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ABSTRACT: The continual bacterial adaptation to antibiotics creates an ongoing
medical need for the development of novel therapeutics. Polypeptide deformylase
(PDF) is a highly conserved bacterial enzyme, which is essential for viability. It has
previously been shown that PDF inhibitors represent a promising new area for the
development of antimicrobial agents, and that many of the best PDF inhibitors
demonstrate slow, time-dependent binding. To improve our understanding of the
mechanistic origin of this time-dependent inhibition, we examined in detail the
kinetics of PDF catalysis and inhibition by several different PDF inhibitors. Varying
pH and solvent isotope led to clear changes in time-dependent inhibition parameters,
as did inclusion of NaCl, which binds to the active site metal of PDF. Quantitative
analysis of these results demonstrated that the observed time dependence arises from
slow binding of the inhibitors to the active site metal. However, we also found several
metal binding inhibitors that exhibited rapid, non-time-dependent onset of inhibi-

tion. By a combination of structural and chemical modification studies, we show that metal binding is only slow when the rest of the
inhibitor makes optimal hydrogen bonds within the subsites of PDF. Both of these interactions between the inhibitor and enzyme

were found to be necessary to observe time-dependent inhibition, as elimination of either leads to its loss.

s the incidence of antimicrobial resistant infections (ARIs)
Acontinues to rise, development of new drugs has failed to
keep pace.”” As a result, ARIs exact a growing financial and
human toll. In a recent study at one Chicago area hospital, ARIs
resulted in an increased treatment cost of $30K per patient and
doubled the rate of mortality.> Thus, the development of novel
antibiotics remains an urgent, unmet medical need.

Protein synthesis in eubacteria is initiated with a formyl-
methionine in the first position.* The nascent polypeptide is
then processed during translation by the enzyme polypeptide
deformylase (PDF) (EC 3.5.1.88), which hydrolyzes the formyl
group to liberate an unmodified methionine at the N-terminus:

formyl-L-methionyl peptide + H,O
— formate + methionyl peptide

Seminal work from the 1960s and 1970s demonstrated that
deformylation occurs after the first 40—50 amino acids are
translated, rather than after synthesis of the full-length protein,>®
implying a form of cooperativity between PDF and the ribosome
in bacteria. This has been confirmed recently in greater molecular
detail, with the reported crystal structure of the 70S subunit of
the ribosome complexed with the C-terminal portion of PDE.”
PDF has been found in all bacterial genomes sequenced to
date and has been shown to be essential for viability.*” Although
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a human form of PDF has more recently been found in mito-
chondria, it is thought to be a vestigial remnant of mitochondrial
evolution and not to play a role in human biology. Consistent
with this idea, bacterial PDF inhibitors have been shown to
display no toxic effects on human cells.">"" Thus, inhibitors of
bacterial PDF offer hope for a safe and effective treatment for
current ARIs.

Actinonin is a natural product first described as an antibiotic in
1962"% and more recently has been identified as an inhibitor of
PDE."* Actinonin, as well as other pharmaceutically designed
PDF inhibitors, has been shown to display potent, time-depen-
dent inhibition."* To improve our understanding of both the
origins of this slow-binding phenomenon and its importance for
PDF drug discovery,"® we have studied the mechanism of PDF
inhibition with a series of GSK compounds (Figure 1). A
combination of structural, mutational, and biochemical studies
varying the pH, solvent isotope, and NaCl levels were conducted
and showed that time-dependent inhibition of PDF results from
a slow equilibration of the compounds with the active site metal.
This work also showed that certain hydrogen bonding interactions
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Figure 1. Structures of PDF inhibitors.
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between the inhibitor and enzyme outside of metal binding were
also driving the kinetics of inhibition. Implications of these
results on next-generation inhibitor design are discussed.

B MATERIALS AND METHODS

PDF Expression and Purification Methods. Escherichia coli
BL21*(DE3) cells were transformed, via the heat shock method,
with vectors expressing untagged forms of the wild-type (WT)
and E174D PDF enzyme from Streptococcus pneumoniae (see the
Supporting Information for details). Transformed cells were
grown overnight at 37 °C in 1 L of Luria-Bertani Broth (10 g/
L tryptone, 5 g/L yeast extract,and S g/L NaCl) with 1% glucose.
Carbenicillin was added to a final concentration of 100 mg/L for
selection. The 1 L overnight culture was then used to inoculate
multiple 1 L shake flasks for production. Varying procedures
were used on the basis of optimized conditions for soluble
overexpression of WT and mutant PDF enzymes. To produce
WT and the mutant E174D, MCJKLB Broth [S g/L (NH,),SO,,
6 g/L K,HPO,, 3 g/L KH,PO,, 10 g/L tryptone, 5 g/L yeast
extract, S g/L NaCl, 1% glycerol, and 0.1% glucose] was used.
Growth and overnight induction with 0.0S mM IPTG occurred
at 30 °C. In all cases, 0.5 mM NiCl was added 30 min prior to
IPTG induction to stabilize activity. Cell paste was recovered
through centrifugation using a Sorvall R12 rotor.

The following procedures were used in the purification of
wild-type and mutant PDF enzymes. All the purification steps
were performed at 4 °C. E. coli cells overexpressing PDF were
homogenized and subsequently lysed by sonication in 5 volumes
of lysis buffer [20 mM Tris-HCl (pH 7.5) and S mM nickel
chloride] with protease inhibitor cocktail for use in purification of

poly(histidine)-tagged proteins (Sigma). The cell lysate was
collected and centrifuged at 34000g for 30 min. The supernatant
was loaded onto a Q Sepharose Fast Flow column (S0 mL bed
volume, GE Healthcare). The column was washed with buffer A
[20 mM Tris-HCl (pH 7.5), S mM nickel chloride, and 3 mM
potassium phosphate] and eluted with a linear gradient from 0 to
1.0 M NaCl in bufter A. The fractions containing PDF were
pooled and diluted with buffer B [20 mM Tris-HCl (pH 7) and
3 mM potassium phosphate] to reduce the concentration of
NaCl. The sample was loaded onto a Mono Q HR 10/10 column
(GE Healthcare), and bound proteins were eluted with a linear
gradient from 0 to 0.5 M NaCl in buffer B. Fractions containing
PDF were further purified with a HiLoad 16/60 Superdex 75
column (GE Healthcare) pre-equilibrated in 10 mM potassium
phosphate (pH 6.8) and 150 mM NaCl. The identities of the
purified proteins were confirmed by liquid chromatography—
mass spectroscopy analysis and peptide mass mapping.

pH and Solvent Isotope Experiments. An acidic (25 mM
potassium phosphate from monobasic, 25 mM sodium acetate,
and 1 mM potassium borate, pH with phosphoric acid) and basic
(25 mM potassium phosphate from tribasic, 25 mM potassium
borate, and 1 mM sodium acetate, pH with KOH) combination
buffer was prepared, in either protiated or deuterated solvents.
The acidic and basic buffers were mixed together to obtain pH
and pD values between S and 9, every 0.3 unit. pD values were
calculated by measuring the deuterated buffers using an H,O
solution-calibrated pH electrode and adding 0.41 unit to the pH
reading."® PDF activity was assessed using fMAS in a formate
dehydrogenase (FDH)-coupled format.'” In this assay, formate
liberated from the action of PDF is oxidized to carbon dioxide
concomitant with the reduction of NAD to NADH, which can
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be monitored experimentally by an increase in absorbance at
340 nm. This 40 uL assay consisted of a 30 L addition of 1.33 X
substrate (-MAS, NAD, and FDH) and 10 4L of 4 X enzyme in a
white, clear bottom plate (Corning catalog no. 3706). The con-
centration of substrate was varied between 0.39 and 38 mM, and
the concentration of PDF was varied between 0.5 and 2 nM for
the wild-type protein, with higher concentrations being used at
the extreme pH values; 50 nM S. pneumoniae E174D PDF was
used across the entire pH or pD range. The amount of product
formed was determined using a 40 min reaction. k,, and K,,, were
determined at each pH or pD to construct the pH or pD profile.

Determination of Time-Dependent Kinetics through Pro-
gress Curve Analysis. To determine the effect of solvent and pH
on the time dependence of inhibitor binding, the on rate and
equilibrium constants were determined using forward progress
curve analysis."® The concentration of inhibitor was varied from
5 nM to 100 uM in the FDH-coupled assay under various con-
ditions, and the reactions were followed for >1 h. The kg, was
determined for each inhibitor concentration by fitting each progress
curve to eq 2, as described in Results, and these values were then
replotted and fitted to eq 3 to determine the desired kinetic values.

Determination of Compound Off Rates through Jump
Dilutions. Enzyme (350 nM) and inhibitor (10 x ICs,) were
preincubated together at room temperature for 15 min to allow
for the complete onset of inhibition. This was followed by a rapid
3500-fold dilution into the FDH-coupled assay containing 40 mM
([S] > K,,) fIMAS, and continuous monitoring of the recovery of
enzyme activity. Controls were also run to verify that the enzyme
was fully inhibited before the rapid dilution and that the enzyme
was not inhibited under the final conditions. The dissociation
rate constant (kg or more commonly the off rate) for the inhib-
itors was determined by fitting the progress curves to eq 3.

Viscosity Studies. The viscosity of the buffer at pH 7.7
containing between 0 and 50% sucrose was determined by mea-
suring the migration time through an Oswalt viscometer. -MAS
was then titrated in the FDH-coupled reaction at each sucrose
concentration. This 40 L assay consisted of a 30 4L addition of
1.33 X substrate (variable f-MAS, 12 mM NAD, and 60 units of
FDH) and 10 L of 4x enzyme (0.5 nM). The k., and K, were
determined at each concentration of sucrose, to determine the
effect of viscosity on the reaction.

Structure Methods. At 15.5 mg/mL, S. pneumoniae PDF was
complexed with 1 mM respective compounds for 16 h at 4 °C,
and drops were applied using automated liquid handling (Mosquito,
TTP Labtech) and grown over a period of 2—8 days at 22 °Cina
400 nL hanging drop. The drop was composed of 200 nL of the
protein—inhibitor complex, S0 nL of previously grown crushed
crystals [seeds suspended in ~3.3 M AmSOy,, 3% PEG 400, and
0.1 M Hepes (pH 7.5)] from apo Strep. PDF, and 150 nL of well
solution [0.2 M potassium fluoride and 20% (w/v) PEG 3350].
X-ray diffraction data were collected at the Advanced Photon
Source on sector 21, by the Life Sciences Collaborative Access
Team. The structure was determined by molecular replacement
and refined with Phenix.Refine."” The model was built with
COOT.* Figures were made with Pymol.”' X-ray data were
submitted to the Protein Data Bank (PDB codes for compounds
2, 3, and 4 are 3STR, 3SVJ, and 3SWS, respectively).

Development of the Hydrogen Bond Strength Scoring
Function. The scoring function script (scoring.svl) developed by
Chemical Computing Group was used within MOE software for
scoring the intermolecular interactions.”* The scoring function
coefficients were trained on a data set of ligand—receptor complexes

collected from the Protein Data Bank and their published
binding AG values.”>**

This scoring function generated binding energy (in kilocal-
ories per mole) components from all of the interactions between
the enzyme and inhibitor, including the intermolecular hydrogen
bonds formed, the hydrophobic interactions between the protein
and the ligand, the metal—ligand interactions, the flexibility of
the bound ligand (bond rotation), and any water-mediated
interactions. Along with these, certain physicochemical proper-
ties of the ligand alone were computed, such as cLogP, molecular
weight, sum of atomic polarizabilities, and the number of hydrogen
bond acceptors and donors.

The resulting model could be simplified to predict ks on the
basis of three terms:

predicted pks = — 0.43(BR) + 0.11(PLHB)
+ 0.05(apol) — 0.98 (1)

where BR is an entropic penalty term that refers to the rotatable
bonds of the ligand, PLHB is the strength of the sum of the
hydrogen bonds between the ligand and enzyme, and apol is the
sum of the atomic polarizability of the ligand alone. The fit of
predicted pkg versus experimental kg yielded an r* value of 0.67.

Measurement of Antimicrobial Activity. Whole-cell anti-
microbial activity was determined by broth microdilution using
the National Committee for Clinical Laboratory Standards (NCCLS)
recommended methodology.”® Compounds were tested in serial
2-fold dilutions ranging from 64 to 0.06 ttg/mL. Strains evaluated
in this assay included S. pneumoniae 1629, S. pneumoniae N1387,
and S. pneumoniae Ery2. The minimum inhibitory concentration
(MIC) was determined as the lowest concentration of com-
pound that inhibited visible growth. A mirror reader was used to
assist in determining the MIC end point.

Synthetic Methods. These are available in the Supporting
Information for compounds 2, 3, and 6—8 and were previously
published for compounds 1, 4, and 5.>°>®

B RESULTS

Effects of pH on Catalysis and Inhibition. The pH depen-
dence of the S. pneumoniae PDF-catalyzed deformylation reac-
tion was determined by measuring reaction rates with varying
substrate concentrations (0.38—39 mM) in buffers ranging in
pH from 5.0 to 9.0. Data at each pH were fitted to the
Michaelis—Menten equation to obtain the kinetic parameters
ke, and k.,./K,,. These buffers contained no added chloride ion,
as it has been shown to be an inhibitor of the PDF enzyme-
catalyzed reaction.”” The pH profile data were fit to an equa-
tion describing one acidic pK, (eq 2), yielding a single of value
of ~5.3 for both k., and k,./K,, (Figure 3).

keat(0bs) = key(max) /(1 + 10P% ~PH) (2)

The pK, could not be determined precisely because of the
instability of the protein at pH <S. However, the fitted acidic
pK, value closely matches that determined previously with the
E. coli PDF enzyme and was shown to correspond to the active
site base, Glu174, in the S. pneumonaie enzyme.*”*°

A pH-—rate profile was also generated for the E174D PDF
protein and was similar to that of the WT enzyme (Figure 4),
though the overall activity of the mutant was ~100-fold lower.

The binding kinetics and potencies of PDF inhibitors were
then investigated over a range of pH values (5.5—9.2). To obtain
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the parameters associated with time-dependent inhibition, pro-

gress curves were obtained at a fixed concentration of substrate

(equal to its K,,, value) and varying inhibitor concentrations. The
. is

resulting data were fitted to eq 3:

P =t + (vo—v)(1— e_k"""t)/kobS

(3)

where P is the concentration of product, t is time, vy is the initial
velocity, v, is the final velocity, and ks is the rate of formation of
the final enzyme—inhibitor complex.

The inactivation rates (k) obtained for each inhibitor
concentration were then replotted with eq 4:

kobs = ks + ks[(I/Kiiniat)/ (1 + A/Ky + I/K; initial)]

(4)

where A is the concentration of the substrate, K, is the Michaelis
constant for substrate A, Iis the concentration of the inhibitor, K;
is the dissociation constant for the initial step in inhibitor binding
(E +1<>El), and ks and k4 represent the forward and reverse rate
constants, respectively, for equilibration from the initial to final
inhibited complex (EI <> EI*).

In most instances, the dissociation constant (or off rate), ke,
was too small to be determined by this method. Instead, this

Figure 2. Effects of inhibitor binding on protein structure. The crystal
structure of apo PDF (green) was overlaid with the protein portion of a
structure determined with time-dependent compound 4 (aqua). No
changes in conformation were observed.

value was determined by classical jump dilution methods, where
inhibitor is preincubated at 10 X ICs, concentrations with en-
zyme, followed by a rapid dilution below the inhibitory concen-
tration, as reported previously with PDF and actinonin.'* The
reaction is then monitored continuously for the return of enzyme
activity. The kg values listed in Table 1 and used in Figure 10 were
determined by this method.

For apparent time-dependent inhibitors, kinetics were un-
changed at acidic or neutral pH, but under basic conditions,
significant changes were observed. In the fit of the data to eq 3,
the rate constant ks was much smaller in magnitude at pH 9.2
than at pH 7.7 as demonstrated for two of the inhibitors
(Figure S). The other time-dependent parameters (K; and k)
were largely unchanged at pH 9.2, resulting in an overall lower
potency of inhibitors at high pH, according to eq 5, where K;* is
the overall potency of the inhibitor after full enzyme—inhibitor
equilibrium has been reached:

Ki* = I(l*k6/(k5 + k6)

(5)

Solvent Kinetic Isotope Effects on Catalysis and Inhibi-
tion. The solvent kinetic isotope effects (sKIEs) were obtained
by analysis of ke, and ke/K,, versus pH or pD using the
calculated maximal activity values from the fitted curves to
minimize the associated errors (Figure 3). This analysis yielded
the following initial sKIEs: P(ket/K) = 1.3 4+ 0.2, and P (k) =
2.0 £ 0.2. However, to correct for the effects of higher solvent
viscosity in deuterated bulffers, the effects of viscosity on k., and
keat/Ky were determined by measuring PDF activity in buffers
with varying sucrose concentrations. There was no viscosity
effect observed on k../K,, but a measurable effect on k.,
(keato/keat v8 /7 = 0.4). The relative viscosity of the deuterated
buffers used in this study was determined to be ~1.1, and the
appropriate correction was made to the observed sKIEs, yielding
a corrected P (k./K,,) of 1.2 and a corrected P (k) of 1.9. sKIE
values were also obtained for the E174D PDF, with the following
corrected values determined: ° (keo/Kon) = 1.3 0.1, and P (key)
= 1.2 & 0.1 (Figure 4).

The binding of inhibitors was next studied as a function of
solvent. Using eqs 3 and 4, progress curves for PDF inhibitors
were studied in protiated (pH 7.7) and deuterated buffers (pD
7.7). Because of the relatively invariant pH profile, determina-
tions were made at only single pH or pD values. The rate
constant ks was determined to be faster in deuterated buffer
for time-dependent inhibitors. Taking the ratio of ks values in the
different buffers resulted in an inverse sKIE value on ks of 0.6 £
0.1 for compound 2 (Figure 6A) and 0.4 & 0.1 for compound 1
(Figure 6B).
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Figure 3. pH/pD profiles for wild-type S. pneumoniae PDF. PDF activity was measured in the FDH-coupled assay in buffers with varying pH (O) and
pD (®) values. Profiles for k.,./K, (A) and k., (B) were fitted to eq 2, a model with one acidic pK, value.
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Figure 4. pH/pD profile of E174D S. pneumoniae PDF. Mutant PDF activity was measured as with the WT enzyme, and k,./K,, (A) and k., (B) values
are displayed as a function of pH (O) or pD (@®).

Table 1. Binding Kinetics of PDF Inhibitors

K; (nM) ks (s7) ks (s71) K (nM)
compound 1 6309 0.0225 0.000253 70.24
compound 2 334 0.0171 0.000205 3.96
compound 3 117 n/ab n/ab n/ab
compound 4 25910 0.0177 0.000212 306.18
compound § 31720 n/ab n/a’ n/ab
compound 6 213 0.0292 0.000158 L.1S
compound 7 650 0.0408 0.000518 8.15
compound 8 $3.7 n/a’ n/a’ n/a’

“K;* values were calculated from K;, ks, and k¢ using eq S. ’ Not
applicable because compounds are not time-dependent.

Effects of Chloride on Catalysis and Inhibition. Chloride
has previously been shown to inhibit the E. coli PDF by virtue of
competing with water for binding to the active site metal.””
Chloride was shown to inhibit our S. prneumoniae PDF similarly
(Figure 7A) with an ICs, of ~70 mM. It should be noted that in
control experiments, ionic strength itself had no effect on enzyme
activity up to 300 mM (data not shown).

The binding kinetics of our inhibitors were then studied under
standard conditions (pH 7.7, no chloride added) and under
conditions of high salt (pH 7.7, 300 mM chloride). After the
progress curves had been fit as described above, the main effect of
chloride is to decrease the value of the time-dependent binding
microscopic rate constant ks by nearly 10-fold (Figure 7B).

Determination of Structures of Compounds 2 and 3. Data
from crystals of PDF cocrystallized with compounds 2 and 3 were
collected to 1.75 and 1.5 A resolution, respectively (Table 2).
Both crystals contain one molecule per asymmetric unit, and both
respective compounds are clearly visible in the active site (Figure 8).
Compounds 2 and 3 bind identically to the protein except for
compound 2 binding to the active site metal. Other important
interactions, such as direct hydrogen bonds to V71, E126, and
G127, are conserved between the two.

H DISCUSSION

The most potent PDF inhibitors have been developed
both from natural product sources and by design.>’ ** Though
these compounds were shown to be time-dependent, a detailed
understanding of why they display this characteristic is not
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known. Thus, we began a detailed analysis of our time-dependent
inhibitors with S. pneumoniae PDF.

The substrate binding site of S. pneumoniae PDF revels a
central o helix (0.-7) flanked by /3 sheets above and below this
helix. At the far end of the pocket is a set of conserved residues,
HEXXH, that coordinate the catalytic metal along with a con-
served cysteine (C130) residue. With other enzyme targets, time
dependence is often associated with domain movements that
accompany inhibitor binding.**">® However, a comparison of
the crystal structures for S. pneumoniae PDF reveals that the
shape, size, and electrostatics of the different pockets and the
location of the residues remain unaltered between the apo
structure and the structure for S. pneumoniae PDF with a time-
dependent inhibitor (Figure 2). Thus, the time dependence of
our PDF inhibitors is not due to induced fit types of changes. It
should be noted that this is in contrast to a recent publication
with the Arabidopsis thaliana deformylase.>” However, as noted
in that paper, there are unique conformational states observed
crystallographically with the plant enzyme that have not been
reported with PDFs from other sources. Indeed, in our own
work, we have obtained numerous structures (both apo and with
ligand bound) of PDF from S. pneumoniae and have observed
only a single form of the enzyme.

We next considered whether the slow binding of our com-
pounds was related to their interaction with the active site metal.
Time-dependent inhibition has been investigated with zinc
proteases such as stromelysin and thermolysin and in those cases
was ascribed to displacement of the metal-bound water by the
inhibitor.*®*” Though PDF contains iron as the biologically relevant
cofactor,* it is related to the zinc protease family, containing
several conserved family motifs, most notably the canonical
HEXXH helix that contains the active site glutamate base.*' To
test whether the slow binding behavior of our PDF inhibitors is
the result of binding to the metal in PDF, we varied pH and
solvent and observed the effects of these parameters on the time-
dependent kinetics. These values are expected to change in
predicted ways depending on the mechanism of the slow binding
step in PDF inhibitor binding.

It should be noted that these studies were performed on the
nickel-containing S. pneumoniae form of PDF. Though iron is the
relevant biological metal, it is highly unstable and difficult with
which to work, because of oxidation of the metal.** However, it
has been shown that either nickel or cobalt can substitute for iron
and yield very similar catalytic activities and inhibition profiles.
Nickel and cobalt forms of PDF are also more stable and therefore

dx.doi.org/10.1021/bi200655g |Biochemistry 2011, 50, 6642-6654
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Figure 5. Determination of time-dependent kinetics at neutral and high pH. Progress curves were determined at varying concentrations of compound 2
(A) and compound 1 (B) at pH 7.7 (O) and 9.2 (@®). Progress curves were initially fit to eq 3 to determine ks values, which were then replotted with
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Figure 6. Determination of solvent kinetic isotope effects (sKIEs) on time-dependent kinetics. Progress curves were determined at varying
concentrations of compound 2 (A) and compound 1 (B) in buffer of pH 7.7 (O) and pD 7.7 (®). Progress curves were initially fit to eq 3 to
determine k,, values, which were then replotted with eq 4 to yield the hyperbolic fits shown here.

make kinetic studies possible under aerobic conditions.”** This
is in contrast to the zinc form of the enzyme, which displays
activity 2—3 orders of magnitude lower than that of the iron
form. This has been ascribed to the stronger ability of iron, nickel,
and cobalt as compared to zinc to adopt the g)resumed five-
coordinate geometry necessary for catalysis,"**> though there
have been a few notable exce};tions in which zinc appears to be
the relevant in vivo metal.***

pH and solvent were initially examined for their effects on
catalysis. A thorough understanding of the catalytic mechanism is
needed as a backdrop for examinations of inhibition. A relatively
pH invariant profile was observed with S. pneumoniae PDF for
both k. and k./K, (Figure 3), consistent with previous
profiles determined for the E. coli form of the enzyme.” A single,
acidic pK, was fitted to the data, yielding a value of ~§.3.
However, this value potentially corresponding to the active site
glutamate (E174)>>°° cannot be fitted precisely because of the
instability of the protein at pH <S.

Solvent kinetic isotope effects (sKIEs) were next examined by
generating comparable rate data in deuterated buffers across a
similar pH or pD range (Figure 3). There was a small, normal
sKIE on ke/Kyy [P(ket/K) = 1.3 £ 0.2] and a much larger
normal sKIE on ke [° (k) = 1.9 & 0.2]. The differences in
these values of °(kee/Kym) and P (kcy) may reflect the fact that
the second half-reaction of PDF, which is expressed in (k)
but not °(ke,e/Kyy,), is overall rate-limiting for the wild-type enzyme.
Both values were corrected for the viscosity effects inherent to
deuterated buffers, and the measured viscosity effect on enzyme

activity (keat/Kino/keat/Kin V8 11/10 = 0; kearo/keat V8 11/70 = 0.4).

6647

We derived expressions for D(keae/Km) and P (ko) (egs 6 and
7, respectively) based on the mechanism outlined in Scheme 1
(with solvent sensitive steps highlighted in red).

P(keae/Kam) = [Py + ka/ka + (ka/ks)PK s k(] /(1

+ ks/ky + ka/ks) (6)

k) = {Pky + PR go(kio/kin) + ko/ku + ko/ky + Pk (ko /ks)
+ko/ks[Pky + PP o (ki /ks)]} /(L + Ko /R
+ko/ki + ko/ks + kofks + ko/ks(1 + ky/ks)]

(7)

One can calculate the equilibrium solvent isotope effects DKEq 3
and DKeq o through the reversible solvent sensitive steps
ks and ko, based on the fractionation factors (¢) for the various
reactant and product species. For DKeCI 3, a large inverse
equilibrium effect is expected, driven by the low value of
0.69 for the ¢ of M—OL" bonds*® found in the reactants for
step k3, and thus in the numerator of the equilibrium expres-
sion (eq 8):

Kis = $(M—OL)*¢(CONL)/$(CO,L)$(M—OL)¢p(CONL)""

(8)

= 0.56

For DKeCl o, a large normal equilibrium effect is calculated,
driven by the same low value of 0.69 for the ¢ of M—OL"
bonds, which are now found on the product side of this step, as

dx.doi.org/10.1021/bi200655g |Biochemistry 2011, 50, 6642-6654
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Figure 7. Effects of NaCl on time-dependent kinetics. (A) An ICs, for NaCl was determined in the standard FDH-coupled PDF assay at pH 7.7. Fitting
data to a standard four-parameter fit yielded an IC5o of 70 mM. (B) Progress curves were determined at varying concentrations of compound 2 (top) and
compound 1 (bottom) in a buffer free of chloride (O) and with 300 mM Cl (@®). PDF activity was monitored at pH 7.7 by following NAD reduction at
340 nm in the FDH-coupled assay." Progress curves were initially fit to eq 3 to determine k,p, values, which were then replotted with eq 4 to yield the

hyperbolic fits shown here.

water displaces formate from the metal in step kg to regenerate
the active form of the enzyme:

PK,qo = $(COLL)$(OL)*/$(CO,L)¢(M—OL")?

=21 9)

To help simplify solutions for eqs 6 and 7, we studied a mutant
of the putative active site base, glutamate 174. E174D had an
~100-fold reduction in both k., and k.,./K,, values. As E174 is
involved in deprotonation of the metal-bound water (step ks in
Scheme 1), the decrease in activity observed with this mutant is
likely due to this step becoming rate-limiting in E174D. Con-
sistent with this idea, the large SKIE of 1.9 = 0.2 observed in k.,
for the wild-type enzyme has decreased to 1.2 & 0.1 in the
mutant, virtually identical to the value for k,./K,, (Figure 4),
and the viscosity effect observed on wild-type k., has been
abolished.

The fact that the E174D mutant of PDF is thought to exhibit a
diminished value of k; and the fact that values of ®(k.,) and
P (kea/Kon) are experimentally identical are consistent with the
proposal that the sKIEs of the mutant enzyme arise solely from
the first half-reaction (steps k; —ks). Re-examination of eqs 6 and
7 for the E174D mutant enzyme demonstrates that expressions
for ®(ke/K,) and P (k) would be 1dent1cal under conditions
where k3 <k, and ko/k; > 1: P (kpo/Kon) = [Pks + (ky/ks)® Keqs
Dks 1/ + ky/ks) ~ D(kcat) = (ko/ks)[ Dk3 Dks Keq 3(k4/
ks)1/[(ko/ks)(1 + k4/ks)]. If k4/ks = O for the E174D enzyme,
both P (key) and ® (kew/Kop) express the intrinsic solvent isotope
effect on ky (Pky = 1.2—1.3), while if ky/ks > 1, ® (ko) = ° (kear/
K,) = DksDKeq 5 = 1.2—1.3, where Pk = 2.1-2.3. Accordmgly,
for the wild-type enzyme, the experimental value of P(ker)

(1.9 £ 0.2) could reflect the case in which the second half-reaction

is more rate-limiting than the first half-reaction (ks, ks << ko)

such that the expressmn for P (ko) simplifies to eq 10 for which
Pky > 1 and PKq o = 2.1:

Plk.,) = Pk, + DKqu(klo/kn)]/(l + kio/kny) (10)

This is reasonable given that given that the k3 step involves
prototropic steps, the ks step involves the breakdown of the high-
energy tetrahedral intermediate, while the kg step involves both
protonation and the breakdown of a bidentate chelate.

Having a more complete understanding of PDF kinetics, we
then studied the effects of pH and sKIE on PDF inhibition. The
time-dependent inhibition of compounds 1 and 2 was studied
at low, neutral, and basic pH values. There was little change
between neutral (7.7) and acidic pH (5.5), but we did observe a
large change in going to basic pH (9.2) values (Figure S). In
fitting the data to eq 3, we obtained a 10—11-fold decrease in the
ks value at high pH values. In considering relevant functional
groups, the pK,, of nickel-bound water is found to range from 8.2
for model systems to 8.7 for urease.*”® If a slow step in binding
of the compounds to the enzyme involves displacement of the
metal-bound water, ks would be expected to be much slower at
high pH when the water is deprotonated to form a metal-bound
hydroxide. The relative binding affinities for water and hydroxide
have been studied in the cobalt form of E. coli PDF, where it was
found that hydroxide binds much more tightly.”” Thus, the
effects of pH on time-dependent inhibition are consistent with
the hypothesis that the slow step is due to binding of the
compounds to the active site metal with concomitant displace-
ment of water.

To further probe this possibility, the kinetics of inhibitor
binding were compared in protiated and deuterated buffers.
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Table 2. Crystallographic Data”

2 3

Data Collection

space group P4, P4,

cell dimensions
a,b,c(A) 50.2, 50.3,91.5 50.4, 50.4, 92.5
o, B,y (deg) 90, 90, 90 90, 90, 90

resolution (A) 50—1.75 (1.81—1.75) S0—1.55 (1.61—1.55)

Roym OF Roperge 0.076 (0.442) 0.045 (0.420)
I/ol 19.7 (2.8) 352 (24)
completeness (%) 99.9 (99.6) 99.9 (99.8)
redundancy 5 (4.8) 4.8 (4.3)
beamline APS 21IDf ALS-502
Refinement
resolution (A) 28—1.75 33—1.55
no. of reflections 21704 31783
Ruyort/Reee 0.19/0.23 0.16/0.20
no. of atoms
protein 1520 1520
ligand 44 40
water/ion 90 107
B factor (A?)
protein 274 26.1
ligand 28.9 34.5
water/ion 35.1 30.7
root-mean-square deviation
bond lengths (A) 0.006 0.005
bond angles (deg) 1.045 0.996

“Values in parentheses are for the highest-resolution shell.

Consistently, we observed a significant, inverse solvent isotope
effect on ks across our inhibitors. ks was equal to 0.6 &£ 0.1 for
compound 2 (Figure 6A) and 04 =+ 0.1 for compound 1
(Figure 6B). The finding of an inverse solvent isotope effect is
unique and diagnostic of the involvement of a few specific
functional groups. As discussed with the sKIEs on ke,
M—OL" bonds have an associated ¢ value of 0.69, which using
the rule of geometric mean would contribute a value of 0.69” =
0.48 to the overall equilibrium effect. The fact that the observed
kinetic effect is close to the equilibrium value indicates that the
transition state is very productlike in character (i.e., full displace-
ment of the water from the metal) and importantly provides
strong evidence that the slow step in our inhibitor binding comes
from binding to the active site metal.

Finally, this hypothesis was tested by measuring inhibitor
kinetics in the presence of a ligand that competes for binding to
the active site metal of PDF. If a ligand with greater affinity is
included, ks should decrease for reasons similar to high pHj i.e.,
displacement of a ligand stronger than water will affect the
inhibitor kinetics if metal binding is the slow step in compound
binding. Chloride was chosen for these studies, as it has been
shown to be a good inhibitor of E. coli PDF, and its inhibition
mechanism (binding to the metal) has been assigned unambigu-
ously by spectroscopic methods.”” We determined the potency
of chloride with the S. pneumoniae nickel-containing PDF to be
~70 mM (Figure 7A), similar to the value determined for the
E. coli cobalt-containing PDF.”® Next, we determined the binding

kinetics for compounds 1 and 2 either in the absence of chloride
or with the competing ligand present at 300 mM. We observed a
significant decrease in ks (Figure 7B) for both compounds in the
presence of chloride. It should be noted that we chose com-
pounds with similar metal chelating functionalities but with
diverse central scaffolds to emphasize that the results described
above are not a function of the chemical class of the compound
studied.

All of the kinetic data support the hypothesis that the time
dependence of PDF inhibitors is due to slow binding to the active
site metal of the enzyme. To chemically test this hypothesis, we
compared the structures and kinetics (Figure 8A) of two com-
pounds that are identical except for the presence of a metal
chelating group. Compound 2, which contains the metal
binding scaffold, was found to be time-dependent, whereas
compound 3, which lacks the ability to bind the metal, did not
display any time dependence, as judged by its progress curves.
An overlay of the crystal structures of these two inhibitors
(Figure 8B) shows clearly that there are no changes in the
protein conformation or protein—inhibitor interactions be-
tween these two compounds, except the binding to the active
site metal by compound 2.

In terms of eflicacy, the slow binding compound 2 displays
MIC values of 4—16 ug/mL across the three strains of S.
pneumoniae tested (1629, N1387, and Ery2), whereas the non-
time-dependent compound 3 displays no apparent antimicrobial
effects (MICs of >64 yg/mL against all three strains). Though
these compounds are good exemplars for comparison on the
basis of their close structural analogy, the argument could be
made that their overall potencies (Table 1) could account for
the differences in their MIC values. Alternatively, compound 1
(70 nM) and compound 3 (114 nM) display similar overall
potencies, even though only compound 1 binds to the active site
metal and displays time-dependent inhibition. While there was
an absence of antimicrobial activity with compound 3, com-
pound 1 exhibited MIC values of 4—16 ug/mL. Thus, time-
dependent inhibition is a hallmark of compounds with cellular
efficacy.

Though the evidence described above shows that the
time-dependent binding of our GSK compounds is due to
slow binding to the active site metal, an interesting question is
whether metal binding is itself sufficient for slow binding
kinetics. Another way to ask this question is whether all
metal binding compounds are time-dependent inhibitors
of PDF.

In fact, we have several compounds that bind to the active site
metal in crystal structures but are not time-dependent, implying
that other molecular interactions modulate the kinetics of this
system. To improve our understanding of these secondary
contributions, we studied the interactions between the PDF
inhibitors and key residues on the protein. These residues
were chosen on the basis of designed interactions as well as
spontaneous resistance mutation experiments. The latter is in
analogy to previous work, where we showed that resistance
mutations in HIV integrase caused our inhibitors to lose their
time-dependent properties.’’ In the case of PDF, both the
spontaneous mutations and the knowledge-based efforts
identified many of the same inhibitor—protein interactions
(Figure 9A). For example, Val71 (S. pneumoniae PDF) sits in
the substrate binding site and through design donates a hydrogen
bond from the backbone amide NH group to an acceptor in the
inhibitor (compound 4).
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Figure 8. (A) Electron density and progress curves for compound 3 (left) and compound 2 (right). Compound 3 was judged to be non-time-dependent
on the basis of the linear progress curves, whereas compound 2 was judged to be time-dependent on the basis of the nonlinear curves. PDF activity was
monitored at pH 7.7 as described in the legend of Figure 7. Respective electron densities are contoured at 10. (B) Overlay of PDF structures with
compound 2 (orange) and compound 3 (purple). No conformational changes or differences in hydrogen bonding to the protein were observed between
the two structures, except for the ability of compound 2 to bind to the active site metal (green sphere).

To test whether this interaction contributes to the time-
dependent inhibitor binding, we made an analogue, compound
5, in which the hydrogen bond acceptor for Val71 has been
removed by replacement of an amide by an ether functionality.
This compound binds to the active site metal in a fashion equivalent
to that of compound 4 but is no longer time-dependent, as judged
by the linear progress curves (Figure 9B). It is important to note that
compounds 4 and § display very different overall potencies
(Table 1), despite that fact that both contain the same metal

chelating group. Thus, it appears that interactions both with the
metal and with the surrounding protein matrix are critical determi-
nants of inhibitor SAR and time dependence.

This result provides a single example in which changes in
hydrogen bonding between PDF and the inhibitor help modulate
the rate of binding to the active site metal. To see if this
hypothesis is true more broadly, we developed a QSAR model
for time dependence based on the measured off rates of a larger
set of compounds. The model was developed from both the
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Scheme 1. Proposed Catalytic Mechanism for Ni-Containing
PDF*
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interactions between the inhibitors and PDF and the physio-
chemical properties of the ligands alone. On the basis of
relevance, only three terms are predicted to affect the kg, or off
rate, of the compounds (eq 1):

predicted pks = — 0.43(BR) + 0.11(PLHB)
+ 0.05(apol) — 0.98 (1)

The PLHB term describes the sum of the hydrogen bonds
between the inhibitor and the enzyme. The coeflicient is positive
for this term, indicating that the compounds are predicted to
display more time dependence as the number of hydrogen bonds
is increased. The apol term, which also correlates positively with
the predicted pke value, describes the polarizability of the ligand,
which captures its ability to bind to the active site metal and
surrounding water molecules. Thus, in general our model pre-
dicts that binding to both the active site metal and the surround-
ing protein residues is predicted to increase the time dependence
of our PDF inhibitors. The bond rotation term (BR) describes
the entropic cost of constraining rotatable bonds upon binding to
the enzyme. The coeflicient is negative for this parameter, sug-
gesting that more flexible molecules are less time-dependent.
This may arise from poorer hydrogen bonds being formed
between PDF and flexible portions of the inhibitor due to con-
figurational entropy. As a validation of this model, a plot of the
predicted and experimental off rates displayed a good (r* = 0.67)
correlation (Figure 10).

A prediction from this finding is that scaffolds with more
hydrogen bonds should be better able to retain their time

dependence when losing key interactions with the protein, which
might occur in the clinic from resistance mutations. For example,
in a comparison of compounds 2 and 4, both make identical
hydrogen bonds to Val71 and Gly129, but compound 2 in
addition has key interactions with Gly72, Glul26, and Gly127.
To test this hypothesis, we explored a series of compounds with
the same core structure as compound 2. Within the context of
this scaffold, we observe that after removal of the hydrogen bond
to the backbone of Val71 by changing on the inhibitor an amide
to an ether group (compound 2 vs compound 6) we still
maintain time-dependent inhibition. In fact, the kinetics and
overall potency of the compound are largely unchanged (Table 1).
Note that this was the same chemical change made to the
chemical scaffold of compound 4, where time-dependent binding
was lost.

Other protein—inhibitor interactions can be removed from
compound 2 with similar results. For example, we abolished the
hydrogen bond between compound 2 and the backbone NH
group of E126 by chemical means (compound 7), and again the
compound retains potent, time-dependent inhibition (Table 1).
In fact, for this scaffold, we need to remove several key hydrogen
bonding interactions in tandem (compound 8) to lose the time-
dependent binding.

It should be noted that we chose to change the compound
functionalities rather than make mutants of PDF to test the
importance of individual hydrogen bonding interactions. This
decision was based on the fact that PDF contributes mainly
backbone functionalities, and it was not straightforward to make
side chain mutations and reliably predict how this would be
transmitted to the key inhibitor—protein hydrogen bonding
interactions. We felt it was much easier to simply remove
the portion of the inhibitor involved in the interaction of
interest.

In summary, we have shown that the weight of kinetic
evidence supports the hypothesis that the time-dependent nature
of PDF inhibition arises from binding of the compounds to
the active site metal of PDF. This is in analogy to previous work
done with metal binding inhibitors of zinc proteases, and underlies
the fact that PDF shares much of the same functionality and
mechanism of zinc proteases, even though biology has chosen a
different metal as the cofactor for PDF.

In addition, we have shown that metal binding by these
inhibitors is not an intrinsically slow process but rather
requires some context by the rest of the inhibitor. An impor-
tant influence in this regard is the hydrogen bonding network
between the inhibitor and certain key residues of the protein,
including Val71. The exact reason for why these interactions
help to modulate the rate of binding to the active site metal is
not known at present. In all of the inhibitor-bound crystal
structures of S. pneumoniae PDF obtained at GSK, the metal
chelating groups adopt the same geometry on the metal.
Thus, one possibility is that there is a greater entropic barrier
for binding to the metal if the rest of the inhibitor is
conformationally constrained within the active site of PDF.
To test this possibility, we are producing isotopically labeled
PDF for NMR studies.

An implication from this work is that the time dependence of
our PDF inhibitors can be retained in the face of losses of key
hydrogen bonds by judicious choice of the chemical scaffold. In
the clinic, this could result in drugs that are more able to
withstand resistance mutations and allow for a longer effective
lifetime in the healthcare community. We plan to test this
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Figure 9. (A) Map of spontaneous resistance mutations in S. pneumoniae PDF. Crystal structure of compound 4 annotated with the residues found to
lead to spontaneous resistance. (B) Progress curves were determined for compound 4 (top) and compound § (bottom). PDF activity was monitored at
pH 7.7 as described in the legend of Figure 7. Compound § was judged to be non-time-dependent on the basis of the linear progress curves, whereas
compound 4 was judged to be time-dependent on the basis of the nonlinear curves.

predicted pks
N
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Figure 10. Correlation between predicted and experimental off rates.
The off rates (or kg values) were determined by rapid dilution methods
for 13 compounds that were predicted from a QSAR model to display a
range of time-dependent inhibition. The correlation between the
predicted and experimental pks values is plotted, along with a linear fit
to the data.

hypothesis by comparing the hydrogen bond forming abilities of
compounds with the rate of resistance mutations in in vitro
experiments.
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