glass cuvette. Initial rate measurements were carried out in
duplicate and the data averaged prior to fitting to Eq. S1 or S2
as described below. The extinction coefficients of p-nitrophenol
at varying pH for both the multiwell reader and the Cary 100 were
determined for pH 6.0–10.0. The errors represented in Tables 1–3
are the statistical errors from each fit.

Enzymatic hydrolysis of substrates 1a, 2a, and 4a–6a was
monitored at 270–280 nm, depending on the optimal difference

in absorption between the product and the substrate. Hydrolysis
of compounds 2a and 4a was sufficiently fast to use initial rate
measurements. The KM values for compounds 1a, 5a, and 6a
were determined by using the competitive inhibition constants
for the conversion of phosphate diester 2b (Fig. S4). The kcat
values for these three compounds were then obtained from a sin-
gle spectrophotometric trace as described below (Eqs. S3 and S4).

Fitting of enzyme kinetics.
Kinetic parameters via initial rates.
To determine the kinetic parameters for substrates with p-
nitrophenol as the leaving group as well as for substrates 2a
and 4a, the initial rates in μmol min−1 mg−1 (V obs) at varying sub-
strate concentrations were fitted to the various models described.

Normal Michaelis–Menten kinetics (substrates 1b, 3b, 5b,
and 6b)

V obs ¼
Vmax × ½S�
KM þ ½S� : [S1]

Substrate inhibition kinetics (substrates 2a,b and 4a,b)

V obs ¼
Vmax

app × ½S�
KM

app þ ½S� þ ½S�2
K si

: [S2]

Kinetic parameters from a single spectrophotometric trace.
The KM values for substrates 1a, 5a, and 6a were assumed to
be equal to the competitive inhibition constant (K ic) of the re-
spective compounds on the enzymatic conversion of phosphate
diester 2b (see below for more details). These KM values were
subsequently used as a constant in least squares numerical fitting
of a single spectrophotometric trace of the conversion of these
substrates recorded at various wavelengths to Eqs. S3 and S4
by using Micromath Scientist, similar to a procedure previously
used to determine enzyme kinetics from progress curves of
epoxide hydrolases (10–12).

A ¼ εsubstrate × d × ½S� − εproductðsÞ × d × ð½S�0 − ½S�Þ; t ¼ 0;

½S� ¼ ½S�0 − ½P�0; [S3]

d½S�
dt

¼ −
kcat × ½Enz� × ½S�

KM þ ½S� ; [S4]

in which A is the absorbance at appropriate wavelength, ½S� is
the substrate concentration during the reaction (mM), ½S�0 is the
substrate concentration added of the reaction (mM), ½P�0 is the
product formed at T ¼ 0 as a result of the time lost between
addition of the enzyme and the placement of the cuvette into
the spectrophotometer (mM), [Enz] is the enzyme concentration
(mM), d is the path length of the cuvette in centimeters, and
εsubstrate and εproductðsÞ are the extinction coefficients of the
substrate and product(s), respectively (mM−1 cm−1).

Cross-inhibition experiments.
Inhibition of the conversion of phosphate diester 2b by promis-
cuous substrates 1a, 1b, 3b, 5a, 5b, 6a, and 6b was monitored
by recording Michaelis–Menten plots of phosphate diester 2b
conversion in the presence of increasing concentrations of each
promiscuous substrate. Each of these curves was fitted to Eq. S1,
because the conditions were chosen in such a way that the effect
of substrate inhibition was negligible. The resulting apparent
values of kcat and KM were used to calculate kcatapp∕KM

app, which
were plotted against the inhibitor concentration ([I]) and fitted to
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Eq. S5. The resulting K ic values were either compared with the
KM values of the inhibitors or used as constants in the kinetic
measurement as described above.

kcat
app

KM
app ¼ kcat∕KM

1þ ½I�
K ic

: [S5]

pH-rate profile fitting.
Values for each parameter kcat and kcat∕KM for substrates 1b, 2b,
3b, 4b, 5b, and 6b were determined at pH values in the range of
pH 6.0–10 with 0.5 pH-scale increments. The pH dependencies
of kcat and kcat∕KM were fitted to the various models described
below, in which K represents the respective kinetic parameter
and K ind is the proportion of the value of that parameter that
is independent of pH for pH 6.0–10.0.

I. Model in which the process represented by K lim1 is linked to the
protonated state of one ionizable group.
Model I:

K ¼ K ind þ
K lim�

1þ Ka
½Hþ�

� : [S6]

II. Model in which the process represented by K lim1 is linked to the
protonated state of one group and the deprotonated state of another.
Model II:

K ¼ K ind þ
K lim1�

1þ ½Hþ�
Ka1

�
×
�
1þ Ka2

½Hþ�
� : [S7]

MALDI-TOF. MALDI-TOF mass spectrometry analyses were
performed by L. Packman (PNAC Facility, University of Cam-
bridge). MALDI-TOF of a tryptic digest of BcPMH was used
to demonstrate the presence of a formylglycine modification as
described (5). To compare the degree of fGly modification in

anaerobically expressed and MtbFGE-coexpressed BcPMH,
samples of both protein preparations were subjected to trypsin
digestion at pH 8 for 16 h. After reduction by 5 mM tris(2-
carboxyethyl)phosphine from neutralized stock for 30 min at
room temperature, the samples were alkylated with 34 mM acry-
lamide for 1.75 h at room temperature. Completeness of alkyla-
tion was checked on two cysteine-containing peptides, and
samples were directly subjected to MALDI-TOF analysis in an
α-cyano-4-hydroxycinnamic acid matrix. Only the Cys57-contain-
ing peptide (49-NHVTTCVPCGPAR-61) was detected reliably
above background. The ionization efficiency of the fGly57-
containing peptide in the CHCA matrix was not high enough
to provide a signal above background for both enzyme
preparations.

microPIXE. The microPIXE experiment (13) was carried out at
the University of Surrey Ion BeamCentre as described before (5).
Sulfur atoms served as the internal quantitative standard to
calculate metal ion occupancy.

Crystallization, data collection, structure determination, and analysis.
Crystals were grown at 18 °C by the hanging drop vapor diffusion
method with equal volumes of protein (10 mg∕mL) and reservoir
buffer (2 μL total). Strep-BcPMH crystals started appearing
after two weeks in a solution containing 0.1 M MES pH 6.5,
20% (wt/vol) PEG 5000 monomethyl ether, 0.3 M ðNH4Þ2SO4.
Before flash freezing in liquid nitrogen, the crystals were soaked
in the crystallization buffer supplemented with 15% (vol/vol) gly-
cerol for cryoprotection.

Diffraction of Strep-BcPMH crystals extended to 2.4 Å at
the X-ray Diffraction Data Collection Facilities, Department of
Biochemistry, University of Cambridge (rotating copper anode).
The dataset was collected at a wavelength of 1.5418 Å on an Raxis
IV image plate and processed by using the XDS package (14).
Statistics are displayed in Table S3. The structure of Strep-
BcPMH was solved by molecular replacement using Amore with
RlPMH (Protein Data Bank ID: 2vqr) as a search model (15).
Iterative cycles of model building and refinement were carried
out with COOT and REFMAC5 (16, 17).
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Fig. S1. Time-dependent production of p-nitrophenol, monitored by an increase in absorbance at 400 nm, as a result of hydrolysis of substrate 1b–6b (A–F) and
Michaelis–Menten curves for all reactions catalyzedbyBcPMHat pH7.5 (G–L). Time courses for phosphatemonoester 1b (A), phosphate diester 2b (B), phosphate
triester 3b (C), phosphonate monoester 4b (D), sulfate monoester 5b (E), and sulfonate monoester 6b (F) in the presence (black dots) and absence (gray dots) of
BcPMHWTshow that thenumber of turnovers per enzymeactive site varied fromat least 2 for phosphate triester 3b towell over 104 for phosphate diester 2b and
phosphonate monoester 4b. (G–L) show substrate concentration-dependent hydrolytic activity for phosphate monoester 1b (G), phosphate diester 2b (H),
phosphate triester 3b (I), phosphonate monoester 4b (J), sulfate monoester 5b (K), and sulfonate monoester 6b (L). The curves for phosphate diester 2b
and phosphonate monoester 4b could be fitted to a kinetic model considering substrate inhibition with Ksi values of 169� 20 and 53� 3 mM, respectively.
No saturation kinetics was observed for the enzyme-catalyzed hydrolysis of phosphate triester 3b. Therefore the data were fitted to pseudo-first-order kinetics
in which the slope directly correlates to kcat∕KM .
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Fig. S2. Possible mechanisms for nucleophilic hydrolysis of compounds 1b–6b and mass spectrometric analysis of isotope-labeled product. (A) Nucleophilic
attack on the phenolic CO bond via a tetrahedral intermediate (SNAr mechanism). (B) Nucleophilic attack on the phosphorus or sulfur center (phosphonate
monoester hydrolysis shown here as an example). The oxygen atom that originates from the nucleophile (which is H2O in the net reaction) is indicated in red.
(C) Typical ESI-MS (ES− signal) spectrum of p-nitrophenol product after the incubation of substrates 1b–6b in the presence of enzyme and 9.5% 18O-labeled
water. The major peak atm∕z ¼ 137.94 corresponds to p-nitrophenol with no 18O incorporation, that is, the result of attack of H2

18O at the phosphorus/sulfur
center (B). No extra peak for 18O-p-nitrophenol was observed at the expectedm∕z ¼ 139.94 Da that would be the result of a H2

18O attack at the phenol ring by
addition-elimination (A). The latter mechanism is thereby ruled out.
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Fig. S3. Copurification of activities towards substrates 1b (▪), 2b (♦), 3b (▴), 4b (●), 5b (□), and 6b (◊), shown together with the absorption trace at 280 nm
(solid line). (A) anion exchange (Q-Sepharose); (B) hydrophobic interaction (phenyl Sepharose); (C) size exclusion (Superdex 200). (D) Size exclusion with the
Strep-tagged enzyme. (E) Size exclusion trace of the empty plasmid purification for the strep-tactin purification procedure. The dashed vertical lines indicate
the fractions that would be pooled and concentrated during the actual purification of BcPMH.
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Fig. S4. Inhibition of the BcPMH-catalyzed hydrolysis of phosphate diester 2b by promiscuous substrates. (A) The hydrolysis rate of the cognate substrate
(Scognate) is around a 100-fold higher than that of any of the promiscuous substrates; scheme 1 can be simplified to scheme 2, in which Kic should be similar to KM

promiscuous. (B) Michaelis–Menten plots for the hydrolysis of phosphate diester 2b in the presence of increasing concentrations of phosphate monoester 1b
(0-0.10-0.21-0.31-0.41-0.62-0.82-1.03-1.54-2.32-3.61-5.15 mM). Each curve was fitted to Vobs ¼ Vmax

app × ½Pdiester 2b�∕ðKM
app þ ½Pdiester 2b�Þ. The resulting values

for Vmax
app and KM

app were used to calculate kcat
app∕KM

app. For all substrates but phosphate triester 3b, which did not show significant inhibition, the relation-
ship between kcat

app∕KM
app and the concentration of promiscuous substrate could be fitted to kcat

app∕KM
app ¼ ðkcat∕KMÞ∕ð1þ ½Pmonoester 1b�∕KicÞ. Inhibition of

hydrolysis of 2b by (C) phosphate monoester 1a, (D) phosphate monoester 1b, (E) phosphate triester 3b, (F) sulfate monoester 5a, (G) sulfate monoester 5b,
(H) sulfonate monoester 6a, and (I) sulfonate monoester 6b. The Kic values for phosphate monoester 1b, sulfate monoester 5b, and sulfonate monoester 6b are
listed in Table 2 and are equal to their KM values, showing that the same active site is responsible for the conversion of native and promiscuous substrates. The
Kics for phosphate monoester 1b, sulfate monoester 5b, and sulfonate monoester 6b are therefore equal to their KM values for conversion and are listed in
Table 1. The kcat values for these compounds were determined by fitting a time course of their hydrolysis to Eqs. S3 and S4.

van Loo et al. www.pnas.org/cgi/doi/10.1073/pnas.0903951107 9 of 12

http://www.pnas.org/cgi/doi/10.1073/pnas.0903951107


Fig. S5. Mass spectrometric analysis of BcPMH to prove the presence of fGly at residue 57 under aerobic expression and increased Cys57 content after anae-
robic expression. (A) MALDI-TOF mass spectrometric analysis of Strep-BcPMH indicates the presence of a fGly at residue 57. Comparison of the mass spectra
from a tryptic digest of BcPMH, which was alkylated with acrylamide, in an α-cyano-4-hydroxycinnamic acid (CHCA) matrix and amatrix supplementedwith 2,4-
dintrophenylhydrazine (DNPH). Signal 1, corresponding to the peptide containing residue 57 (molecular mass ¼ 1407.7 Da), is shifted 180 Da upon treatment
with DNPH (peak 2), which indicates the presence of a fGly. However, the alkylated peptide containing unmodified Cys (molecular mass ¼ 1496.7 Da) is also
detected (peak 3). (B, C) MALDI-TOF analysis of tryptic digests of BcPMH coexpressed withMtbFGE (B) and anaerobically expressed BcPMH (C) in a CHCAmatrix.
Under anaerobic conditions the peptide 49-NHVTTCVPCGPAR-61 containing Cys57 is detected (alkylated with two equivalents of acrylamide,M ¼ 1496.71 Da),
whereas it is not detectable above background in the protein coexpressed withMtbFGE. This indicates that fGly modification is compromised under anaerobic
conditions as described before (18) and the fraction of Cys57 vs. fGly57 is increased in this protein preparation. The fGly57-containing peptide did not yield
signals above background for both enzyme preparations.

Fig. S6. The differing nature of the transition states for uncatalyzed hydrolysis of the substrates used in this study. (A) Dissociative transition states are char-
acterized by a high degree of bond breaking and little bondmaking. Large negative Brønsted values (βlg) suggest that charge accumulation is located primarily
at the leaving group (−OR). The dianionic form of a phosphate monoester (1a,b) is shown here as an example. In addition the monoanionic form of sulfate
monoester (5a,b) is hydrolyzed via this mechanism in solution (19–21). (B) Associative transition states are characterized by a larger degree of bond making
between the incoming nucleophile and the reaction center. In comparison to the dissociative mechanism, more charge accumulates at the phosphoryl oxygens
and less at the leaving group (resulting in a less negative βlg). Phosphate diesters 2a,b (22), phosphate triester 3b (23), phosphonate monoesters 4a,b (24), and
sulfonate monoesters 6a,b (25) are hydrolyzed via this associative pathway.
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Table S1. Rate constants for the uncatalyzed hydrolysis of
substrates 1–6 at pH 7.5; 30 °C

Substrate kuncat* (s−1) kw* (M−1 s−1)

1a† 1.2 × 10−10 2.2 × 10−12

1b‡ 4.3 × 10−9 7.8 × 10−11

2a§ 4.0 × 10−14 7.3 × 10−16

2b¶ 2.6 × 10−13 4.7 × 10−15

3b 5.1 × 10−8 9.2 × 10−10

4a 1.8 × 10−13 3.3 × 10−15

4b 1.7 × 10−11 3.1 × 10−13

5a∥ 4.3 × 10−13 7.8 × 10−15

5b** 1.1 × 10−9 2.0 × 10−11

6a 1.4 × 10−10 2.6 × 10−12

6b 5.5 × 10−9 1.0 × 10−10

*Based on either published kuncat or kw. kuncat and kw are correlated via the
formula kuncat ¼ kw × ½H2O�, in which ½H2O� in a normal aqueous solution is
55 M.

†Derived from the rate constants for the mono- and dianionic states of 1a,
assuming the pKa of the equilibrium between the mono- and dianion of
1a to be 5. The kmonoanion was calculated from the published ΔH‡ and ΔS‡

values (26). The kdianion was calculated from the published Brønsted relation
for the hydrolysis of phosphate monoester dianions (βlg ¼ 1.23; ref. 26) and
the kdianion of phosphate monoester 1b, assuming pKa values of 7.14 and
9.98 for p-nitrophenol and phenol, respectively. The kdianion for 1b was cal-
culated from the published ΔH‡ and ΔS‡ values (27).

‡Derived from the rate constants for the mono- and dianionic states of 1b,
assuming the pKa of the equilibrium between the mono- and dianion of 1b
to be 5. The values for kmonoanion and kdianion were calculated from the
published ΔH‡ and ΔS‡ values for both species (26, 27).

§Derived from Chin et al. (28), by using the published Brønsted relationship
and temperature dependence.

¶Derived from Purcell and Hengge (29), by using the published temperature
dependence for kOH and extrapolation to kuncat at pH 7.5 (½−OH� ¼
10−ð14–7.5Þ ¼ 3.2 × 10−7 M).

∥Derived from kuncat for sulfate monoester 5b by using the published
Brønsted relation (30) (βlg ¼ −1.20, pKa for p-nitrophenol is 7.14, and pKa

for phenol is 9.98).
**Nikolic-Hughes et al. (31), assuming that sulfate monoester hydrolysis is

mostly pH-independent in between pH 4 and 12 (32).

Table S2. Comparison of the kinetic parameters of BcPMHwild type and Cys-only for p-nitrophenol substrates 1b–6b at pH 7.5

Substrate Wild-type Cys-only mutant
Ratio (wild type:
Cys-only mutant)

kcat (s−1) KM (mM) kcat∕KM (M−1 s−1) kcat (s−1) KM (mM) kcat∕KM (M−1 s−1) kcat KM kcat∕KM

1b ð7.7� 0.1Þ � 10−3 0.35 ± 0.02 22 ± 1 ð1.4� 0.2Þ � 10−3 0.27 ± 0.02 5.2 ± 0.8 5.5 1.3 4.2
2b 5.8 ± 0.1 0.63 ± 0.04 ð9.2� 0.6Þ � 103 1.4 ± 0.3 1.6 ± 0.4 ð8.8� 2.9Þ � 102 4.1 0.39 10
3b >3.7 � 10−5 >2.4 ð1.6� 0.1Þ � 10−2 >6.6 � 10−5 >2.4 ð2.9� 0.1Þ � 10−2 - - 0.56
4b 2.73 ± 0.06 0.19 ± 0.02 ð1.5� 0.1Þ � 104 0.34 ± 0.01 0.14 ± 0.01 ð2.4� 0.2Þ � 103 8.0 1.4 6.3
5b ð4.0� 0.1Þ � 10−2 68 ± 4 0.59 ± 0.04 ND ND ND - - -
6b ð1.2� 0.1Þ � 10−2 0.24 ± 0.03 49 ± 7 - - 0.82 ± 0.04 - - 60
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Table S3. Statistics for data collection and structure refinement of StrepBcPMH

Data collection

Space group P212121 (19)
Unit cell dimensions a ¼ 57.7, b ¼ 200.1, c ¼ 211.7, α ¼ β ¼ γ ¼ 90°
Beam line Rotating copper anode (Rigaku Ru-H3R)
l (Å) 1.5418
Resolution limit (Å) 2.4
Rmerge [highest resolution shell] 0.14 [0.61]
Number of reflections 504,035 [46,820]
Number of unique reflections 96,059 [10,566]
Completeness % 98.9 [95.9]
I∕Iσ 11.5 [2.5]

Refinement
R 0.182
Rfree 0.239

rmsd bonds 0.015
rmsd angles 1.554
Residues in the most allowed regions of Rachamandran plot % 97.4
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