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Abstract Peptide deformylase (PDF), a metalloamidase

which catalyzes a deformylation step during eubacterial

protein biosynthesis, shows a peculiar preference for FeII as

its active site metal ion (in particular, as opposed to ZnII,

which is far more common among this class of enzymes).

In order to explore the origin of this preference, density

functional theory (DFT) calculations have been carried out

using a biomimetic heteroscorpionate N2Sthiolate ligand

system (L) and the metal centers FeII, ZnII, and CoII.

Comparison of computed ML(formate) complexes to

crystal structures of PDF–formate complexes illustrates the

viability of the biomimetic ligand for investigating the PDF

chemistry. pKa calculations on [ML(H2O)]? complexes

show that the metal centers are effective Lewis acids in

activating the water molecule to allow formation of a

nucleophilic hydroxide ligand. Computed oxidation

potentials predict the ML(OH) and ML(formate) com-

plexes not to be unstable with respect to oxidation. How-

ever, while each of the metal centers was therefore seen to

be suitable for PDF chemistry, examination of the entire

deformylation reaction showed FeII to be uniquely suited to

PDF. The deformylation reaction was thermodynamically

and kinetically optimal with FeII as the metal center. This is

attributed to the charge transfer that occurs from the thio-

late ligand to the FeII center during the reaction and to the

relative coordinative flexibility of FeII that allows for facile

interconversion between tetra- and pentacoordination,

leading to greater activation of the substrate carbonyl at the

nucleophilic attack transition state.
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1 Introduction

Peptide deformylase (PDF) catalyzes the hydrolytic

cleavage of the formyl group at the N-terminus of nascent

eubacterial proteins during protein synthesis [1–4]. As PDF

is essential for bacterial survival, PDF constitutes a

promising target for a new class of antibacterial agents [5–

7], making investigation into the structure and function of

PDF an important endeavor. In addition, human PDF has

recently been identified, the inhibition of which prevented

growth in 16 cancer cell lines, suggesting that PDF can be

considered an anticancer target as well [8]. PDF is also of

great interest from the bioinorganic viewpoint as the only

example of an iron metalloamidase [9]. Other metallo-

peptidases use ZnII as the metal ion, and the structural and

functional characteristics of PDF would otherwise indicate

that the enzyme belongs in the mononuclear ZnII enzyme

family [9–12]. The choice of iron by nature [13] is

intriguing considering the inherent instability of FeII

toward oxidation and that PDF catalyzes a non-redox-

active reaction.

Crystal structures of the full-length eubacterial protein

[1, 14] and NMR study of PDF [15] indicate the metal

ligands to be Cys90, His132, and His136 (each of which

are conserved in human PDF [16, 17]) in the HEXXH

motif and a solvent-derived ligand (either a water molecule

or hydroxide ion) [18]. Mutation experiments on the PDF
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enzyme have confirmed that these three residues are

essential for catalytic activity [19]. The presence of the

cysteinate sulfur ligand as part of the mixed N, S envi-

ronment is rather uncommon; an N or O donor from His or

Asp/Glu is more typical in ‘‘zinc’’ metallopeptidases [9]. A

network of hydrogen bonds aligns the metal-coordinating

ligands [18]. High-resolution crystal structures of PDF

have been obtained when FeII, CoII, and ZnII are present

and indicate tetrahedral coordination around the metal

center in each case, with no differences in the overall folds

and only minor differences in the active sites with the

different metal ions [14, 20].

The proposed deformylation mechanism [14] (Fig. 1)

begins with nucleophilic attack of the hydroxide ligand on

the carbonyl carbon of the N-terminal formyl group of the

peptide. This is followed by the transition from a tetra-

hedral to a five-coordinate metal center and subsequent

formation of an enzyme–formate complex. The metal is

proposed to function as an electron-withdrawing group to

favor deprotonation of the metal-bound water to yield a

hydroxide ligand and as a Lewis acid to activate the bound

carbonyl substrate, the latter function of which is likely

affected by the presence of the cysteinate ligand [20].

Interestingly, catalytic activity is reduced by 2–3 orders of

magnitude in ZnII-substituted forms, while no significant

loss of catalytic efficiency is observed upon NiII and CoII

substitution [3, 14, 21, 22].

A series of mixed quantum mechanics/molecular

mechanics (QM/MM) computational studies on the PDF

enzyme have sought to explain this unusual metal prefer-

ence [23–25]. Despite predicting differing degrees of

preference for FeII over ZnII as the metal center (activation

barriers for the nucleophilic attack step ranged from

2.2 kcal/mol [24], to *8 kcal/mol [23], to *10 kcal/mol

lower [25] with FeII vs. ZnII), a theme emerged that metal

coordination geometric preferences significantly influenced

PDF catalytic activity. In particular, direct coordination

between the metal and substrate carbonyl, which was

determined to occur more readily with FeII compared to

ZnII, was concluded to play a key role in reducing the

activation energy for nucleophilic attack. A computational

study utilizing a cluster model of the active site, however,

predicted generally smaller differences for the activation

barrier for the nucleophilic attack step of 0.6–4.9 kcal/mol

and showed no qualitative differences in geometries along

the deformylation reaction coordinate with the different

metals [26].

Biomimetic modeling of the PDF active site has pro-

vided an alternative means for examining the deformyla-

tion reaction catalyzed by PDF. One model developed to

this end is the N2Sthiolate ligand, 2-methyl-1-[methyl-

(2-pyridin-2-yl-ethyl)amino]propane-2-thiol (or PATH, pyri-

dine–amine–thiolate system) from Goldberg et al. [27–32].

Preliminary density functional theory (DFT) calculations

carried out with the PATH ligand system by Goldberg et al.

led to conclusions very similar to those seen in the QM/

MM studies of PDF [32].

An alternative biomimetic ligand system is the hetero-

scorpionate ligand [33] bis(3,5-dimethyl-pyrazolyl)

(1-methyl-1-sulfanylethyl)methane (L) (Fig. 2) [34, 35].

Both the PATH and L ligands are N2Sthiolate systems

bearing an aliphatic thiolate as a mimic of the cysteine

donor in PDF and yield monomeric metal complexes. As

shown in crystal structures [35], the heteroscorpionate

ligand (like the PATH ligand) supports tetrahedral coor-

dination around the metal in ZnL(X) complexes (X = Cl,

acetate), similar to that seen in the ZnII form of PDF

[14, 20]. In addition, and separate from the PATH ligand,

the ligand L has been shown to be readily substituted along

both the pyrazolyl groups and the pendant arm bearing the

thiolate function [35, 36].

In this work, this heteroscorpionate ligand L combined

with DFT computational methods will be used to study the

deformylation reaction catalyzed by PDF. The distin-

guishing goals will be to: (a) demonstrate the capability of

current biomimetic ligands to accurately represent the

enzyme chemistry; (b) support the importance of FeII as the

catalytically preferable metal ion over ZnII; and (c) provide

Fig. 1 The PDF active site and

proposed catalytic mechanism

[14]

Fig. 2 The heteroscorpionate ligand L by itself and complexed to a

metal M and exogenous ligand X
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new insights by examining how the identity of the metal

affects the chemistry, geometry, and electronic structure of

each species involved in the deformylation reaction. We

begin first by examining the ability of various density

functionals to reproduce the coordination chemistry of the

MLX complexes. Following that, the formate complexes of

ML (where M = FeII, CoII, and ZnII) are examined and

compared to PDF crystallographic data. We next examine

the relative stability of the hydroxide ligand required for

the nucleophilic attack and compare the stability of the iron

complexes with regard to oxidation to those with cobalt

and zinc. Finally, the deformylation reaction with each of

the three different metal centers is examined along with the

changes in the electronic structure and bonding of the MLX

complexes during the reaction. An explanation for the

preference for FeII at the active site of PDF is then seen to

emerge from the pool of data presented.

2 Computational methods

All calculations were carried out using density functional

theory (DFT) methods as implemented in the PQS ab initio

program package [37]. The performance and selection of

various density functionals used in this work is detailed in

the Sect. 3.1. All geometry optimizations were carried out

with the 6-31G(d,p) basis set on all atoms, except the metal

center, for which the Stuttgart effective core potential basis

set was used [38]. Transition-state geometries were

obtained by first determining the reaction coordinate pro-

file, which was achieved by freezing at least one inter-

atomic distance while optimizing all other degrees of

freedom. Energetic maxima along the reaction coordinate

were then used for all transition-state searches, which

proceeded according to an eigenvector-following algorithm

[39]. Mulliken charge populations, natural population

analysis (NPA) partial atomic charges, and Wiberg bond

indices (the latter two from the NBO 5.0 program [40])

were used to track electronic changes during the de-

formylation reaction. Vibrational frequency calculations

were carried out on all optimized geometries and transi-

tion-state structures in order to verify the character of these

stationary points. These calculations also allowed for zero-

point energy, enthalpy, and entropy corrections to be made

to the electronic energies, in turn enabling free energies to

be determined. Final electronic energies were obtained

through single-point energy calculations on the optimized

geometries and transition states with the 6-311G(d,p) basis

set (except again utilizing the Stuttgart effective core

potential basis set for the metal).

Single-point solvation energies for optimized geome-

tries and transition states were computed using COSMO

[41–44] with water (e = 78.39) as the solvent. For the

stationary points involved in the deformylation reaction,

solvation energies were also computed using e = 5.0,

which would more closely represent the dielectric constant

in the interior of a protein [45]. A translational entropy

correction was included for free-energy changes computed

in solution in order to account for the difference in con-

centration between the 1 atm gas-phase standard-state

concentration (equal to 1/24.5 M as determined from the

ideal gas law) and the 1 M standard-state solution con-

centration [46].

pKa values were determined through the use of a Born–

Haber free-energy cycle (Scheme 1). The free-energy

change for deprotonation in aqueous solutions is given as

follows:

DGa ¼ DGg þ DG
MLðOHÞ
sol þ DGHþ

sol � DG
MLðH2OÞ½ �þ

sol ð1Þ

where DGg is the gas-phase deprotonation energy and

DG
MLðH2OÞ½ �þ

sol , DG
MLðOHÞ
sol , and DGHþ

sol are the solvation

energies for conjugate acid and base forms and the proton

(the last of which is taken to be -265.9 kcal/mol prior to

including the correction for the 1-atm to 1-M standard-state

change) [47, 48]. The pKa is then calculated as follows:

pKa ¼
DGa

2:303RT
ð2Þ

where R is the universal gas constant and T is the tem-

perature. An empirical correction was employed to com-

pensate for systematic error involved in the computation of

the pKa values for the [ML(H2O)]? complexes. pKa values

were computed for H3O?, CH3OH2
?, and CH3CH2OH2

?

as well as for H2O, CH3OH, and CH3CH2OH. Comparison

of these computed values with literature pKa values [49]

for these species led to a correction factor of -8.4 units.

Adiabatic oxidation potentials were calculated using a

free-energy cycle as well (Scheme 2). The free-energy

change for oxidation in solution DGox is

DGox ¼ GXþ

g � GX
g þ DGXþ

sol � DGX
sol ð3Þ

where GXþ
g and GX

g are the gas-phase free energies for the

oxidized and reduced species, and DGXþ
sol and DGX

sol are the

corresponding solvation energies. The absolute oxidation

potential is given as follows:

Scheme 1 Born–Haber free-energy cycle used to determine pKa

values
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E� ¼ �DGox

nF
ð4Þ

where F is the Faraday constant and n is the number of

electrons transferred. The oxidation potential relative to the

standard hydrogen electrode (SHE) is obtained by adding

4.28 V to the quantity in Eq. 4 [48].

3 Results

3.1 Assessment of density functionals

A preliminary set of calculations was carried out in order

to form an initial connection to experimental data as well

as to determine which density functional might be the

optimal one to apply to coordination complexes with the

heteroscorpionate ligand L. Geometries for ZnL(acetate)

and ZnL(Cl) were optimized using six different density

functionals—the pure functionals BLYP [50, 51], OLYP

[51, 52], and HCTH [53], and the hybrid functionals

B3LYP [50, 51, 54], O3LYP [51, 52, 55], and B97-1 [53,

56]. The heavy-atom RMSD between these calculated

geometries and those from available crystal structures

[35] were determined (Tables 1, 2). In addition, the

average difference in metal–ligand bond length was

measured between the optimized and crystal geometries

for ZnL(acetate) and ZnL(Cl) so as to specifically assess

the functionals’ ability to reproduce the coordination

chemistry around the metal center. With the minimum

M–L bond distance deviation from the crystal structures

for both Zn complexes and either the smallest (the case of

ZnL(acetate)) or among the smallest (the case of ZnL(Cl))

RMSD versus the crystal structures, the O3LYP geome-

tries were judged to be most optimal. All subsequent

calculations therefore utilized the O3LYP functional

exclusively.

3.2 Formate complexes of ML

Along with the deformylated peptide, the other product

of the deformylation reaction is a formate complex

ML(formate). Optimized geometries for these formate

complexes were obtained with the formate ligand in

monodentate and bidentate coordination modes with each

of the three metals.1 In the case of FeII and CoII, which

can exhibit multiple spin states (unlike ZnII, which is a

singlet only), the formate complexes were obtained for

each spin state (singlet, triplet, and quintet for FeII; dou-

blet and quartet for CoII). Comparison of the electronic

energies for the different spin states of FeII and CoII

(Tables S1, S2) shows the high-spin quintet and quartet

states, respectively, to be the lowest in energy regardless

of the formate coordination mode.

Scheme 2 Free-energy cycle used to determine adiabatic reduction

potentials

Table 1 Comparison between ZnL(acetate) geometries optimized with

a variety of density functionals and the ZnL(acetate) crystal structure [35]

Average difference

in M–L bond length

versus crystal structure (Å)

Heavy-atom RMSD

versus crystal

structure (Å)

BLYP 0.067 0.057

B3LYP 0.052 0.042

OLYP 0.072 0.061

O3LYP 0.044 0.037

B97-1 0.052 0.044

HCTH 0.069 0.060

Table 2 Comparison between ZnL(Cl) geometries optimized with a

variety of density functionals and the ZnL(Cl) crystal structure [35]

Average difference

in M–L bond length

versus crystal structure (Å)

Heavy-atom RMSD

versus crystal

structure (Å)

BLYP 0.067 0.055

B3LYP 0.045 0.042

OLYP 0.070 0.012

O3LYP 0.045 0.043

B97-1 0.046 0.043

HCTH 0.067 0.067

1 Coordination by formate (and by carbamic acid in the tetrahedral

intermediate structures) was deemed to be bidentate if both metal–

oxygen distances were less than 2.35 Å and both metal–oxygen

Wiberg bond indices were greater than 0.10. The interaction between

the metal center and oxygen atom was considered significant if these

two parameters were satisfied. Notably, in each structure character-

ized as having monodentate formate or carbamic acid coordination,

the second metal–oxygen distance was at least 2.85 Å with a Wiberg

bond index of *0.02 or less between the two atoms.
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The bidentate formate coordination mode is most stable

for the FeL(formate) and CoL(formate) complexes (high-

spin states) by 1.47 and 5.42 kcal/mol, respectively

(Table 3). For ZnL(formate), the monodentate coordination

mode is lower in energy by 3.56 kcal/mol. These results

are consistent with prior reports on the geometric prefer-

ences of the formate complexes based upon QM/MM

computational studies of the PDF enzyme system itself

[23–25]. It is worth noting that the smallest energy dif-

ference for the interconversion between monodentate and

bidentate isomers occurs with FeII. Much larger energy

differences occur with ZnII and CoII as the metal center,

indicating relatively inflexible formate coordination to

these metal centers. The tendency for ZnII to prefer being

tetracoordinate here will prove important in the analysis of

the deformylation reaction mechanism (vide infra).

The geometries of the lowest energy ML(formate)

complexes (Fig. 3) each show a tetrahedral coordination

around the metal center. The bidentate FeL(formate)

complex has an asymmetry in the two Fe–O distances (a

difference of 0.263 Å), while the bidentate CoL(formate)

complex has nearly equal Co–O distances. M–O distances

in the ML(formate) complexes are systematically shorter

(by approximately 0.15 Å) than those observed in the

PDF–formate crystal structures with FeII, ZnII, and CoII

(see Table 3) [20]. This difference, though, cannot be

attributed to use of the biomimetic model system, as sim-

ilar differences in both sign and magnitude were seen in

prior QM/MM computational work on the PDF enzyme

[23–25]. Nonetheless, comparison between the two sets of

M–O distances clearly reveals that the overall coordination

geometry and formate coordination mode for each metal,

as well as the two similar Co–O distances and two dis-

similar Fe–O distances, all mirror the structural trends of

the coordination geometries seen in the PDF–formate

crystal structures. This provides an important demonstra-

tion that the biomimetic heteroscorpionate ligand can be an

effective model for the active site structures observed in the

PDF crystal structures.

3.3 pKa values for [ML(H2O)]?

The first step in the deformylation reaction catalyzed by PDF

involves nucleophilic attack of the metal-bound hydroxide

onto the terminal carbonyl group of the peptide substrate.

The equilibrium between ML(OH) and its conjugate acid

[ML(H2O)]? was therefore assessed. Based upon the lowest

energy spin states for the hydroxide and water complexes

(Tables S1, S2; again, the high-spin states for FeII and CoII),

the pKa values for the [ML(H2O)]? complexes with each

metal were determined (Table 4). Each of [FeL(H2O)]?,

[CoL(H2O)]?, and [ZnL(H2O)]? has similar pKa values,

Table 3 Relative free energies (25 �C, in water) for formate coordination modes to ML and comparison between computed geometries and

crystal structures of PDF bound to formate [20]

DG (kcal/mol) between formate

coordination modesa
Lowest energy ML(formate)

geometry: M–O distances (Å)

PDF crystal structure data:

M–O distances (Å)

Iron -1.47 2.068, 2.331 2.30, 2.44

Cobalt -5.42 2.133, 2.144 2.30, 2.32

Zinc ?3.56 1.911, 2.994 2.09, 2.88

a Tabulated as G(bidentate)—G(monodentate)

Fig. 3 Optimized geometries

for the lowest energy formate

complexes with a M = Fe,

b M = Zn, and c M = Co.

Hydrogen atoms on L are

omitted for clarity. Distances

are measured in Å

Table 4 Computed pKa values

for the [ML(H2O)]? complexes

at 25 �C

pKa

[FeL(H2O)]? 10.8

[CoL(H2O)]? 9.0

[ZnL(H2O)]? 8.4
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each several units lower than the pKw value of 14.0 (at

25 �C) [57]. Each of the ML complexes is thus effective as a

Lewis acid in polarizing the coordinated water molecule and

thereby increasing the acidity of the bound water ligand, or

in other words of effecting a relative shift in the acid–base

equilibrium from [ML(H2O)]? to ML(OH).

3.4 Oxidation potentials for ML complexes

The presence of FeII as the metal ion in PDF is unusual, as

it is a redox-active metal ion being used to catalyze a non-

redox reaction. In order to examine the stability of the FeII

complexes with respect to oxidation, the oxidation poten-

tials of FeL(OH) and FeL(formate) were computed and

compared to those with ZnII and CoII as the metal center. In

particular, the ZnII complexes serve as a useful reference

point since ZnII should be highly stable toward oxidation.

The oxidation potentials, reported relative to the stan-

dard hydrogen electrode and based upon the lowest energy

spin states for the neutral and oxidized species (Tables S1,

S2), are shown in Table 5. Oxidation potentials for the

ML(formate) complexes are lower than for the ML(OH)

complexes, consistent with the greater concentration of

charge on the hydroxide ion versus the delocalized charge

on the formate ion. The hydroxide ligand is then better able

to stabilize the oxidized state of the metal. As expected, the

ZnII complexes have the most negative oxidation potential

owing to the significant stability of the ?2 oxidation state

for zinc. The iron formate and hydroxide complexes, while

the relatively easiest to oxidize, nonetheless importantly

still have negative E� values for oxidation. The FeII com-

plexes are indicated then not to be unstable toward oxi-

dation and would require an oxidant with a positive

reduction potential in order to undergo oxidation.

3.5 Deformylation reaction energetics and electronic

structure changes

3.5.1 Reaction thermodynamics

Energetics for the deformylation reaction have been com-

puted with each of the three metal centers (FeII, ZnII, and

CoII). In the cases of FeII and CoII, the high-spin states have

been used exclusively as each of the complexes already

examined with these two metal ions had as its ground state

the high-spin state. The model substrate used in the com-

putations was formamide, such that the model deformyla-

tion reaction was as follows:

ML OHð Þ þ formamide! ML formateð Þ þ ammonia ð5Þ

Free energies were computed using both water as the

solvent (e = 78.39) and the dielectric constant set to 5.0

(chosen to mimic the approximate dielectric constant at the

protein active site) [45]. As there are no significant

differences between the two sets of results, the former are

discussed here, while the latter are shown in parentheses

in Fig. 4. Examination of the overall free-energy change

for the deformylation reaction (Fig. 4) reveals that

deformylation is most exoergic in the case of FeII and

CoII. In particular, there is a thermodynamic preference of

2.26 kcal/mol for FeII over ZnII as the metal center.

3.5.2 Reaction kinetics

Stationary points along the deformylation reaction coordi-

nate, including the transition state for the nucleophilic

attack step and the subsequently formed tetrahedral inter-

mediate, were determined for each metal center (Fig. 4).

The proton-transfer step(s) that connect the tetrahedral

intermediate to the ML(formate) and ammonia products

were not modeled here. This portion of the reaction is not

expected to be rate-determining given the experimental

dependence of the reaction rate on the identity of the metal

center [3, 14]. The proton transfers also cannot be modeled

usefully here, as these steps are mediated by hydrogen-

bonding groups within the protein active site [14].

With FeII as the metal ion, the nucleophilic attack

transition state has a free energy of activation of

25.82 kcal/mol. The substrate formamide is bound to FeII

at this point with an FeII–carbonyl O distance of 2.001 Å.

The tetrahedral intermediate is then lower in energy by

*6 kcal/mol, and the FeII–carbonyl O distance is short-

ened to 1.875 Å. The oxygen atom from the metal-bound

hydroxide is now distanced from the iron center, resulting

in monodentate coordination of the carbamic acid

(NH2COOH) group in the intermediate structure.

The deformylation reaction has several contrasts when

ZnII is the metal ion. The activation free energy rises to

31.80 kcal/mol and the metal–carbonyl O distance is

longer by 0.091 Å. Based upon transition-state theory, the

*6.0 kcal/mol larger reaction barrier with ZnII corre-

sponds to a reaction rate 2.4 9 104 times slower with ZnII

versus FeII, in reasonable agreement with the *103-order

decrease in PDF catalytic activity observed with the ZnII-

substituted forms of the enzyme [3, 14, 21, 22]. Equiva-

lently, it can be observed that the *6.0 kcal/mol difference

in activation barrier between the FeII and ZnII complexes is

Table 5 Computed oxidation potentials (in V at 25 �C; relative to

the standard hydrogen electrode) for the ML(OH) and ML(formate)

complexes

ML(OH) ML(formate)

Iron -0.18 -0.75

Cobalt -0.77 -1.34

Zinc -1.27 -1.48
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consistent with the *3.5 kcal/mol difference predicted

from transition-state theory based upon the biochemical

data for kcat for the FeII and ZnII forms of PDF. In addition,

while the geometry of the tetrahedral intermediate is much

like that of the FeII case, the intermediate is *4 kcal/mol

higher in energy than the FeII analogue.

In the case of M = CoII, the nucleophilic attack transi-

tion state and free energy of activation are both very close

Fig. 4 Reaction coordinates for

the deformylation reaction

displaying the calculated

stationary points with

a M = Fe, b M = Zn, and

c M = Co. Hydrogen atoms on

L are omitted for clarity.

Distances are measured in Å.

Energies shown are relative free

energies in water at 25 �C;

energies in parentheses are

relative free energies in a

solvent dielectric of e = 5.0

at 25 �C

Theor Chem Acc (2011) 128:137–146 143
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to those with FeII (also in accord with the near equivalent

catalytic activity observed with the CoII-substituted PDF)

[3, 14]. The geometry of the tetrahedral intermediate dif-

fers though from both FeII and ZnII, in that the hydroxide

nucleophile remains loosely bound to CoII at a distance of

2.301 Å. The CoII intermediate is *2 kcal/mol lower in

energy than the ZnII intermediate, but also *2 kcal/mol

higher in energy than the FeII intermediate.

For each of the metal centers, alternative binding modes

for the carbamic acid moiety in the tetrahedral intermediate

were considered. However, the bidentate coordination

mode with ZnII and the monodentate coordination mode

with CoII were both unstable under optimization. Only with

FeII was a stable intermediate isomer found. The bidentate

isomer in this case was 5.55 kcal/mol higher in energy than

the monodentate form. The existence of this isomer does

nonetheless provide another indication of the coordinative

flexibility (between tetracoordinate and pentacoordinate)

with FeII versus ZnII and CoII as the metal center.

3.5.3 Electronic structure and bonding

In examining the electronic structure and bonding charac-

teristics along the deformylation reaction path, comparison

will be restricted to the FeII and ZnII cases, as these are

the most biochemically relevant metal centers. Mulliken

charge populations during the course of the reaction

(Table 6) show that in proceeding from FeL(OH) to the

FeII transition state, there is a decrease in the magnitude of

the charge of the thiolate sulfur atom (by 0.077) along with

a slight decrease in the positive charge on iron (by 0.019).

Little further change occurs in going to the tetrahedral

intermediate. However, upon conclusion of the reaction by

formation of the FeL(formate) complex, there is a further

decrease in the magnitude of the sulfur and iron charge

populations. For the overall reaction, the charge on iron has

decreased by 0.040 and the charge on sulfur has increased

by 0.116. Perusal of the Mulliken charge populations of the

exogenous ligands and the remainder of the heteroscorpi-

onate ligand L confirms that these changes in the iron and

sulfur charge populations indeed show charge transfer

occurring from sulfur to iron during the course of the

deformylation reaction. On the other hand, a markedly

different trend is seen in the ZnII case. The charge on zinc

becomes more positive and the charge on sulfur more

negative in going to the transition state from the ZnL(OH)

complex. At the end of the reaction, the charge on sulfur is

nearly unchanged (D = ?0.007), while the zinc charge has

become slightly more positive (D = ?0.044). We note that

the same changes in charge populations can also be seen if

NPA charges are considered (Table S3).

The transfer of charge from sulfur to iron is facilitated by

a relatively large increase in the Fe–S Wiberg bond index

(Table 7) in going from FeL(OH) to the transition state and

a second relatively smaller increase in the Fe–S Wiberg

bond index upon formation of the FeL(formate) complex. In

contrast, with ZnII, there is a decrease in metal–sulfur bond

index between the transition state and ZnL(OH) and then no

further net change in metal–sulfur bond index between the

transition state and the ZnL(formate) complex. Such metal–

thiolate interactions are known to play important roles

throughout bioinorganic chemistry [58].

The lower free energy of activation for the nucleophilic

attack in the FeII versus ZnII case can also be attributed to

the nature of the interaction of the substrate carbonyl group

with the metal center at the transition state. The Wiberg

bond index for the Fe-carbonyl O ligation (0.205) is greater

than that for the Zn-carbonyl O ligation (0.086) at the

transition state, indicating the metal–substrate interaction is

almost twice as strong in the FeII case as in the ZnII case,

consistent with the QM/MM studies on the PDF enzyme

[23–25]. Even though both the iron and zinc centers are

transiently five-coordinate at the transition state, the more

flexible coordination environment offered by iron enables

the stronger fifth coordination from the substrate carbonyl

oxygen. FeII is then better able to activate the substrate

carbonyl group for nucleophilic attack at the transition

state. This is confirmed by a longer substrate C=O bond

distance (1.284 Å) and lower substrate C=O Wiberg bond

index (1.221) in the FeII transition state than in the ZnII

transition state (1.257 Å and 1.360, respectively).

3.6 Comparison to other computational studies on PDF

Despite their different treatment of the PDF enzyme sys-

tem, the recent computational QM/MM [23–25] and PATH

Table 6 Mulliken charge populations along the deformylation reac-

tion pathway for M = Fe, Zn

M = Fe M = Zn

Fe S Zn S

ML(OH) 0.649 -0.359 0.614 -0.288

Transition state 0.630 -0.282 0.671 -0.330

Tetrahedral intermediate 0.632 -0.285 0.652 -0.290

ML(formate) 0.609 -0.243 0.658 -0.281

Table 7 M–S Wiberg bond indices along the deformylation reaction

pathway for M = Fe, Zn

M = Fe M = Zn

ML(OH) 0.290 0.368

Transition state 0.376 0.348

Tetrahedral intermediate 0.384 0.369

ML(formate) 0.406 0.346
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ligand [32] studies on PDF led to results similar to those

obtained with the biomimetic heteroscorpionate ligand

system used in the present study. The FeII form is associ-

ated with the lowest activation energy, and the *6 kcal/

mol kinetic preference predicted here falls within the

2–10 kcal/mol range from the QM/MM calculations. Fur-

ther, both the current and previous studies demonstrate that

the FeII metal center can accommodate either tetra- or

pentacoordination (with relatively small energetic differ-

ences between the two coordination modes), while ZnII has

a significant preference for the lower coordination number.

This in turn is likewise connected to a stronger and more

stabilizing interaction between the substrate and metal

center at the transition state in the FeII case. Importantly,

such comparisons support the viability of the current bio-

mimetic model system for studying the chemistry at the

PDF active site. As with the earlier computational studies,

the present work contrasts with the primary results from the

cluster-model study on PDF [26], which had concluded that

no significant differences occur with the different metal

centers.

4 Conclusions

PDF, a eubacterial enzyme that cleaves the N-terminal

formyl group from newly synthesized peptides during

protein synthesis, has attracted considerable attention as a

new antibacterial target as its function is necessary to

bacterial survival. The remarkable aspect of PDF is that,

while nearly all other metallopeptidases contain ZnII as the

active site metal ion, PDF contains FeII. Furthermore, the

catalytic activity significantly decreases in ZnII-substituted

forms of PDF. The question has thus arisen as to why FeII

is more suitable to the reaction catalyzed by PDF than the

a priori more likely ZnII.

DFT calculations have been applied here to a hetero-

scorpionate N2Sthiolate biomimetic ligand system in order to

study the deformylation reaction using each of FeII, ZnII,

and CoII as the metal center. After calibrating the choice of

density functional to available crystallographic data for

ZnII complexes of the biomimetic ligand, the energetics of

the deformylation reaction were examined. In addition, the

reactant ML(OH) complexes, the product ML(formate)

complexes, and the electronic changes that occur during

the course of the reaction were all characterized.

pKa calculations for the [ML(H2O)]? complexes

showed that FeII (as well as ZnII and CoII) could be suitable

as the metal center in PDF as per its ability to serve as a

Lewis acid in polarizing a coordinated water molecule and

stabilizing the conjugate base ML(OH) complex needed for

nucleophilic attack on the peptide substrate. Computed

oxidation potentials for ML(OH) and ML(formate) were

negative, showing that, even for the case of FeII, these

complexes were not unstable toward oxidation.

Investigation into the energetics associated with the

species involved in the deformylation reaction indicated

FeII to be particularly suitable over ZnII as the metal ion in

PDF. Of all the ML(formate) complexes, FeL(formate) had

the smallest free-energy difference between the monoden-

tate and bidentate formate coordination forms and provided

evidence of a relative coordinative flexibility between

tetra- and pentacoordination in the FeII complexes. The

deformylation reaction was also thermodynamically (by

2.26 kcal/mol) and kinetically (by 5.98 kcal/mol) more

favorable with FeII than with ZnII. The FeII tetrahedral

intermediate was likewise lower in energy than the ZnII

analogue by 4.21 kcal/mol.

These energetic differences were attributed to two factors

in the electronic structure of the FeII and ZnII complexes.

First, a significant transfer of charge from sulfur to iron

occurs during the reaction and is facilitated by an increasing

iron–sulfur bond order during the reaction. No such charge

transfer occurs in the ZnII case. Second, the coordinative

flexibility of iron allows for greater activation of the sub-

strate carbonyl at the nucleophilic attack transition state.

In short, the biomimetic heteroscorpionate ligand

system allows for an effective exploration of the metal

coordination chemistry which occurs in PDF. The com-

putational results from this model suggest that while both

FeII and ZnII might be generally suitable as metal centers in

PDF, the iron center is thermodynamically and kinetically

preferred owing to its ability to interchange between tetra-

and pentacoordination as well as its particular electronic

interactions with its supporting ligands and the peptide

substrate.
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