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Abstract The metalloenzyme peptide deformylase (PDF)
plays a crucial role in the biosynthesis of proteins by
eubacteria, making the enzyme a promising target for anti-
bacterial agents. In a reaction catalyzed by an Fe(II) coor-
dination complex in the enzyme active site, PDF cleaves a
formyl group from the N-terminus of nascent eubacterial
proteins. Computational chemistry methods are combined
with the use of in silico models of the enzyme chemistry
to examine specific effects on the enzymatic catalysis. In
particular, density functional theory calculations have been
carried out on a biomimetic model system based on a het-
eroscorpionate N,S ;. 1.« biomimetic ligand system bearing
arange of electron-donating and electron-withdrawing sub-
stituents. In this way, the effects of electronic changes to
the metal coordination environment on the thermodynamics
and kinetics of the deformylation reaction are determined.
The reaction was found to be more thermodynamically
favorable as the added substituents shifted from electron-
withdrawing to electron-donating [or, equivalently, with
decreasing Hammett parameters (ap) for the substituents].
As the substituents change from electron-withdrawing to
electron-donating, the hydroxide ligand responsible for
initiating nucleophilic attack on the carbonyl group of the
formyl-terminated peptide substrate is shown to become
decreasingly strongly bound to the metal, making the
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reaction less endergonic. The rate of reaction was found to
be fastest for substituents with o, ~ 0, and progressively
slower as the substituents became increasingly electron-
donating or electron-withdrawing. At o, ~ 0, a balance
is found between the reactivity of the hydroxide ligand
involved in the nucleophilic attack and activation of the
carbonyl group by the iron center toward that nucleophilic

attack.

Keywords Peptide deformylase - Substituent effects -
Density functional calculations - Reaction thermodynamics
and kinetics - Metalloenzymes

1 Introduction

The metalloenzyme peptide deformylase (PDF) catalyzes
the N-terminal deformylation of newly synthesized pep-
tides during eubacterial protein biosynthesis [1-4]. PDF
is therefore essential to the life cycle of eubacteria, and its
absence from eukaryotic cells has made it a promising tar-
get for antibiotic drug design [5-9].

Crystal structures of PDF [1, 10] have indicated the
structure of the enzyme’s active site and led to a proposed
mechanism for the deformylation reaction. The active site
consists of an Fe!l metal center coordinated to the side
chains of two histidine residues (His132 and His136) and
one deprotonated cysteine residue (Cys90). A hydroxide
ion fills a fourth coordination spot around the metal center,
giving an approximately tetrahedral coordination complex.
The reaction mechanism [10] (Fig. 1) begins with the car-
bonyl carbon on the formyl-terminated peptide undergoing
nucleophilic attack by the hydroxide ligand. Weak coor-
dination of the carbonyl oxygen from the terminal amide
group of the peptide to the iron center (i.e., the metal
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Fig. 1 Proposed mechanism for the deformylation reaction catalyzed by PDF, with active site residues indicated

center acting as a Lewis acid) helps to activate the substrate
toward the nucleophilic attack. Following the nucleophilic
attack, a tetrahedral intermediate is formed. Proton trans-
fers then lead to release of the deformylated peptide and
formation of an enzyme—formate complex. Comparison
with the crystal structures of PDF with Ni"' suggested the
importance of the relative softness of the Fe!l metal center,
which would then weakly bind the hard base OH™, leading
to a relatively high nucleophilicity for the Fe-OH group
[11].

Past computational studies on the PDF enzyme have
included active site modeling [12] and QM/MM calcula-
tions [13-15]. In both cases, the structures of stationary
points involved in the catalytic mechanism and energetics
along the reaction coordinate were examined, in order to
address the preference for Fe!! as the active site metal ion
(versus, for example, Zn" Coll, or NiH) [3, 16], despite Fell
being uncommon for this class of metalloenzymes [17] and
that PDF catalyzes a non-redox reaction. It was determined
that Fe!! led to the lowest activation barriers for nucleo-
philic attack due to the ability of Fe'l to act as a Lewis acid
and thereby to more strongly coordinate to and activate the
substrate carbonyl leading to a decrease in the energy bar-
rier for the reaction.

Further computational work followed, this time
using biomimetic N,S;; ..« ligand systems, which
model the two histidine side chains and one cystein-
ate coordinated to Fe' in PDE, such as the PATH
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(2-methyl-1-[methyl-(2-pyridin-2-yl-ethyl)amino]propane-
2-thiol) ligand [18] and the heteroscorpionate ligand “L”
(bis(3,5-dimethyl-pyrazolyl)(1-methyl-1-sulfanylethyl)
methane) [19].

The computations with the heteroscorpionate ligand
“L” [19] established this model system as being par-
ticularly suitable for its fidelity with respect to reproduc-
ing important aspects of the chemistry seen with the full
PDF enzyme. The overall coordination geometry for the
FeL(formate) complex as well as the formate coordination
mode to Fe and the Fe—O(formate) distances were consist-
ent with the structure of the coordination geometry seen
in the PDF-formate crystal structure [20]. Similar good
agreement was also seen between Co'- and Zn'-substi-
tuted forms of the metal-L-formate complex and the cor-
respondingly substituted forms of PDF. In addition, the dif-
ference in computed activation energies for deformylation
between Fe!l, Co, and Zn" complexes with ligand L was
fully consistent with experimental kinetics data for the Fe'!,
Co", and Zn" forms of PDF [3, 10, 16, 21] as well as with
the results from the earlier QM/MM computational stud-
ies [13—15]. Moreover, the relative coordinative flexibility
between tetra- and pentacoordination in the Fe!' complexes
with ligand L was also observed in the QM/MM studies.

Overall, results obtained from the biomimetic models
corroborated the results obtained from the active site mod-
eling and QM/MM computations on the PDF enzyme, con-
firming the fact and nature of the preference for Fe'! as the
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Fig. 2 Heteroscorpionate N,S ;1. Piomimetic ligand (L) complexed
to Fe, with substituent positions indicated

active site metal ion in PDF. Calculations with the hetero-
scorpionate ligand L also indicated the importance of elec-
tronic changes at the Fe!' center during the mechanism [19].

In short, computational work on PDF to date has indicated
that the electronic characteristics of the Fe'" metal center are a
key factor affecting the energetics of the deformylation reac-
tion. Additionally, Brown and Gherman [19] showed that the
biomimetic heteroscorpionate ligand L was an effective
model for the active site of PDF. Based on this foundation,
electronic effects on the deformylation reaction are probed
more directly in the present work by investigating how
changes in the electronic character of the biomimetic ligand L
coordinating the Fe' metal center affect the reaction kinetics
and thermodynamics. Taking advantage that the heteroscorpi-
onate ligand L (Fig. 2) can be readily substituted along the
pyrazolyl groups [22], computations are carried out with a
variety of disubstituted biomimetic ligands L, in which both
substituents are varied simultaneously and identically. Sub-
stituents utilized include electron-withdrawing (-NO,, —CN,
—CCIF,, —F) and electron-donating (—i-Pr, -CH;, —OCH3,
—-OCH(CHy;),, -N=CHC¢Hs, -NHCH;, -N(CH,),) groups,
with Hammett o, parameters' ranging from 40.78 (most
electron-withdrawing) to —0.83 (most electron-donating)
[23]. Using density functional theory (DFT) computational
methods, the deformylation reaction is modeled using these
disubstituted ligand systems, allowing for a determination of
how reaction energies and activation energies change as a
function of substituent and what factors underlie the patterns
in the calculated reaction energetics.

2 Computational methods

All calculations were carried out with the Gaussian
03 (revision D.01) electronic structure program [24].

! Although the substituents on the biomimetic ligand L are not in a

“para” position, the notation o, is retained as it is the Hammett o,

parameters, which are utilized throughout this study.

Density functional theory (DFT) with the O3LYP func-
tional [25-27] was utilized, as this method has been
shown to be successful in reproducing crystal struc-
tures and metal-ligand bond lengths for coordina-
tion complexes with the heteroscorpionate ligand L
[19]. The O3LYP functional also led to FeL(formate),
CoL(formate), and ZnL(formate) structures (CH; sub-
stituents) [19] consistent with the coordination geom-
etries seen in PDF-formate crystal structures [20]. The
6-31G(d,p) basis set (with the exception of the Stuttgart
effective core potential basis set on the metal center
[28]) was used for geometry optimizations and transi-
tion state searches. Vibrational frequency calculations
on the structures thus obtained were used to verify they
were indeed stationary points and to determine zero-
point energy, enthalpy, and entropy corrections to the
electronic energies, thereby allowing free energies to
be calculated. Wiberg bond indices were also calcu-
lated for the optimized structures using the Gaussian
NBO Version 3.1 program [29]. Single-point solvation
energies for the optimized structures using water as the
solvent were computed using the IEF-PCM and CPCM
implicit solvation methods [30, 31] as implemented in
Gaussian 03. Final electronic energies were computed
with single-point calculations on the optimized struc-
tures using the 6-311G(d,p) basis set (again with the
exception of the Stuttgart effective core potential basis
set on the metal center). Given the difference in stand-
ard-state concentrations in the gas phase (where the
standard pressure of 1 atm equates to a concentration of
1/24.5 M from the ideal gas law) and in solution (1 M
standard-state concentration), a translational entropy
correction is included for the free energy changes com-
puted in solution [32].

Formamide is used as the model substrate for the defor-
mylation reaction to be catalyzed by the PDF biomimetic
system. The reaction (Eq. 1) then yields ammonia as the
deformylated peptide.

FeL(OH) + formamide — FeL(formate) + ammonia (1

The high-spin state for the Fe'-L coordination com-
plexes here has been shown to be the ground state [19], and
thus, all computations in the present work are for the high-
spin state.

3 Results and discussion
3.1 Denticity of the FeL(formate) complexes
Two possible structures for the FeL(formate) product com-

plex from the deformylation reaction were examined—one
in which there is monodentate coordination of the formate
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to the iron center and one in which the formate coordinate
is bidentate. The denticity of the formate ligand is judged
on the basis of iron—oxygen bond distances and Wiberg
bond indices (with the former being less than 2.85 A and
the latter being greater than 0.10 to qualify as coordination
between iron and oxygen) [19].

With any of the electron-withdrawing substituents or
the H substituent (o, = 0), only the bidentate FeL(formate)
structure was stable under optimization (Table 1). The
electron-withdrawing ligand in these cases causes the iron
center to become relatively electron deficient, which is
counterbalanced by its coordinating more strongly with the
anionic formate ligand. When electron-donating substitu-
ents are present, both monodentate and bidentate forms of
FeL(formate) are stable structures, with the energetic pref-
erence between the two forms varying among the different
electron-donating substituents.

3.2 Activation and reaction free energies
for deformylation

Stationary points for the deformylation reaction were deter-
mined for the reaction as catalyzed by each of the 12 dif-
ferently substituted ligands L. These points included the
reactant FeL(OH) and product FeL(formate) complexes, as
well as the transition state of the nucleophilic attack step
and the resulting tetrahedral intermediate. The segment of
the reaction coordinate connecting the tetrahedral interme-
diate to the FeL(formate) product complex was not mod-
eled here. Experimental studies on the PDF enzyme have
shown reaction rates to depend on the identity of the metal
center [3, 10], leading to the conclusion that the proton
transfer step(s) between the intermediate and product com-
plexes are not rate-determining. These proton transfers are
also mediated by amino acid residues in and near the active
site of PDF [10], which are beyond the scope of the present
biomimetic modeling study.

Computed reaction energetics—free energies of activa-
tion (AGY), free energies of the intermediates versus the
reactants (AG;,), and free energies of reaction (AG,,,)—
with each of the 12 substituents are shown in Table 2. Free
energies of activation range from 24.41 kcal/mol with the
N=CHC4H; substituent to 33.72 kcal/mol with the NO,
substituent. Examination of the data here shows a gen-
eral trend for activation energies to be highest when lo,| is
highest and lowest when lo| is lowest. AG;,, trends simi-
larly to the activation free energies, with each intermediate
approximately 4-6 kcal/mol lower in energy than the cor-
responding transition state. Free energies of reaction range
from a high of 3.06 kcal/mol with the NO, substituent to a
low of —6.51 kcal/mol with the N=CHC4H; substituent. A
general trend toward lower AG,,, values may be seen with
lower o, parameters.

@ Springer

Table 1 Relative free energies for monodentate and bidentate
FeL(formate) isomers with each substituent (in kcal/mol at 25 °C),
computed as AG = Gygenae — O

monodentate

Substituent o, AG
NO3 0.78 bi
CN? 0.66 bi
CCIF; 0.46 bi

F 0.06 bi

H* 0.00 bi

i-Pr —0.15 —2.65
CH, —0.17 ~1.01
OCH;4 —0.27 3.17
OCH(CH;), —0.45 2.87
N=CHCHj —0.55 0.30
NHCH; —0.70 —2.44
N(CH,), ~0.83 —2.97

AG < 0 indicates bidentate is energetically preferred; AG > 0,
monodentate

% Only bidentate coordination mode was stable under optimization

3.3 Reaction energetics analysis

In order to better understand the relationship between
AG,,, and AG* and the Hammett parameters, Hammett
plots using the Hammett o, parameters and reaction free
energies and activation free energies (Figs. 3, 4, respec-
tively) were made.? Based on the general trends just noted,
a linear fit was used for the reaction free energies, while a
quadratic fit was used for the activation free energies. The
plots of AG,,, and AG" versus o, show good R? values of
0.767 and 0.596, respectively, for the current purpose of
qualitatively understanding the effect of ligand substituents
on the reaction energetics.

3.3.1 Reaction thermodynamics

The observed increase in AG,,, with increase in the sub-
stituent o, value can be related to trends in the Fe-O
bond orders for the hydroxide ligand in the reactant
FeLL(OH) complex and the formate ligand in the product
FeL(formate) complex. As o, increases (i.e., the ligand
substituent becomes more electron-withdrawing), this is
correlated with an increase in the Fe—~OH(hydroxyl) bond
index (Fig. 5, Table S1), as the anionic hydroxyl ligand
becomes more strongly bound to the iron center. This in

2 The R=NHCH, point is omitted from the Hammett plot for AG,,
(Fig. 3), while the R=N=CHC¢Hjs point is omitted from the Ham-
mett plot for AG* (Fig. 4). Based on an analysis of solvation ener-
gies, these two points are shown to be anomalous and therefore were
not included in the reaction energetics analyses. See supporting infor-
mation for detailed information on these points.
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Table 2 Computed AG*, AG,,, and AG,,, for the deformylation

reaction with each substituent (in kcal/mol at 25 °C)

Substituent o, AG* AGy, AG,y,
NO, 0.78 33.72 26.57 3.06
CN 0.66 30.37 25.12 0.68
CCIF, 0.46 31.36 27.51 1.97
F 0.06 29.30 23.65 —0.81
H 0.00 29.31 25.51 0.17
i-Pr —0.15 29.61 25.66 —1.94
CH, —0.17 29.82 25.91 —0.74
OCH;,4 —0.27 30.43 25.20 —0.38
OCH(CH,), —0.45 31.64 26.44 —1.81
N=CHC¢Hj; —0.55 24.41 19.90 —6.51
NHCH;, —-0.70 32.08 28.23 1.21
N(CHy), —0.83 31.15 25.42 —5.66
AG,,, based upon lowest energy FeL(formate) isomer for each sub-

stituent

turn effectively lowers the energy of the reactant complex
as the hydroxide ligand becomes less reactive and less
nucleophilic [11]. With regards to the product FeL(formate)
complex, increasing the substituent o, leads to an increase
in the Fe—O(formate) bond index (Fig. 6, Table S1), as
the anionic formate ligand becomes more strongly bound
to the iron center. Similarly, this results in a more sta-
ble, lower energy FeL(formate) complex. The slopes for
the linear regression lines in the Fe—OH(hydroxyl) and
Fe-O(formate) bond indices versus o, plots (0.058 and

0.038, respectively), though, show that the effect on the
Fe—O(hydroxyl) bond index is greater, and therefore, the
effect on the reactant energy is greater as well. The reactant
energy is lowered more than the product energy with more
electron-withdrawing substituents, leading to an increase in
AG,, as 0, increases.

3.3.2 Reaction kinetics

The quadratic fit in the Hammett plot for the activation free
energies and the positioning of the minimum in that plot
near o, ~ 0 can likewise be understood through examina-
tion of the iron—oxygen bond orders in the reactant and
transition state complexes. The positive correlation between
o, and the Fe-OH(hydroxyl) bond index in the reactant
complex implied a lowering in energy of the reactant com-
plex as o, increased, and the hydroxide ligand became less
reactive as a nucleophile. A positive correlation also exists
between o, and the Fe-O (carbonyl oxygen in the forma-
mide substrate) bond index in the transition state complex
(Fig. 7, Table S1). More electron-withdrawing substituents
lead to an increased iron—substrate interaction. The stronger
ligation of the formamide carbonyl oxygen to the iron
center (or, equivalently, increased Lewis acidity of the iron
center) results in the carbonyl carbon becoming more elec-
trophilic and therefore more activated toward nucleophilic
attack, which has the effect of lowering the energy of the
transition state. Thus, as o, increases, AG* would increase
as the reactant becomes more stable and decrease as the
transition state becomes more stable. As o, decreases, AG*
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Fig. 3 Plot of AG,,, versus substituent o, value
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Fig. 6 Plot of the sum of Fe-Oyy .. bond indices in the
FeL(formate) product complex versus substituent o, value

would decrease as the reactant becomes less stable and
increase as the transition state becomes less stable. These
offsetting effects on AG* result in AG* being a minimum
as Iapl becomes a minimum (i.e., near o, N 0).
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4 Conclusions

The deformylation reaction catalyzed by PDF has been
studied using a heteroscorpionate N,Sy; . biomimetic
ligand bound to an Fe!" metal center. Electron-donating and
electron-withdrawing substituents were included on the
biomimetic ligand in order to affect the electronic character
of the model ligand system. DFT calculations were used to
determine free energies of activation and reaction free ener-
gies in the presence of each substituent, as well as to char-
acterize the ligand interactions with the Fe'! center through
the reaction coordinate.

Deformylation becomes more thermodynamically
favored as the substituent o, value decreases (i.e., as the
substituent becomes more electron-donating). Both the
hydroxide ligand in the FeL(OH) reactant complex and the
formate ligand in the FeL(formate) product complex are
more weakly bound to the Fe!' center with decreasing sub-
stituent o,. However, the former is found to be a more sig-
nificant effect, allowing the hydroxide ligand to become a
stronger nucleophile as substituents become more electron-
donating and is responsible for the concurrent lowering of
AGan'

Deformylation is most kinetically favored as the sub-
stituent Iapl decreases (i.e., neutral in terms of electron-
withdrawal or electron-donation). Increasingly electron-
donating substituents raise the energy of the reactant
complex (and so lower the activation energy) by decreas-
ing the Fe—OH bond order and increasing the nucleophilic-
ity of the hydroxide ligand. At the same time, increasingly
electron-donating substituents raise the energy of the tran-
sition state complex (and so raise the activation energy) by
decreasing the Lewis acidity of the Fe!' metal center and
therefore its ability to activate the substrate carbonyl group
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for nucleophilic attack. The offsetting effects on the activa-
tion energy lead to a minimum in the activation energy near
lo| & 0.

Beyond providing new insight as to how ligand electron-
ics can affect energetics during the deformylation reaction,
the results here provide direction in the design of new bio-
mimetic model systems for PDF that can be optimized for
reaction thermodynamics and/or kinetics. Furthermore, the
results here, when combined with potential future studies
into the effect of the enzyme environment (e.g., hydrogen-
bonding from residues near the active site [10]; general
electrostatic or dispersion effects from residues near the
active site) on active site electronics and energetics, con-
stitute an important aspect of understanding how the pep-
tide deformylase enzyme has been designed to optimize its
catalytic efficiency.
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