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ABSTRACT: Polypeptide deformylase (PDF) is an essential bacterial metalloenzyme responsible for the
removal of the N-formyl group from the N-terminal methionine of nascent polypeptides. Inhibition of
bacterial PDF enzymes by actinonin, a naturally occurring antibacterial agent, has been characterized
using steady-state and transient kinetic methods. Slow binding of actinonin to these enzymes is observed
under steady-state conditions. Progress curve analysis is consistent with a two-step binding mechanism,
in which tightening of the initial encounter complex (EI) results in a final complex (EI*) with an extremely
slow, but observable, off-raté;f for inhibitor dissociation>0.77 days). Stopped-flow measurement of

PDF fluorescence confirms formation of EI and provides a direct measurement of the association rate.
Rapid dilution studies establish that the potency of actinonin is enhanced by more than 2000-fold upon

tightening of El to form EI*, fromK; = 530 nM (El) toK < 0.23 nM (EI*). In sharp contrast, the
previously reported small molecule PDF inhibitor, SB-543668, is a competitive, readily reversible inhibitor
(ty2 for dissociatior= 2.8 s). In addition, we demonstrate that BB-3497 is also a time-dependent inhibitor
of PDF with an extremely slow off-rate. The two-step inhibition model detailed herein for the inhibition
of Staphylococcus aurel®DF by actinonin and BB-3497 is consistent with a recent report on the time-
dependent inhibition oEscherichia coliPDF by a macrocyclic peptidomimetic inhibitor [Ngugen, K. T.,

et al. (2004)Bioorg. Chem.32, 178-191]. This study substantially extends our understanding of PDF
inhibition and may facilitate the development of novel antibiotics.

The emergence of drug-resistant strains of pathogenicdo not demonstrate toxicity toward human cell growth, except
bacteria continues to be a serious threat to human healthat extremely high concentrationS<8). Hence, PDF is an

New antibacterial agents, especially those with novel mech-

attractive target for the development of novel, safe, broad-

anisms of action, are urgently needed to tackle this importantspectrum antibacterial agents.

medical problem. In recent years, polypeptide deformylase

Native bacterial PDF is a metallohydrolase that uses a

(PDF} has emerged as a promising new target for the ferrous jon (F&) to catalyze hydrolysis of the N-formyl

development of such antibioticg,(2).

Initiation of protein synthesis in bacteria requires form-
ylation of the N-terminal methionine of methionyl-tRNA
(Met-tRNA) by formyltransferase to produce f-Met-tRNA.
After subsequent ribosomal translation of this molecular
initiator, the majority of mature bacterial proteins must be
N-deformylated by PDF, and then de-methionylated by
bacterial methionine aminopeptidase, to be actize3].

Genetic studies have shown that PDF is essential for bacterial

survival @). Although a putative human mitochondrial PDF

has been identified and demonstrated to have a low level of

catalytic activity, known inhibitors of the bacterial enzymes
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group from the terminal methionine of nascent bacterial
proteins. Atmospheric oxidation of FePDF makes it very
unstable and difficult to work with in vitrog, 10). However,
replacement of the bound iron by alternative divalent ions,
such as Ni* and C@", renders a highly stable enzyme that
possesses activity and specificity virtually identical to those
of the native ferrous formi(l, 12).

Recently, the antibacterial activity of actinonin has been
attributed to its inhibition of PDF1(3), with crystal structures
confirming the binding of actinonin in the PDF active site
(14). Using a formate-dehydrogenase coupled askay \(ve
have established that actinonin is a slow-binding, competitive
inhibitor of PDF enzymes from both Gram-positive and

‘Gram-negative bacteria, as specifically illustrated herein for

Staphylococcus auret®DF. A two-step binding mechanism
results in the tightening of the EI complex by more than
2000-fold. The resulting EI* complex has a very slow rate
of dissociation of actinonin from the enzymg,{ =0.77
days), making it an extremely slowly reversible and non-
covalent inactivator of PDF enzymes.

We have also compared actinonin with SB-543668, a
competitive, rapidly reversible, small molecule PDF inhibitor,
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and established that BB-3497, like actinonin, is a time- Scheme 1: Inhibition Mechanism for Inhibitors with (A)
dependent PDF inhibitor with an extremely slow off-rate. One-Step Binding and (B) Two-Step Binding Modes

ks [1]
MATERIALS AND METHODS (A) E + | = >
Materials. Actinonin was purchased from Sigma. NAD (B) E + I 20, o B e
and FDH were obtained from Roche Diagnostiészormyl- ky kg

methionine-alanine-serine (f-MAS) was purchased from
Bachem. All other chemicals were of highest commercial 7-6) at 25°C. The final concentration of PDF was Q/,
grade. SB-543668 was synthesized at GS8},(with all PDF with the final concentrations of actinonin and SB-543668
enzymes purified in their respective metallo forms by varied from 1 to 10 or 15M. Kinetic data for inhibitor
previously published method&®). Enzymatic experiments ~ binding were fit to a single-exponential function using
reported herein were performed usiBgaureusNi2*-PDF, KIMSIM software.
unless otherwise specified. Berkeley Madonna software was used to model the
Enzyme Assay and Inhibition Studig2DF enzymatic _population ofdifferenten_zyme species for act?no_nin binding
activity was measured in a FDH-coupled asst§).(In this in the stopped-flow experiments. A two-step b|r_1d|ng process
assay, the formate released by PDF from f-MAS is oxidized '€Presented by Scheme 1B was modeled using the kinetic
by FDH, thereby reducing one molecule of NAB NADH, constants for actinonin summarized in Table 1. The concen-
and resulting in an increase in absorbance at 340 nm. Totration of PDF was set at 06M, as in the stopped-flow
determine the inhibition constan&j and I1Go values, expenments: with t'he actinonin concentration set at 5 and 1
reactions were initiated by adding PDF to 96-well microtiter #M for the simulation.
plates containing all other reaction components. The final RESULTS
reaction composition was 2 nM PDF, 50 mM potassium
phosphate, pH 7.6, 5 units/mL FDH, 15 mM NADand Progress Cupre Analysis of PDF Inhibition by Actinonin
10% DMSO, with the indicated concentrations of f-MAS and SB-543668The peptidic hydroxamic acid actinonin has
and inhibitor. Initial reaction velocities were measured at 340 been reported to be a reversible PDF inhibitor witk; af
nm and 25°C in a Molecular Devices SpectraMax plate 0.28 nM forE. coli Ni?*-PDF and a similaK; for S. aureus
reader. Ni?*-PDF (13). We have reexamined actinonin inhibition of
Reversibility StudiesThe reversibility of PDF inhibition =~ PDF using a FDH-coupled systertX 15) and compared
was determined by two methods. To measure the rate ofactinonin with the nonpeptidic, N-formylhydroxylamine
reactivation, enzyme and inhibitor were each incubated atinhibitor, SB-543668 16) (Figure 1). In the absence of
500 nM at room temperature for 15 min, and then diluted inhibitor, product formation is linear with 2 ni\&. aureus
200-fold into the FDH-coupled reaction mixture (the final Ni**-PDF and 2.5 mM f-MAS (atky) for over 10 min
concentration of both enzyme and inhibitor was 2.5 nM), as (Figure 2A,B). In the presence of SB-543668, product
described undeEnzyme Assay and Inhibition Studid® formation is still linear, but the rates were reduced (Figure
determine whether actinonin binds to PDF covalently, 2B). The 1Go of SB-543668 inhibition was determined to
actinonin and PDF were preincubated in 10 mM Tris pH be 430+ 26 nM.
7.6 at concentrations of 20 and 4M in 250 uL, respec- In contrast, in the presence of actinonin, the progress
tively. The enzyme mixture was then denatured by adding 4 curves for deformylation exhibit curvature consistent with a
volumes of a mixture of methanol and acetonitrile (1:1 by slow onset of inhibition (Figure 2A). The biphasic progress
volume), and then lyophilized to dryness. Prior to LC/MS curves are well described by eq 17( 18).
analysis, each sample was resuspended ini/d56f water
(Milli-Q 18 M Q) containing 0.02% trifluoroacetic acid _ Vo~ Vs _
(TFA). A 5 uL aliquot of each sample was injected onto an [P]=vd+ Kops a- kObg) Yo 1)
analytical Porous R2/10 (2.4 100 mm) column at 60C,

and Qluted using a linear Water/ac_etonitrile gradient at 0.5 \yherey, is the initial reaction velocityys s the final steady-
uL/min. Mass spectra were obtained on a Waters LCT giate velocity kyps is the apparent first-order rate constant

instrument using electrospray ionization (ESI). for the conversion betweem, and vs and Y, is the
Equilibrium Binding of Inhibitors to PDF Monitored by background absorbance signal.
Intrinsic Tyrosine Fluorescenc@yrosine-fluorescence spec-  There are two basic kinetic mechanisms that could account

tra in the presence and absence of actinonin and SB-543668or the slow-hinding inhibition of enzyme-catalyzed reactions
were obtained using a Perkin-Elmer LS50B spectrometer. (17—19). Scheme 1A describes the simple one-step, revers-
Emission spectra were recorded from 290 to 390 nm usingible binding of inhibitor to enzyme. The slow onset of
an excitation wavelength of 275 nm. inhibition in this case results from the inherent slow rates of
Initial Binding of Inhibitors to PDF Measured by Transient inhibitor association and, sometimes, dissociation for the El
Kinetic MethodsPre-steady-state kinetics of inhibitor binding binary complex. Scheme 1B depicts a two-step binding
was measured by monitoring the decrease of tyrosine mechanism involving a tightening of El to form EI*.
fluorescence in a Hi-Tech stopped-flow apparatus. Excitation Covalent and mechanism-based inhibitors can also follow a
and emission wavelengths were at 275 and 305 nm,two-step mechanism, similar to Scheme 1B. To distinguish
respectively. A glass cutoff filter of 305 nm was installed in between binding Schemes 1A,B, we examined the effect of
front of the photomultiplier. An equal volume of PDF and actinonin concentration on the apparent first-order rate
inhibitor was rapidly mixed in sodium phosphate buffer (pH constant,ps (Figure 3). The rate of inactivation varied as a
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Table 1: Kinetic Parameters &. aureusNi?™-PDF Inhibition by SB-543668, Actinonin, and BB-3497

inhibitor ks x 10° (M~1s71) ke (s1) ks (s71) ks (s°1) tio Ki (uM) K* (nM)
SB-543668 1.5 0.1 0.25£0.08  NA NA 2.841.0s 0.22£ 0.10° NAb
actinonin 0.08@t 0.010 0.042 0.033£0.001  =9.8x10°¢  =0.77days  0.5% 0.04 <0.23
BB-3497 0.090+ 0.001 0.14 0.036+£0.003 <4.3x10°¢  =1.9days 1.5 0.12 <0.18

aK; is from the average of both steady-state (basedypand pre-steady-state measuremehi¢A = not applicable® Estimated based dky
= Kikon. 4K; is determined from steady-state analysis using initial velo€iBstimated using eq 5 and the upper limit determinedkfor
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0.16
0.14
0.12
o 041
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0.06
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0.02
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0.16
BB-3497 0.14
0.12
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0 O ° %
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Ficure 1. Chemical structures of actinonin, BB-3497, and SB-

543668. Time (min)

hyperbolic function of [I], consistent with the two-step EIIS*JRFEDZF éﬁt)w'?t?/%e%%ngg:ngeggt;%ré tlgr:]:sgﬁgésgfsi&éﬁmus

bind_ing mechanism illustrated .in Scheme 1,B' o 46 nM (»), 140 nM ), and 410 nM ¢) actinonin. (B) Reaction
Since the steady-state velocity for the actinonin-inhibited time courses for the uninhibited contrab) and reactions with 46

reaction is essentially zero, actinonin acts, for all practical nM (O), 140 nM (1), 410 nM (), and 1.2uM (©) of SB-543668.

purposes, like an irreversible inactivator of the enzyme. The Reactions were initiated by the addition of PDF, and activity was

; ; ; : ] monitored by the FDH-coupled assay as described under Materials
value ofkgyps at different actinonin concentrations was fitted and Methods. All reactions contained 2.5 mM -MAS. Data were

to eq 2 (8), fixing ks at zero. Ifks was allowed to float, the  fited to eq 1 as described under Results.
value determined from the fitting was also extremely small,

and not significantly different from zero. order rate constant for the onset of inhibition, at a fixed
concentration of inhibitor and varying f-MAS concentrations
Kype= Ko + kl!] ) (Figure 4). As the concentration of f-MAS increases, the
bs KP4+ 111 decrease ofkys can be well described by eq 3L§),
suggesting that actinonin is competitive with the f-MAS
whereKPis the appareri;, which is related to the truk; substrate.
in different ways, depending on the mode of inhibition. Since
the ks value is close to zero, th&™" in eq 2 no longer Kops = k ©)
reflects the simple dissociation constant for the EI complex. 1+ E
Rather, K™ is defined as the apparent concentration of K

inhibitor required to reach half-maximal rate of inactivation
of enzyme K)). Rate constarits, for the conversion of the  where [S] is the concentration of f-MA&, is the Michaelis
initial EI complex to EI*, reflects the maximal rate of constant for -MAS, andtis the maximum value dé,,swhen

inactivation knacy (17). For the inhibition ofS. aureusNi?*- [S] = 0.

PDF by actinoninkinact andK; were determined to be 0.033 To obtain the inhibition constank() for the initial binding

+ 0.001 st and 0.544 0.07 uM, respectively. of actinonin, initial velocity (o) values were obtained from
Mode of Inhibition by Actinonin and SB-543668he fitting the progress curves to eq 1. Thgvalues were then

mechanism of actinonin inhibition towaid. aureusNi?*- plotted at different actinonin concentrations as a function of

PDF was determined by measurikgs the apparent first-  substrate (Figure 5A). The double-reciprocal plot of actinonin
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Ficure 3: Dependence df,ps (calculated from fitting the data in 1/fMAS (M)
Figure 2A to eq 1) of5. aureusNi2"™-PDF inactivation on actinonin
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concentration. Data from four independent measurements were B 6
averaged and fitted to eq 2. The inset contains a double-reciprocal 0.06 —
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C 7 Ficure 5: Double-reciprocal plots of the initial velocity (calculated

from fitting each progress curve to eq 1) 8f aureusNi?*-PDF

20 40 initiated reactions at (A) OM), 1.24M (0), 2.7uM (@), and 8.1
[FMAS] (mM) uM (O) actinonin and (B) M (M), 0.15uM (O), 0.46uM (@),

. e 1.4uM (O) SB-543668. Th&, values for actinonin and SB-543668,

Ficure 4: Dependence calculated from fitting progress u ; "
curves to eq f) ofb. aure%koslslsi"‘(tPDF inactivation b;;:J rfctir?onin as well as th&,,, for f-MAS, were determined by fitting three sets
on substrate (-MAS) concentration. The actinonin concentration ©f data to eq 4.
was fixed at 167 nM. The solid line represents fitting three sets of

o

data to eq 3. . . . .

LC analysis, suggesting that actinonin is not a covalent
N ) ) _ modifier of PDF (data not shown).
inhibition showed a nest of lines converging on thaxis, Strongly supporting this conclusion, the rate of dissociation
consistent with the competitive mode of inhibitiof8]. of actinonin fromS. aureusNi2*-PDF was measured in a

Fitting the data to eq 4, which describes competitive 4niq dilution experiment. After 500 nM PDF was incubated
inhibition, theK; was determined to be 0.58 0.04uM for with 500 nM actinonin or SB-543668 for 15 min, samples
actinonin, equivalent to th& value of 0.54+ 0.07 uM were rapidly diluted by 200-fold into buffer containing a
derived above. Similarly, SB-543668 was found t0 be & gapyrating amount of -MAS substrate (10-foldkf) using
competitive inhibitor of PDF with &; of 0.18+ 0.03uM. the FDH-coupled assay. Under these conditions, SB-543668
Since SB-543668 is not time dependent, Inltlé}l velocities at jhnipition was rapidly reversible and the recovered activity
different inhibitor concentrations were determined based on 55 indistinguishable from the control reaction preincubated

the slopes of the linear progress curves (Figure 5B). only with DMSO (Figure 6A). The time required for SB-
VAL 543668 to regain half-maximal enzyme activity,Jf was
= ma (4) too fast to be accurately determined by this method.
K (1 + M) +IS In contrast, enzyme preincubated with actinonin recovers
m K only a small amount of activity afte2 h (Figure 6A,B).

However, detailed inspection of the data indicated that the
Reversibility of PDF Inhibition.Because our steady-state recovery of activity could be described by the exponential

analysis unambiguously demonstrates that actinonin acts agunction defined by eq 11(7). Because only a small fraction
an essentially irreversible PDF inhibitor, we conducted of activity was recovered by 2 h, we were not able to obtain
experiments to determine whether actinonin covalently a reliable steady-state velocitys| value directly from the
modifies PDF. After incubation of actinonin with. aureus equation fitting. Thus, we attempted to fit the reactivation
Ni?*-PDF, samples were denatured and analyzed by LC/MSdata in an iterative fashion, assuming that the reverse
as described in Materials and Methods. There was no masssomerization of EI* to El is rate limiting to overall inhibitor
change in either actinonin or PDF. The quantities of actinonin dissociation ks ~ kop9. Initially, vs was fixed at 100% of
and PDF in the preincubated samples were essentiallythe DMSO control rate. Th&gs value obtained from the
unchanged when compared to their respective controls byfitting of the reactivation experiment was used to calculate
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FiIGURE 6: Kinetic traces for the reactivation &. aureusNiz*-

PDF after preincubation with inhibitors. Inhibitor and PDF were
incubated at 0.5(M each at room temperature for 15 min, and
then diluted 200-fold into the FDH-coupled assay. Panel A displays
product formation monitored by the absorbance changes over time
after preincubation and rapid dilution in the presence of SB-543668
(©), DMSO control @), and actinonin ). Panel B shows the
extremely slow recovery of PDF activity after actinonin preincu-
bation on a reducegraxis scale. Solid lines represent the best fits
toeq 1.

ks and K using eq 5, which were then used in eq 6 to
predict the steady-state velocity. Finally, the vs value
calculated from the fitting was used to fit eq 1 to obthkig
again, to start another cycle of fitting.

L K
Ki _Kik5+k6 (5)
. \Y
el ) ”
S k*

whereK; is the overall inhibition constant defined by eq 5,
V is the maximum velocity atl] = 0, and [I] is the final
inhibitor concentration after dilution. For this fitting, k&
value of 0.53«M, determined from mode of action analysis,
and aks value of 0.033 s, from the progress-curve analysis,
were used. Experimentally, [8# and [I]/K; were 10 and
1/200, respectively.

After multiple iterations of these fittings>(10), kobs
converged to a single value of 9.8 106 s % The final
steady-state velocity, if we allow enough time for actinonin
to fully dissociate from PDF, was predicted to be 42% of
control velocity. Becaus&ps has contributions from both
ks and ks (17), ks was estimated to be9.8 x 1076 s
Therefore, actinonin’s dissociation from EI* haga> 0.77
days. While this dissociation rate is extremely slow, the
observable recovery in activity, in conjunction with the
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FIGURE 7: Representative pre-steady-state kinetic traces and best
fits to a single-exponential function for 28V of (A) actinonin
and (B) SB-543668 as measured in a stopped-flow apparatus
following the decrease of tyrosine fluorescenceSofureusNi?*-

PDF upon inhibitor binding. Solid lines represent the best fit to a
single-exponential decay.

10

unchanged mass spectral data, suggest that actinonin is a
reversible and noncovalent inhibitor of PDF.

Binding of Actinonin and SB-543668 to PDF by Equilib-
rium and Transient Kinetic MethodBacterial PDF enzymes
from multiple organisms, including. coli, Haemophilus
influenzae Streptococcus pneumonjandS. aureusdo not
contain any tryptophan residues that can be used as a
convenient spectroscopic handle to monitor binding. How-
ever, the Gram-positive bactea pneumoniaandS. aureus
PDFs contain a tyrosine residue in the' $8cket of the
active site (for nomenclature of protease active sites, refer
to ref 20). Since actinonin and SB-543668 both have
substituents that bind to PDF in the'S#®cket (4, 16), it
seemed likely that the tyrosine fluorescence spectrum could
be perturbed by inhibitor binding. Indeed, binding of
actinonin and SB-543668 8. aureudNi>*-PDF resulted in
a 20% decrease of tyrosine fluorescence at 300 nm.

To measure thé&,, and k. for the formation of El (i.e.,
ks and k; in Scheme 1A&B), the change in tyrosine
fluorescence upon actinonin and SB-543668 bindin&to
aureusNi?"-PDF was followed with stopped-flow instru-
mentation. A reduction in tyrosine fluorescence was observed
when 0.5uM S. aureusNi?"-PDF was mixed with SB-
543668 or actinonin, ranging from 1 to 1B4. Each kinetic
trace is well described by a single-exponential function
(Figure 7A,B). Thekys values displayed a linear dependence
on inhibitor concentration and were fitted to eq 7 (Figure
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of actinonin () and SB-543668) to PDF (determined from

stopped-flow experiments), on inhibitor concentrations. Data were FIGURE9: Simulation of the initial binding of actinonin t8. aureus

fitted to eq 7 to obtairk,, and ke for the initial binding. Ni?*-PDF following a two-step mechanism (Scheme 1B) uses
Berkeley Madonna software. In this simulation, the total PDF and

8), consistent with the hypothesis that the stopped-flow aCti“O(;“” colncentritionfs were E?t ilt 0.5 and/B\v with ks, ks,
method measures EI formation, as defined in Scheme 1A ke andks values taken from Table 1.

for SB-543668 and Scheme 18 for actinonin. during the initial time period to form EI. The concentration

— of El peaks around 0.1 min, and then decreases due to the
Kobs = Korlll ree + Ko (7) formation of EI*. The concentration of EI* is not significant
until after 0.1 min, but all of El is converted to EI* by 5
min. Within the 10 s time period of our stopped-flow
experiments, we are primarily monitoring the formation of
El from E and I. Hence, the concentration of EI* is not
significant during the stopped-flow measurement. Therefore,
the presence of the El to EI* transformation is not affecting
our ability to measure the initial binding of PDF to actinonin
under these conditions. We have also carried out simulations
with 1 «M actinonin, in which formation of EI* is also not
significant during the stopped-flow measurement.

Sculley et al. have presented a mathematical model for
the two-step mechanism in which the initial interaction to
form EI may not be much faster than the conversion from
El to EI* (19). The authors made the assumption that E is
in equilibrium with El and EI*. Under this circumstance,
the steady-state progress curves should be fitted to a double-
exponential function rather than a single-exponential func-
d tion. There could be additional error associated with the
values ofK|, ks, andks that are obtained from the steady-
state progress curve analysis, when fitted to a single-

5-fold, respectively) than the rates for SB-543668, while the exponential function. We have also attempted to fit our data
K. vaIl'Jes for the EI complexes of PDF with actin'onin and 1o adouble-exponential function but failed to obtain fits that
SIB-543668 differ by only 2-fold were statistically better than the single-exponential fits.

Notwithstanding, the value & was independently estimated
using the rapid dilution experiment, and the valu&gpivas
obtained from the transient kinetic measurements. Therefore,
the accuracy of our estimates lof and ks are not affected

by the choice of fitting model for the progress curve analysis.
Even if our determination of thie, andks parameters were
associated with higher errors, the data would still convinc-
ingly support the conclusion that actinonin binds with a two-
step mechanism involving an extremely slow off-rate.

For SB-543668k,, and ke for the formation of El (i.e.,
ks andk, in Scheme 1A) were determined to be &110°
M~1 st and 0.25 s, respectively. The initialK; was
calculated (a&oi/kon) to be 0.26uM, which is in very good
agreement with thé&; of 0.18 uM determined from mode
of action analysis using steady-state methods (avefage
0.22uM, Table 1). The off-rate of 0.25 predicts a/, of
2.8 s for the dissociation of SB-543668 from PDF. This result
is in very good agreement with our rapid-dilution experiment,
in which the rate of reactivation for SB-543668 was too rapid
to measure.

The initial binding of actinonin was analyzed similarly.
Thekon for actinonin was determined to be 0.080L0° M1
s, indicating that actinonin forms EI 10-fold slower than
SB-543668. It is also evident thiix for actinonin is small
and cannot be accurately determined directly from the fitting.
Since theK; of actinonin was determined to be 0.&8! from
mode of action analysis using initial velocity, we estimate
ko for actinonin to be 0.04273. Thus, the initial on- and
off-rates for actinonin are significantly slower (10- and

Simulation of the Initial Binding of Actinonin to PDIFor
time-dependent inhibitors with a two-step mechanism, it is
commonly assumed that formation of El is rapid, and is then
followed by a slower isomerization reaction. However, the
ks and ks values that we have estimated or measured for
actinonin binding are very similar (0.042 and 0.033,s
respectively). This means that during the initial time period
after El is formed, it has an equal chance to dissociate to E
and | or to isomerize to EI*. Over time, all of the El
population will be transformed to EI*, due to the very slow
off-rate of inhibitor from EI* (extremely smalks). To DISCUSSION
understand whether the presence of the EI* species with an Our studies reveal that actinonin is a time-dependent
extremely slow off-rate affects our ability to measure the inhibitor of PDF, with an extremely slow off-rate. We have
initial binding of actinonin (i.e., formation of El from E and also examineds. pneumoniaeE. coli, and H. influenzae
1) by stopped-flow methods, we have modeled the initial Ni?"-PDF, and the results are very similar@oaureusNi>*-
binding of actinonin using the rate constants listed in Table PDF (data not shown). Furthermore, we comp&edureus
1. Figure 9 represents the simulation with 2/ PDF and Ni2*-PDF to the naturally occurring FePDF, and again,

5 uM actinonin. In this simulation, E is rapidly depleted the results were extremely consistent with the analysis
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reported here folS. aureusNi?>*-PDF, indicating that the Using similar approaches, we have also characterized the
identity of the metal ion does not change the profile of PDF N-formyl hydroxylamine PDF inhibitor BB-3497 2().
inhibitor binding. We chose to report our complete charac- Similar to actinonin, BB-3497 is a time-dependent inhibitor
terization of actinonin binding t&. aureusNi>*-PDF, given with an extremely slow off-rate (Table 1). The valuelkgf
its additional amenability to study by transient kinetic was estimated to be4.3 x 1076 s™%, which gives rise to a
methods (vide supra). ty2 for dissociation from EI* of=1.9 days. The initiaK; of

The mechanism of inhibition of actinonin, in comparison 1.5+ 0.12uM is further enhanced by more than 5800-fold
with the non-time-dependent small molecule inhibitor SB- to an overall potency 0£0.18 nM.
543668, was characterized using both steady-state and pre- Grant et al. have described the slow binding behavior of
steady-state methods. Binding constants as well as individuala hydrazoic acid inhibitor of PDF2@). However, this
rate constants are summarized in Table 1. In contrast to SB-hydrazoic acid appears to bind to PDF in a single-step
543668, actinonin binds to PDF by a two-step mechanism. mechanism (Scheme 1A), with an off-rate on the order of
Comparing the kinetic parameters between SB-543668 and0.001-0.004 s (ty, for dissociation of 3-12 min, depend-
actinonin, the most distinguishing feature of actinonin’s ing on the PDF enzyme form). Recently, Nguyen et al.
binding is the extremely slow off-rate from EI*. The initial characterized the slow-binding inhibition of PDF by a
binding constants K;) are similar for SB-543668 and macrocyclic peptidomimetic 28). This compound was
actinonin. However, due to the conversion from El to the proposed to inhibit PDF by a two-step mechanism. The value
much tighter EI* complex, the potency for actinonin is of ks was measured to be 0.62107 s7%, resulting in aty/,
further enhanced by over 2000-fold. The difference in free of ~3 h. Our mechanistic characterization of actinonin, SB-
energy between El and EI* can be estimated from the ratio 543668, and BB-3497 is consistent with the notion that

of dissociation constants for the two complexes inhibition of PDF can proceed through different mechanisms,
such as described by Scheme 1A,B. In addition, we have

K* confirmed the two-step mechanism for actinonin and BB-

AAG = RTIn?I (8) 3497, using transient kinetic methods to directly measure

i the initial binding step.
A time-dependent inhibitor with an extremely slow off-

whereRis the ideal gas constant afiids the temperature in  rate |ike actinonin, may be beneficial for drug development.
Kelvin. Thus, the free energy difference between El and EI* sjnce El* has an extremely slow off-rate, the potential

was calculated to be4.48 kcal/mol at 23C. This difference  gypstrate accumulation that eventually overcomes simple,

is large enough to drive all of El to EI*, resulting in  competitive inhibition has no effect on the EI* to El
Currently, the structural basis for the time-dependent jnhibition is possible once the EI* complex has formed.
of bacterial PDF enzymes (includirgy aureusPDF) with into a long residence time on the target that can extend the
and without actinoninX(4) (i.e., the structures of E and EI*)  efficacy of the molecule beyond its clearance rate from
do not show any significant conformational changes, indicat- systemic circulation. Several antibiotics demonstrate an
ing that the difference between El and EI* is very subtle. unexpectedly delayed regrowth of bacteria following tem-
More detailed studies are ongoing to understand the structuralporary in vivo exposure, a phenomenon that has been dubbed
basis of the time-dependency of PDF inhibition by actinonin he post-antibiotic effect (PAERE, 25). PAEs may influence
and other molecules. _ optimal dosage intervals, and compounds demonstrating a
Actinonin has been described by Chen et al. as a potent,yrolonged PAE may allow wider dosing intervals in clinical
competitive, and reversible inhibitor of PDE3). We have  ysage. Indeed, the PDF inhibitor BB-83698 has been found
confirmed the competitive nature of actinonin in this study. tq give a prolonged PAE, providing the potential for once-
dissociation rate from EI* is extremely slow, resulting in a (1) ‘Wwhile actinonin itself is not suitable as a drug because
significant enhancement of potency. Chen et al. did not of its poor pharmacokinetic properties, other slow-binding
observe time-dependent inhibition of PDF by actinonin. This jnhibitors with improved in vivo profiles may prove useful
apparent discrepancy is likely due to the difference in fgr antibacterial chemotherapy.
experimental design between that work and the current  The jnhibition mechanism described here for actinonin and
studies. For inhibitor analysis, Chen et al. incubated PDF gg.3497 presents two opportunities to design better inhibi-
with inhibitors for 10 min before initiating the reaction with 55 of PDE. Since actinonin and BB-3497 are time-
substrate. We have initiated all relevant experiments with dependent inhibitors of PDF with extremely slow off-rates,
the_addmon.of _PDE enzyme, w!thoqt any inhibitor preincu-  the efficiency of inactivation is represented kiae/Ki (Kinact
bation. The initial binding of actinonin and conversion from — ks, as defined in eq 2). One potential way to improve upon
El to EI* is relatively rapid; for example, in our simulations  these inhibitors is to increase the rate of inactivation.
(Figure 9), all PDF has been converted to EI* within 5 min. ajternatively, the initial binding affinity could be augmented.
With the 10 min preincubation period, Chen et al. were sing detailed kinetic analysis of inhibitors for SAR should
measuring the overall potencl() of actinonin. In fact, the  greatly facilitate accurate assessment of the dual contributions

reportedK; (0.28 nM) for actinonin againgE. coli Ni?*- from the initial binding and the inactivation step. Under-
PDF, and a similar value agairSt aureusNi**-PDF, agree  standing these individual contributions to the overall potency
well with our K estimate of<0.23 nM forS. aureusNi?*- of inhibition may shed new light on designing PDF inhibitors

PDF. as novel antibiotics.
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