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Abstract
We investigated the binding of a naturally occurring antibiotic, actinonin, to the Ni2+ reconstituted
recombinant form of E. coli peptide deformylase (PDFEc) via isothermal titration microcalorimetry.
The binding data conformed to both exothermic and endothermic phases with magnitudes of ΔG°,
ΔH°, and TΔS° being equal to −12, −2.7, and 9.3, and −8.7, 3.9, and 12.6 kcal/mol, respectively.
Evidently, although both phases are dominated by favorable entropic changes, the exothermic phase
has about 6.7 kcal/mol enthalpic advantage over the endothermic phase. We observed that the
removal of bound Ni2+ from PDFEc abolished the exothermic phase without affecting the
endothermic phase, but it was regained upon addition of Zn2+. In conjunction with metal analysis
data, we propose that the recombinant form of PDFEc is expressed in two stable conformational states
that yield markedly distinct ITC profiles (i.e., exothermic versus endothermic) upon interaction with
actinonin. The existence of two conformational states of PDFEc is further supported by the
observation of two distinct and independent transitions during the thermal unfolding of the enzyme.
In addition, the thermodynamic data reveals that the formation of the PDFEc-actinonin complex
results in the transfer of one H+ from the enzyme phase to the bulk solvent at pH 6.3. Both exothermic
and endothermic phases produce highly negative ΔCp° values, but there is no apparent enthalpy-
entropy compensation effect upon formation of the PDFEc-actinonin complex. In view of the known
structural features of the enzyme, arguments are presented that the alternative conformational states
of PDFEc are modulated by the metal ligation at the enzyme site.

There has been a growing realization that the increased resistance to antibiotics in pathogenic
microbes is being manifested in serious problems for infected patients worldwide (1). Due to
the resistance to antibiotics, many drugs that were once mainstay therapeutics have become
ineffective and are no longer utilized. To fill the void left by obsolete/resistant antibiotics, there
has been a widespread push to develop antibiotics that elicit their effects via new molecular
targets. One of the dominating themes in the de novo design of antibiotics is the identification
of compounds which selectively inhibit enzymes present in microbes but not in humans (2;
3). Peptide deformylase (PDF) is one such enzyme (4), and thus has become a target for the
design of new antibiotics.

In prokaryotic organisms as well as in the organelles of eukaryotes, protein synthesis is initiated
by a formylated methionine residue (FMet) (5-7). Activation of nascent proteins generally
requires the removal of this residue from their N-termini by the actions of two enzymes, namely
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peptide deformylase and methionine aminopeptidase (8). The removal of the formyl group
from FMet proteins is facilitated by the action of PDF (Scheme 1).

Whereas PDF is ubiquitous in prokaryotes, the genomes of eukaryotes may or may not contain
the def gene that encodes the enzyme. Eukaryotes such as A. thaliana that contain one or more
def genes have been shown to express active PDF isozymes (9), and in recent years an isoform
of PDF was discovered to be present in the human mitochondrion (10-12). However, the latter
PDF has been shown to be weakly active in vitro due to a specific active site mutation (10;
11), and consequently (although evidence suggests that the enzyme may have a role in
malignant cell types (13)), human PDF has been postulated to be non-functional in normal cells
(11). Consistent with this premise is that proteins within the human mitochondrion retain their
N-terminal formyl groups (14;15). Since these proteins are able to function with FMet intact,
this supports a minimal functional role of the mitochondrial PDF in its resident milieu. On the
other hand, the retention of the N-terminal formyl group in nascent proteins is lethal to
prokaryotes and results in the termination of cellular function (16). These features lead to the
suggestion that the inhibition of PDF has the potential to eliminate, or at least suppress, the
growth of microbial pathogens. Hence, it is not surprising that peptide deformylase falls in the
category of a high-priority antibiotic target.

Due to its biomedical relevance, coupled with the ease of cloning, expression, and purification
of the recombinant form of PDF from E. coli (PDFEc), there has been a growing interest in the
detailed mechanistic and structural-functional studies of this enzyme. Several structures of
PDF have been determined via NMR (17) and X-ray crystallographic (18;19) methods in the
absence and presence of inhibitors. These studies revealed that PDFEc is a monomeric enzyme
comprised of approximately 40% alpha-helix (Figure 1) (20). The largely hydrophobic active
site pocket of the enzyme contains a bound metal ion, which is tetrahedrally coordinated by
His132, His136, Cys90 and a water molecule in the ligand-free state. The latter is replaced by
the metal binding groups of putative inhibitors. Due to its Lewis acid characteristics, the active
site metal ion of the enzyme deprotonates the bound water molecule and thus facilitates the
nucleophilic attack to the formyl moiety of the substrate during catalysis (19).

Although PDFEc was discovered in 1968 (21;22), the enzyme could not be purified in a fully-
active form for about thirty years (23). The first highly purified form of PDFEc was shown to
contain a bound Zn2+, and the enzyme was proposed to be a Zn2+ metalloprotease due to its
similarities with thermolysin and matrix metalloproteinases (17;24;25). However, the purified
Zn2+-containing enzyme had a much lower activity than that of the crude extract, causing
uncertainty of the physiological metal ion. Subsequently, it was discovered that Fe2+ served
as the physiological metal ion during the enzyme catalyzed deformylation reaction (26). The
erroneous assignment of the weakly-active Zn2+ as the catalytic metal ion in PDFEc was due
to the tight binding affinity of Zn2+ as compared to the fully-active Fe2+, which resulted in a
significant fraction of PDFEc in complex with the former metal when expressed in rich media.
Moreover, since the Fe2+ form of PDFEc undergoes slow inactivation under aerobic conditions
(due to the Fe2+-assisted oxidation of the essential Cys90 residue (27)), recourse was made to
prepare Ni2+ or Co2+ substituted PDFs for a variety of structural-functional studies as they
retain high activity (28;29).

The design and screening of nearly all PDF inhibitors has been accomplished using Ni2+ or
Co2+-substituted enzyme, and the majority of such inhibitors contain functional groups that
bind directly to the catalytic metal ion (30). One highly potent and selective inhibitor of PDF
has been the naturally occurring antibiotic actinonin, which has been known to interact with
the enzyme-bound metal ions (via its hydroxamate functional group) (31). Biophysical
characterizations of the PDF-actinonin complex revealed that the binding to Ni2+-substituted
S. aureus, H. influenzae and E. coli enzymes exhibited a two-step binding process that resulted

Berg and Srivastava Page 2

Biochemistry. Author manuscript; available in PMC 2010 February 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in an effective Ki in the picomolar range (32). As a consequence of the tight binding affinity
of actinonin for PDF isozymes, it has been successfully utilized as a lead compound in the
further design of selective PDF inhibitors for use as potential antibiotics as well as cancer
therapeutics (13;33).

Recently, we became interested in ascertaining the mechanistic and structural-functional
features of PDFEc from the point of view of designing novel inhibitors of the enzyme. In this
endeavor, we discovered that the unfolding pathway of the enzyme was suddenly reversed
following formation of an intermediary species (34). An extension of these studies provided
evidence that the Ni2+-substituted PDFEc existed in at least two stable conformational states.
To determine the impact of this finding on the binding of ligands to PDFEc and deciphering
the thermodynamic basis of their interactions, isothermal titration calorimetric studies for the
binding of actinonin to the enzyme were undertaken. Such studies have been sparse in the case
of PDFEC.‡ As will be elaborated in the subsequent sections, this study has shed light on the
alternative conformational states of the enzyme and the changes in their microenvironments
upon binding of actinonin to the enzyme.

EXPERIMENTAL PROCEDURES
MATERIALS

Actinonin was purchased from Peptides International, Inc. (Louisville, KY) and Chelex® 100
was purchased from Bio-Rad (Hercules, CA). All other reagents were of analytical reagent
grade.

METHODS
Full-length E. coli peptide deformylase (PDFEc) was purified in the Ni2+-substituted form as
described previously (34;36). The purified preparation of the enzyme exhibited a single band
on SDS-PAGE. The presence of Ni2+ in the enzyme preparation was ascertained by the
presence of an absorption peak at 355 nm due to the formation of Cys90-Ni2+ charge transfer
complex (28;36). The enzyme activity was measured via the A. proteolytica aminopeptidase-
coupled assay utilizing FMet-Leu-p-nitroanilide as a substrate (37). The stock solution of
PDFEc was stored in a 50 mM HEPES, pH 7.5 containing 5 mM NiCl2, and was subjected to
dialysis in appropriate buffers suited for other studies. The protein concentration of the enzyme
was determined via the Bradford assay (38) using BSA as a standard, and a correction factor
of 0.56 X Bradford concentration was used for calculating the PDFEc concentration (23).
Removal of Ni2+ from PDFEc was accomplished by exhaustive dialysis against 50 mM
potassium phosphate, pH 7.0 (treated with Chelex® 100) and confirmed by the disappearance
of the charge transfer peak. The dialyzed PDFEc was either used as such or treated with 10 mM
ZnCl2 and passed through a 0.2 micron filter to prepare the Zn2+-substituted PDFEc. A stock
solution of 5 mM actinonin was prepared in 50 mM potassium phosphate buffer, pH 7.0 and
diluted to 300−350 μM in the experimental buffer immediately prior to titration.

Metal Analysis—The metal contents of PDFEc were determined via Inductively Coupled
Plasma Emission (ICPE) spectroscopy at the University of Georgia Chemical Analysis
Laboratory (Athens, GA). The enzyme samples (30−50 μM) were dialyzed against 50 mM
potassium phosphate buffer, pH 7.0 with or without 1 mM NiCl2 using dialyzate buffer as a
blank.

‡While this paper was being finalized, a preliminary account of the ITC studies for the binding of ligand to PDF was uncovered in an
undergraduate thesis from Ohio State University (35). However, these studies do not alter our experimental outcomes and conclusions
presented herein.
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Isothermal Titration Microcalorimetry—A VP-ITC isothermal titration
microcalorimeter (MicroCal, Inc. Northampton, MA) was employed for all calorimetric
experiments utilizing 0.02% sodium azide as a reference and 50 mM potassium phosphate, pH
7.0 containing 1 mM NiCl2 as sample buffer unless otherwise noted. For comprehensive
reviews of ITC function, data analysis and applications, refer to Wiseman et al. (39) and Leavitt
and Freire (40). Before initiating the titration run, both enzyme and actinonin solutions were
thoroughly degassed under vacuum. The sample cell was filled either with 1.8 ml (effective
volume = 1.36 ml) of buffer (control) or 31.5 μM PDFEc. Injections of 6-μl each plus an initial
injection of 3-μl were titrated into the sample cell for a total of 40−50 aliquots of actinonin.
To ensure proper mixing, the reaction mixture was stirred at 310 rpm throughout the entire
experiment. All ITC experiments were performed twice with the exception of the temperature-
dependent measurements which were performed once at each temperature above or below 25
°C.

Raw experimental data were collected as the amount of heat produced per second following
each injection of ligand into the sample cell. This is converted into the amount of heat produced
per injection via integration of the area under individual peaks (performed automatically by
the analysis software provided with the instrument). The observed heats per injection in ITC
experiments are a function of the heats of binding as well as background signals that are mainly
due to heats of dilution. As the heats of dilution determined in control experiments were of
essentially the same magnitude as the heats obtained at the end of the titration (at saturation),
we utilized the last few injections as the background. Specifically, the heats per injection of
the final 5−6 injections were calculated and their average subtracted from all the injections.
Final data are presented as the corrected amount of molar heat produced per injection versus
the molar ratio of actinonin to PDFEc.

To analyze the data, either the single or double binding site models included in MicroCal
Origin® 5.0 software were utilized with all parameters (viz., n, Ka and ΔH°) allowed to vary
without constraints. The standard errors listed are those derived from the best fit of the
experimental data to the binding model. From the data analysis, the stoichiometry (n),
association constant (Ka) and the standard enthalpy changes (ΔH°) for the binding of actinonin
to PDFEc are obtained. The standard free energy changes (ΔG°) for the binding process were
calculated by the relationship, ΔG° = −RT ln Ka, and the standard entropy changes (ΔS°) were
then calculated according to the standard thermodynamic equation, ΔG° = ΔH°-TΔS°.

The temperature-dependent experiments were conducted in the standard 50 mM phosphate
buffer, pH 7.0 containing 1 mM NiCl2. The following buffers containing 1 mM NiCl2 were
used to determine proton uptake or release upon binding of actinonin to PDFEc: 50 mM
potassium phosphate (ΔH° ion = 1.22 kcal mol−1) or 100 mM Tris (ΔH° ion = 11.51 kcal
mol−1) plus 50 mM potassium phosphate at pH 6.3 and 7.0. The ionization enthalpies (ΔH
° ion) of the above buffer species were taken from Morin & Freire (41).

Circular Dichroism—Thermodynamic analyses of PDFEc unfolding as a function of
temperature were performed in triplicate on a Jasco J-815 spectropolarimeter (Tokyo, Japan)
equipped with a peltier temperature control. Using a 1-mm path length quartz cuvette,
PDFEc samples (35 μM in 5 mM HEPES, pH 7.5 containing 5 mM NiCl2) were ramped at a
heating rate of 2 °C per minute from 30 °C to 95 °C and the ellipticity at 223 nm was monitored
as a function of temperature with the midpoint of the cooperative (sigmoidal) transitions taken
as the transition temperature (Tm). To test for interconversion between the two apparent
conformations of PDF, samples were first heated at 60 °C for 10 min, cooled on ice and
centrifuged to remove precipitate prior to scanning.
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RESULTS
The purification protocol for the recombinant form of E. coli PDF consistently yielded large
quantities of active enzyme which exhibited a single band on the SDS-PAGE at approximately
22 kD (as reported previously for the recombinant PDFEc preparations; (23)), attesting to an
apparent homogeneity of the enzyme preparation. The latter feature implied that the purified
PDFEc predominated in a single population state. However, due to its differential avidity for
the metal cofactors, the homogenous preparation of the enzyme can have different types of
metal bound forms, and such forms may exhibit differential kinetic and thermodynamic
properties (36). To determine the relative distribution of metal ions, we subjected the purified
preparation of the Ni2+ reconstituted form of PDFEc to metal analysis via Inductively Coupled
Plasma Emission (ICPE) spectroscopy (see Materials and Methods). Such analysis revealed
that our enzyme preparation contained a nearly equal amount (i.e., mole fraction) of both
Ni2+ and Zn2+. This was despite the fact that all buffers used in the preparation of PDFEc were
made using high purity reagents and water that had been treated with a chelating resin to remove
the trace of metal contaminants (particularly Zn2+, since it has the highest binding affinity for
the enzyme) from our samples. Apparently, Zn2+ contamination of our enzyme came from
growing the E. coli cells in rich media, which presumably contained ample Zn2+. Thus, it could
easily compete with the physiological Fe2+ in vivo prior to the replacement of the latter by
Ni2+ during purification. This finding has been consistent with the previous reports that the
Zn2+ contents of PDFEc can vary from 0.1 to 1.2 (mol/mol) (23;36).

It is established that Zn2+ and Ni2+-containing PDFEc is inhibited by actinonin with similar
IC50 values in the nanomolar range (31). We became interested whether or not the above metal-
bound forms of the enzyme exhibited the same thermodynamic profiles for the binding with
actinonin. Consequently, we performed a preliminary ITC experiment to determine if there
was a measurable heat signal upon binding of actinonin to PDFEc, and whether the total heat
release/absorbed per injection was kinetically controlled. The latter was important since
actinonin has been known to function as a slow-binding inhibitor for PDF with the overall
binding process conforming to a two-step mechanism (32). Our preliminary experiment
revealed that the heat released upon injection of 6-μl of 300 μM actinonin into 42 μM PDFEc
returned to the baseline and remained stable up to 4 min (the time interval set for the subsequent
injections). Apparently, the amount of heat released upon titration of PDFEc by actinonin was
not kinetically controlled during our experimental conditions. We further noted that in our
standard phosphate buffer, a minimal PDFEc concentration of approximately 30 μM generated
reliable heat signals when titrated with 300−350 μM actinonin; a range of inhibitor
concentrations deemed reasonable to reach saturating conditions based on the previously
reported Ki values (31;32).

Figure 2 shows the titration of 31.5 μM PDF with 40, 6-μL aliquots (plus an initial injection
of 3-μL) of 350 μM actinonin in 50 mM phosphate, pH 7.0 containing 1 mM NiCl2 at 25 °C.
The top panel displays the raw calorimetric data whereas the bottom panel contains a plot of
the total heat generated per injection as a function of the molar ratio of actinonin to enzyme.
Note that in the top panel of Fig. 2, the initial injections produced exothermic peaks (downward
spikes), as was noted during our preliminary experiments. However, as the titration progressed,
the exothermic peaks decreased in magnitude (as expected for the increased occupancy of
PDFEc sites by actinonin), but to our surprise, subsequent injections of actinonin started
producing endothermic peaks (upward spikes). As apparent from the data of Fig. 2 (panel A),
both the exothermic and endothermic peaks exhibit saturating profiles at appropriate
concentrations of actinonin. Since the heat peaks at the end of the titration corresponded to
those obtained for the injection of actinonin to the buffer (i.e., blank titration; data not shown),
the ITC titration profile was deemed to be complete.
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The bottom panel of Figure 2 shows the amount of heat released/absorbed per mol of actinonin
as a function of the molar ratio of actinonin to PDFEc. Note that the binding isotherm conforms
to both exothermic and endothermic phases, which is consistent with a minimal model for the
two independent binding sites of actinonin with PDFEc (42). The solid smooth line in the lower
panel of Fig. 2 is the best fit of the experimental data for the two independent binding sites
model with stoichiometry (n), association constant (Ka) and standard enthalpy changes (ΔH°)
of 0.29 ± 0.002, 8.4 (± 1.7) × 108 M−1 and −3.3 ± 0.06 kcal mol−1 for the exothermic phase,
and 0.73 ± 0.007, 1.9 (± 0.2) × 106 M−1 and 3.8 ± 0.06 kcal mol−1 for the endothermic phase,
respectively. With the standard state being equal to 1.0 M, the free energy changes for the
binding of actinonin to PDFEc was calculated (ΔG° = −RT ln Ka) to be −12.2 and −8.6 kcal
mol−1 for the exothermic and endothermic phases, respectively. From the determined values
of ΔG° and ΔH°, the standard entropy changes (ΔS°) of the exothermic and endothermic
binding sites can be calculated to be 29.7 and 41.5 cal mol−1 K−1, respectively.

The thermodynamic parameters derived from the data of Figure 2 reveal that the binding of
actinonin to both sites is primarily dominated by favorable entropic changes. At 25 °C, the
entropic contribution (TΔS°) to the overall free energy of interaction is equal to −8.9 kcal
mol−1 for the higher-affinity exothermic site and −12.4 kcal mol−1 for the lower-affinity
endothermic site. In the case of the higher-affinity site, a comparison of the magnitude of
−TΔS° with ΔG° (−12.2 kcal mol−1) shows that only a small fraction of favorable binding
energy arises from the enthalpic changes (−3.3 kcal mol−1). Moreover, consistent with its
endothermic binding profile, the magnitude of −TΔS° is larger than that of ΔG° (−12.4 kcal
mol−1 versus −8.6 kcal mol−1, respectively) at the lower-affinity binding site. Thus, the binding
of actinonin at this site is driven entirely by entropy with unfavorable enthalpic contribution.

Metal dependence of the two binding modes of actinonin to PDFEc
Based on the structural and binding data, it is clearly evident that actinonin binds to PDFEc in
a competitive manner with a 1:1 stoichiometry of actinonin to the enzyme (refer to Figure 1).
As two independent binding sites were observed in our calorimetric titration experiments, it
appeared plausible that the origin of these sites was based on the enzyme population containing
two types of metal ions. Should this be the case, the removal of the active site Ni2+ would result
in the loss of one of the binding phases (corresponding to PDFEc-Ni2+) while leaving the phase
associated with PDFEc-Zn2+ (since it is considered nearly impossible to remove bound Zn2+).
As a test of our hypothesis, freshly prepared recombinant PDFEc was exhaustively dialyzed
against metal-free buffer (50 mM potassium phosphate, pH 7.0 treated with Chelex® 100) and
the Ni2+ content was quantified by the UV/Vis spectroscopy. The spectral data revealed that
the Cys90-Ni2+ charge-transfer complex was non-existent, suggesting that Ni2+ was no longer
present in the active site of PDFEc. The lack of Ni2+ in the PDFEc preparation was further
confirmed via ICPE spectroscopy. Results indicated that whereas the Ni2+ content of PDFEc
was negligible after dialysis against the metal-free buffer (0.01 mol fraction), the Zn2+ content
decreased only slightly from 0.51 to 0.43 mol/mol of enzyme.

The upper panel of Figure 3 depicts the ITC titration of the Ni2+-free form of PDFEc with
actinonin at 25 °C. As is evident from the figure, the higher-affinity binding site has
disappeared, leaving only the lower-affinity binding site. The solid line conforms to the best
fit of the experimental data to a single binding site model and provides values of n, Ka and ΔH
°, respectively of 0.41 ± 0.004, 2.7 (± 0.32) × 106 M−1 and 3.6 ± 0.05 kcal mol−1. Using the
standard state being equal to 1.0 M, ΔG° and ΔS° for the binding of actinonin to PDFEc were
calculated to be −8.8 kcal mol−1 and 41.4 cal mol−1 K−1, respectively.

Comparison of the derived thermodynamic parameters between Ni2+-free PDFEc and those of
the mixed preparation show relatively little change at the endothermic site in any of the
thermodynamic parameters, except for the stoichiometry. It should be emphasized that among
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different parameters, derived from the best fit of the calorimetric data, stoichiometry is most
sensitive to variations in the enzyme concentrations. Since the concentration determined for
the PDFEc preparation takes into account all species including those that do not bind actinonin,
the stoichiometry for the endothermic phase of the mixed preparation of the enzyme is 0.7 and
that of the Ni2+-free form is 0.4. We believe the lower stoichiometry observed during the above
titration is due to the absence of heat signals upon binding of actinonin to the metal-free form
of the enzyme.

As a further test of whether the endothermic phase for the binding of actinonin to the lower
affinity site is solely a consequence of the metal identity, we incubated the Ni2+- free PDFEc
with excess ZnCl2 and repeated the titration. In this case, Zn2+ would occupy the active site of
PDFEc from which Ni2+ had been removed, and we predicted that the thermodynamic
parameters of Ka and ΔH° for the endothermic binding phase would remain unchanged but the
stoichiometry would increase to a value approaching 1. However, we were surprised to note
that the titration of ZnCl2-treated PDFEc with actinonin resulted in the return of the higher-
affinity binding site, as shown in the bottom panel of Fig. 3. The data was readily fitted by the
two independent binding sites model (solid line) and values of n, Ka and ΔH° were derived to
be 0.32 ± 0.004, 3.4 (± 1.5) × 108 M−1 and −2.8 ± 0.09 kcal mol−1, respectively, for the
exothermic binding site. The latter values are in good agreement with the thermodynamic
parameters obtained for the titration of the native enzyme (Fig. 2). Hence, contrary to our initial
hypothesis, this finding unraveled that the two binding modes of actinonin to PDFEc were due
to the distinct conformational states of the enzyme, whose distribution was modulated by the
presence or absence of the enzyme bound metal cofactor irrespective of its nature (i.e., Ni2+

versus Zn2+).

Influence of the ionization enthalpy of the buffer (ΔH°ion) on the observed thermodynamic
parameters

It has been established that the standard enthalpic changes observed calorimetrically (such as
in Fig. 2) are considered to be the net sum of the enthalpic changes due to several processes
(43). The contributions of bond formation and/or breaking as well as the changes in the
conformational state of the protein may be grouped together macroscopically as integral to the
binding process, and thus are a part of the intrinsic standard enthalpic changes (ΔH°int). In
contrast, heat associated with the enthalpies of dilution and ionization occur simultaneously
and must be deconvoluted from the observed standard enthalpic changes (ΔH°obs) (44).
Although the heats of dilution are readily removed via subtraction of either a buffer blank or
the heats remaining upon saturation of the protein, the enthalpic contributions that occur from
protonation/deprotonation of the buffer species must be quantified by comparing the difference
in ΔH°obs (ΔΔH°obs) between buffers of known ionization enthalpies (ΔH°ion) (41;44;45). The
change in proton inventory (p) can be quantified by taking the ratio of (ΔΔH°obs)/(ΔΔH°ion)
in the two buffers. For example, if a single proton is taken up upon binding, the ΔH°obs will
be more positive in the buffer with the larger ionization enthalpy by a value similar to ΔΔH
°ion and the resulting ratio would be approximately 1 and vice versa for release of a single
proton. If there is no change in the proton inventory, the ΔH°obs should remain unchanged and
the ratio would be equal to zero. However, a possible complication of the above deduction may
arise at different pH values. Depending on the pKa of the interacting species (which is
protonated or deprotonated upon binding), only a fraction of such species would be in the
proper ionization state to take up or release protons at a particular pH. To account for this
feature, we chose phosphate and Tris as buffers with known ionization enthalpies of 1.22 and
11.5 kcal mol−1, respectively (41), at pH 6.3 and 7.0.

A summary of the results of PDFEc titration with actinonin at 25 °C in selected buffers is
presented in Table 1. The data of Table 1 reveals that the association constants remained
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comparable between different buffers and represent only minor changes in the difference in
free energies (ΔΔG°) by 0.02 and 0.7 kcal/mol for the higher-affinity site and 0.2 and 0.7 kcal
mol−1 for the lower-affinity site at pH 6.3 and 7.0, respectively. It was observed that whereas
the binding affinity of actinonin at the lower-affinity site remains relatively constant upon
changing the pH from 7.0 to 6.3, that of the higher-affinity site is favored at pH 6.3 compared
to pH 7.0 by a ΔΔG° of −0.9 to −1.6 kcal mol−1. In terms of enthalpy, at pH 7.0 the ΔH°obs
exhibited no change at the higher-affinity site and varied slightly (ΔΔH°obs ≈ 0.7 kcal mol−1)
at the lower-affinity site between the phosphate and Tris buffers. The above variation is not
significant as it translates into a release of 0.07 protons from the enzyme phase. At pH 6.3, the
ΔH°obs again showed minor variation by 1.2 kcal mol−1 at the lower-affinity site, whereas the
higher-affinity site exhibited a much lower ΔH°obs in Tris versus phosphate buffer with a
difference of 6.7 kcal mol−1. The above ΔΔH°obs values at pH 6.3 correspond to the release of
0.12 and 0.65 protons from the enzyme phase at the lower and higher-affinity sites, respectively.

Effect of Temperature on the Thermodynamic Parameters
To investigate the effect of temperature on the binding of actinonin to both binding sites of
PDFEc, we performed titrations of the mixed metal form of the enzyme with actinonin over
the temperature range of 10 to 35 °C in 50 mM potassium phosphate, pH 7.0 containing 1 mM
NiCl2 (Table 2). The data of Table 2 indicates that the stoichiometry of the two binding sites
remains essentially constant as a function of temperature. The temperature-independence of
the stoichiometry for both sites indicates little to no interconversion from one form of the
enzyme to the other, which is consistent with thermal unfolding experiments (see below). As
it is highly improbable that both forms would have similar stabilizing free energies at all
temperatures, it is likely that the conformations are essentially independent due to high
transition state energies between the putative enzyme populations.

The temperature dependent thermodynamic parameters revealed that the magnitudes of ΔG°,
ΔH°, and TΔS° all decrease as a function of temperature. Evidently, the increase in temperature
favors ΔG° and ΔH° values for the binding of actinonin to PDFEc, but disfavors the entropic
contribution (TΔS° value). This feature (as depicted by the data of Figure 4) obviates the
emergence of the enthalpy-entropy compensation effect, a widely observed phenomenon
during the course of enzyme-ligand interactions (46;47). The linear increase in ΔG° and ΔH°
as a function of TΔS° led to suggestion that the binding of actinonin to PDFEc is presumably
dictated by somewhat stronger interactions; i.e., interactions which are energetically more
favorable than those given by weaker interactions such as hydrogen bonding.

The temperature dependence of the thermodynamic data of Table 2 led us to determine the
change in heat capacity (ΔCp°) that occurs upon binding of actinonin to PDFEc. Using the
assumption that ΔCp° is invariant as a function of temperature, a plot of ΔH° versus temperature
was expected to be linear over a limited temperature range with the slope being equal to
ΔCp°. Figure 5 shows the plot of ΔH° as a function of temperature. Note the linear dependence
of such a plot, yielding the magnitudes of ΔCp° of −0.192 ± 0.007 and −0.187 ± 0.007 kcal
mol−1 K−1 and Y-axis intercepts at 0 K of 54.1 and 59.2 kcal mol−1 for the high and low affinity
sites, respectively. It should be emphasized that the calculated ΔCp° for both sites is within the
error of each other and thus can be considered to be essentially equal. The strongly negative
ΔCp° value suggests that the binding of actinonin to PDFEc is dominated by hydrophobic forces
as will be elaborated in the Discussion section.

Conformational States of PDFEc Revealed by Circular Dichroic Spectroscopy
Based on the nearly constant stoichiometries (n) for the binding of actinonin to PDFEc as a
function of temperature, we surmised that the two binding sites are a consequence of distinct
and independent conformational states of PDFEc. To probe this, we determined the
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temperature-induced unfolding of PDFEc and monitored the changes in the secondary structure
of the enzyme via circular dichroic spectroscopy (Figure 6). Panel A of Figure 6 shows the
dependence of the ellipticity (θ) at 223 nm of the mixed metal PDFEc on temperature at a
heating rate of 2 °C per minute. It can be seen that the unfolding of PDFEc proceeds via two
distinct phases characterized by transition temperatures (Tm) of 56 ± 3 and 79 ± 1 °C, suggesting
the homogeneous preparation of PDFEc shows two distinct conformational states. When heated
at 60 °C for 10 minutes, cooled on ice and centrifuged to remove the precipitate, it was found
that the lower transition peak did not re-appear (Figure 6, panel B). Clearly the first transition
was due to a heat sensitive form of PDFEc. This same heat treatment of the mixed metal
PDFEc prior to titration with actinonin resulted in the loss of the exothermic binding phase (our
unpublished results), similar to that observed when Ni2+ was removed from the enzyme
preparation. Moreover, no charge-transfer complex peak was observed in the heat treated
samples and metal analysis led to the suggestion that although there was no Ni2+ present,
approximately 0.45 mol fraction Zn2+ remained bound to the enzyme. The dependence of the
two conformations on the identity of the catalytic metal center will be discussed in the next
section.

DISCUSSION
The experimental data presented herein lead to the conclusion that the recombinant form of E.
coli peptide deformylase (PDFEc) exists in two alternative conformational states, and such
conformational states are not solely dictated by the nature (viz., Zn2+ versus Ni2+) of the bound
metal ions to the active site of the enzyme. The above conclusion has been derived from our
detailed isothermal titration calorimetric data for the binding of actinonin to the differently
metal ligated forms of the enzyme and is supported by the following features: (1) The overall
binding isotherm is comprised of a high-affinity exothermic and a low-affinity endothermic
phase, and both these phases are entropically driven, (2) Although the E. coli expressed and
purified form of the recombinant enzyme contains both Zn2+ and Ni2+ with nearly equal molar
ratios, the exothermic phase is not dependent on the nature of these metal ions. Whereas the
removal of the enzyme bound Ni2+ abolishes the exothermic phase, the above phase reappears
upon substitution of Ni2+ by Zn2+, (3) The binding of actinonin to the lower and higher-affinity
sites results in the release of about 0.12 and 0.65 mole of proton per mole of PDFEc-actinonin
complex, respectively, at pH 6.3 but not at pH 7.0, (4) The stoichiometric ratio for the binding
of actinonin to PDFEc remains unaltered upon variation of temperature, suggesting that the
putative conformational states (corroborated by the changes in the secondary structural features
of the protein during the course of the thermal denaturation) are either “static” or that they
possess a high transition-state energy barrier for their interconversion, (5) Although both
exothermic and endothermic phases do not conform to the enthalpy-entropy compensation
effect (46;47), they yield highly negative ΔCp° values.

Based on the structural data, it is apparent that actinonin binds to PDFEc both via hydrophobic
and hydrophilic moieties, and like many other metalloproteinases (48), the hydroxamate group
of actinonin interacts with the active site resident metal ion. Hence, it is not surprising that the
binding of actinonin to PDFEc yields pronounced heat signals during the ITC experiments.
However, the emergence of both exothermic and endothermic peaks upon binding of actinonin
to PDFEc was not expected. A simplistic explanation of the origin of the above observation
can be that actinonin binds to PDFEc in two orientations; in one orientation, the hydroxamate
group of the inhibitor makes direct contact with the active site resident metal ion (yielding
exothermic peaks), but in the other orientation, the binding involves significant adjustment in
the enzyme's active site pocket (yielding endothermic peaks). Nevertheless, since both these
binding modes are dominated by entropic contributions to their overall binding free energies,
they are likely to originate, at least in part, by desolvation of the enzyme's active site pocket.
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The latter is supported by considerably negative ΔCp° values for the binding of actinonin to
PDFEc in both of the above binding modes (Figure 5).

The question arises as to why the exothermic profile of PDFEc-actinonin interaction disappears
upon removal of loosely-bound Ni2+ from the enzyme site, and it reappears upon substitution
of Ni2+ by Zn2+. In pursuit of answering this question, we realized that both the Ni2+ and
Zn2+-containing enzyme yields an exothermic profile upon binding with actinonin. This
observation led to the suggestion that the nature of the enzyme bound metal ions (particularly
Ni2+ versus Zn2+) is not the sole determinant of the exothermic versus endothermic ITC
profiles. This is not surprising since the structural data reveals that PDFEc containing either
Ni2+ or Zn2+ interacts with actinonin in similar orientations with the hydroxamate group of the
inhibitor coordinating the enzyme bound metal ion. In addition, since the titration of Ni2+-free
PDFEc by actinonin neither produces the exothermic profile nor enhances the magnitude of the
endothermic profile, it implies that the inhibitor does not interact with the metal-free form of
the enzyme. However, paradoxically, the binding of actinonin to PDFEc which contains the
intrinsically-bound Zn2+ (acquired during the de novo folding process) yields the endothermic
profile whereas the binding of actinonin to the enzyme in which the bound Ni2+ was replaced
by Zn2+ yields the exothermic profile. Clearly, these two enzyme forms are not the same, and
these forms produce markedly different thermodynamic signatures (viz., exothermic versus
endothermic profiles) upon binding with actinonin.

We believe the overall proton inventory of PDFEc-actinonin interaction (see Table 1) is given
by the protonation/deprotonation of the metal bound water which is partially compensated by
the protonation/deprotonation of the hydroxamic acid –OH of actinonin (depicted in Scheme
II). It has been known that the pKa of the –OH group of hydroxamic acids such as that of
actinonin decreases by approximately 3 pH units upon binding to the enzyme (49;50). Under
this scenario, the PDFEc-actinonin interaction would result in the release of one mole of proton/
mol of the complex at both pH 7.0 and pH 6.3 (given by H+ in Scheme 2). However, at pH 7.0
the deprotonation of actinonin is counteracted by the protonation of the metal-bound hydroxide
ion (of water) prior to release in the bulk solvent. As consequence, at pH 7.0, there is no net
change in the proton inventory. On the other hand, at pH 6.3, since a fraction of the metal-
bound hydroxide ion of water remains in the protonated form, the proton released from
actinonin is incompletely compensated by the protonation of the hydroxide ion. Hence, the
release of 0.65 protons at pH 6.3 represents the fraction of the metal-bound hydroxide that is
in the acid (water) form, since only 0.35 protons are abstracted from the buffer.

Temperature dependence of the enzyme-actinonin interaction
Despite marked differences in the two alternative conformational states of the PDFEc-actinonin
complex, the temperature dependence of ΔH° yields similar ΔCp° values. From the classical
thermodynamic point of view, such similarity implies that the binding of actinonin to either of
the PDFEc conformational states produces similar changes in the water accessible polar and
non-polar surface areas (51). However, the above similarity can also arise if the heat capacity
contribution arising from the changes in the non-polar surface areas in one conformational state
is compensated by those from the polar surface areas in the other conformational states.
Irrespectively, as the X-ray crystallographic structure of the PDFEc-actinonin complex could
not be arbitrarily assigned as representative of either of the experimentally derived
conformational states, we chose not to predict the magnitudes of the ΔCp° values from the
structural coordinates of the complex (20).

Another interesting aspect of the temperature-dependent thermodynamic data for the binding
of actinonin to PDFEc is the lack of enthalpy-entropy compensation effect in both exothermic
and endothermic phases. This was unexpected since the enthalpy-entropy compensation is
frequently observed in case of enzyme-ligand interactions, where the origin of such
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compensation is believed to lie in the weaker (e.g., van der Waals interaction, hydrogen bonding
etc.) interactions between the species. The enthalpy-entropy compensation effect is not
expected in processes which involve the formation of stronger interactions (47;52). In this
regard, it is noteworthy that the interaction between PDFEc and actinonin is partially dominated
by the formation of coordination bonds between the metal and the hydroxamate; an interaction
which may not adhere to the enthalpy-entropy compensation effect observed for other enzyme-
ligand interactions.

The detailed thermodynamic experimental data presented herein provide convincing evidence
that the recombinant form of PDFEc exists in two alternative conformational states, and those
states have remained elusive during previous physicochemical characterization of the enzyme
(23-29). The above deduction has been possible via the ITC based thermodynamic analyses of
the PDFEc-actinonin interactions, which has been further supported by the changes in the
secondary structure of the protein during the course of thermal unfolding. The prevalence of
alternative conformational states and their differential avidity for inhibitors will prompt
developing strategy for designing newer compounds against PDFEc as potential antibiotics.
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p, change in proton inventory
Tm, transition temperature
EDTA, ethylenediaminetetraacetic acid
Ka, association constant
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Scheme 1.
Reaction catalyzed by peptide deformylase.
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Scheme 2.
Changes in proton inventory upon formation of PDFEc-actinonin complex.
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Figure 1.
Structural depiction of E. coli PDF in complex with actinonin (PDB ID: 1G2A) as determined
by Clements et al. (20). Actinonin is shown in cyan and the bound Ni2+ is depicted in green.
The structural depiction of PDF was produced using the UCSF Chimera modeling package
(21) from the Resource for Biocomputing, Visualization, and Informatics (University of
California, San Francisco; supported by NIH P41 RR-01081).
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Figure 2.
Titration of 31.5 μM Ni2+-PDFEc with 325 μM actinonin in 50 mM potassium phosphate, pH
7.0 containing 1 mM NiCl2 at 25 °C. Top panel shows the raw calorimetric data as a function
of time whereas the bottom panel shows the integrated heat per injection versus the molar ratio
of actinonin to PDF. The solid smooth line corresponds to the best fit of the experimental data
to an independent two-site model providing stoichiometries (n) of 0.29 and 0.73 (moles bound
actinonin per mole PDFEc), association constants (Ka) of 8.4 × 108 and 1.9 × 106 M−1 a and
standard enthalpy changes (ΔH°) of −3.3 and 3.8 kcal mol−1 for the higher and lower-affinity
binding sites, respectively.
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Figure 3.
Comparison of the binding isotherms for Ni2+-free (panel A) and ZnCl2-treated PDFEc (panel
B) titrated with 325 μM actinonin in 50 mM potassium phosphate, pH 7.0 at 25 °C. Total
protein concentrations were 31.5 μM in both experiments and the best fit of single binding site
model (solid line in panel A) provided n, Ka and ΔH° of 0.41, 2.7 × 106 and 3.6 kcal mol−1,
respectively for Ni2+-free PDFEc. The solid line in panel B corresponds to the best fit of the
ZnCl2-treated PDFEc experimental data to an independent two-site model providing n of 0.31
and 0.42, Ka of 3.9 × 108 and 5.7 × 106 M−1 and ΔH° of −2.8 and 2.0 kcal mol−1 for the high
and low affinity binding sites, respectively.
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Figure 4.
Enthalpy-entropy compensation plots for the binding of actinonin to Ni2+-substituted PDFEc
in 50 mM potassium phosphate, pH 7.0 containing 1 mM NiCl2. The thermodynamic
parameters were obtained as described in Figure 2 as well as in the text with panel A depicting
the higher-affinity site parameters and panel B depicting those of the lower-affinity site. The
dependence of ΔG° and ΔH° on TΔS° is shown by closed and open circles, respectively, and
the solid lines represent linear regression analysis of the plotted data. For the higher-affinity
site slopes and Y-axis intercepts are 0.45 ± 0.2 and −16.0 ± 1.9 for ΔG° and 1.45 ± 0.2 and
−16.0 ± 2.0 kcal mol−1 for ΔH° and those of the lower-affinity site are 0.44 ± 0.03 and −14.0
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± 0.4 for ΔG° and 1.44 ± 0.032 and −14.0 ± 0.4 kcal mol−1 for ΔH°, respectively. Insets depict
the mutual intersection of the fitted lines at the Y-axis.
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Figure 5.
Dependence of ΔH° on the experimental temperature for the binding of actinonin to Ni2+-
substituted PDFEc. The experimental conditions were the same as described in Figure 4. The
ΔH° for the higher and lower-affinity sites are depicted as closed and open circles, respectively,
and linear regression analysis (solid lines) provide ΔCp° (slope) values of −0.192 and −0.187
kcal mol−1 K−1 and intercepts (at 0 K) of 54.1 and 59.2 kcal mol−1 for the high and low-affinity
sites, respectively.
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Figure 6.
Thermal unfolding of normal Ni2+-substituted PDFEc (panel A) and Ni2+-substituted PDFEc
after incubation at 60 °C for 10 min followed by cooling on ice (panel B) as monitored by
circular dichroism. Enzyme (29 μM initial concentration) in 5 mM HEPES, pH 7.5 containing
5 mM NiCl2 was heated at a rate of 2 °C min−1 and the ellipticity (θ) at 223 nm monitored as
a function of temperature. Experimental data is corrected for effective concentration and is
plotted as mean residue ellipticity [θ].
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Table 2
Temperature-Dependence of Thermodynamic Parameters for the Binding of Actinonin to PDFEc

a,b

Temperature (°C) n ΔH° (kcal mol−1) ΔG° (kcal mol−1) TΔS° (kcal mol−1)

10 0.26 ± 0.003 −0.3 ± 0.1 −10.5 10.2

0.76 ± 0.009 6.3 ± 0.1 −7.7 14.1

15 0.29 ± 0.002 −1.1 ± 0.08 −11.5 10.3

0.76 ± 0.007 5.5 ± 0.07 −8.1 13.6

20 0.29 ± 0.002 −2.1 ± 0.07 −12.0 9.9

0.78 ± 0.008 4.4 ± 0.07 −8.4 12.8

25 0.29 ± 0.002 −3.3 ± 0.06 −12.2 8.9

0.73 ± 0.007 3.8 ± 0.06 −8.6 12.4

30 0.32 ± 0.001 −3.9 ± 0.03 −12.5 8.6

0.76 ± 0.005 2.8 ± 0.04 −9.0 11.6

35 0.29 ± 0.002 −5.1 ± 0.08 −12.4 7.2

0.76 ± 0.02 1.7 ± 0.06 −9.2 10.8

a
in 50 mM potassium phosphate buffer, 1mM NiCl2, pH 7.0. n refers to the stoichiometry of actinonin-PDFEc complex (mol/mol).

b
For each temperature the upper row lists thermodynamic parameters for the higher-affinity site whereas the bottom row lists those for the lower-affinity

site.
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