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The reactive site structure and CO IR spectral signature of horseradish peroxidase complexed with CO were
studied using a combination of density functional theory and molecular modeling. The quantum chemical
model used included the proximal His170, the distal amino acids His42 and Arg38, and the crystallographic
water molecule that interacts with CO, His42, and Arg38. The mutant H42L was simulated by removing
distal histidine from the cluster and the mutant R38L by removing the arginine. In the models where the
Arg38 is present a hydrogen bond interaction is found between the Hε of Arg and the oxygen of adduct
-CO. When both His42 and Arg38 are present they interact with the CO moiety, but they also interact with
each other so their effect is not simply additive. The effect of a change in pH was modeled by removing
potentially titratable hydrogen atoms identified by molecular mechanics and Poisson-Boltzmann pKa

calculations on the active site. Previously observed IR spectral features of CO as a function of pH and active
site mutations could be interpreted primarily in terms of changes in CO and Fe-CO bond lengths produced
by changes in active site composition and charge state. The effect of the charge relay due to the possible
second deprotonation (assuming that the first deprotonation took place in the His42) from the Arg38 or Hδ

in the proximal His170 gives a decrease of the CO stretching frequency.

Introduction

There is considerable interest in the use of the CO group as
an IR probe to explore the environment and the structure of
specific sites in proteins. Experimentally, the CO stretch
frequency is found in an uncongested region of the spectrum
and its oscillator strength is large. The prototype for using CO
in this manner is the myoglobin-CO complex. The stretching
frequency of the CO moiety when bound to heme iron in
deoxymyoglobin (myoglobin-CO) has been extensively studied.
The heme-CO bond in myoglobin-CO is quite robust, which
is reflected in the strong affinity of CO for binding. At the same
time, both the CO stretch frequency and the strength of
CO‚‚‚His64 interaction are very dependent on the environment,
including details of the orientation and tautomerization state of
the distal histidine residue His64.1,2 Here we analyze the CO
probe methodology applied to horseradish peroxidase type C
(HRPC). HRPC is an enzyme that catalyzes the oxidation of a
variety of organic compounds by hydrogen peroxidase and is
currently a model protein for development of ideas on redox
catalysis. The structure of this protein has been determined for
the ferric molecule3 (1ATJ in the Protein Data Bank), and the
heme is significantly more buried than it is in myoglobin. The
crystal structure shows that HRPC has two water molecules in
the active site, which interact with the ferric Fe3+, Arg38, and
His42 in the distal side. The water bound directly to the Fe3+

occupies the CO binding site. Unlike myoglobin, HRPC has an
arginine in the distal side. This Arg appears to serve to stabilize
the peroxy complex.4

HRPC is an attractive model to study the effect of the protein
on the regulation of heme functions since multiple types of

conformers in the ferrous CO complex of (HRPC) have been
identified with the use of native and deutero-heme-substituted
enzymes and site-directed mutagenesis.5 Depending on the pH,
the populations of these conformers change. At alkaline pH
(∼9), one CO stretch band is observed atνCO ) 1934 cm-1

and the Fe-CO stretching (νFe-CO) Raman line is present at
530 cm-1. At pH ) 6.0 there are two bands, a major band at
low frequency,νCO ) 1905 cm-1 with ν Fe-CO ) 539 cm-1 and
a second minor peak atνCO ) 1934 cm-1, with an associated
Raman band atνFe-CO ) 516 cm-1. At acid pH (∼4) there are
two species with bands atνCO ) 1905 and 1934 cm-1; the
corresponding Raman frequencies areνFe-CO ) 539 and 524
cm-1, respectively. There is also a broad band atνCO ) 1967
cm-1 with νFe-CO ) 492 cm-1. The interconversion between
conformers is accomplished with a change in the pH; the pKa

is 8.7.6,7

The Raman spectra5,8 of the CO complex of the site-mutated
derivative of the recombinant HRPC His42Leu mutant have
bands atνCO ) 1924 cm-1 and νFe-CO ) 525 cm-1 between
pH 3.3-10.0.7 The Arg38Leu mutant hasνCO bands at a higher
frequency than the wild-type enzyme; at pH 6 the CO protein
has bands atνCO ) 1941.5 cm-1 and νFe-CO ) 515 cm-1; at
alkaline pH these values areνCO ) 1944 cm-1 andνFe-CO )
496 cm-1. The band at 1905 cm-1 and its Raman associated
band at 539 cm-1 disappear when Arg38 is substituted by
leucine.

The polar and hydrogen bond interactions of the amino acids
His42 and Arg38 with CO, the protonation of the heme
propionic acid,5 changes in the protonation of the proximal
His170,6 and a slow conformational transition of the heme9 have
all been suggested as possible explanations for the different
observed IR and Raman bands. While these explanations are
not mutually exclusive, a definitive explanation of major spectral
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features is still lacking. This compromises the use of CO as a
probe of this protein’s active site environment. The purpose of
this paper is to better understand the factors that affect the bound
CO, in particular the effects of the presence of distal amino
acids on CO bond lengths and interpretation of observed IR
bands. To do this we have carried out a density functional theory
(DFT) study of the bound CO in various environments by
modeling changes in the protonation states of the His42, Arg38,
and His170 with different clusters. We have also examined the
nature of the interaction between His42, Arg38, and the CO
adduct using molecular dynamics simulations of the entire
protein in a continuum solvent environment. In addition we have
computed the pKa of these residues using the Poisson-
Boltzmann electrostatics model to evaluate candidates for pH-
dependent deprotonation.

Our long-term goal is to evaluate the role of the protein
forming the cavity surrounding the heme in HRPC using
methods that combine self-consistent quantum mechanics and
molecular mechanics. A necessary preliminary step is the
detailed quantum mechanical study of the active site described
here. The DFT technique gives positions of atoms, and we
emphasize that these positions change depending upon the
conditions selected for the cluster.

Computational Methods

Density Functional Theory Calculations.DFT calculations
using Becke’s three-parameter hybrid functional with the
correlation functional of Lee, Yang, and Parr (B3LYP)10 were
performed using the Gaussian 98 program package.11 All
structures were optimized with the 6-31G basis set. Due to
computational limitations we have not used basis sets with
polarization or diffuse functions during the relaxation. The
geometries of all models studied were optimized until the total
energy fell below a threshold of 0.0002 au. The frequencies
were calculated at the same level of theory. Also, model 1
(models are described below) was optimized with TZV of
Ahlrichs basis.12 The oxidation state of HRPC when-CO is
coordinated to Fe is ferrous and the spin state is S) 0. The
geometry of each model, Fe-CO, C-O stretching, and the Fe-
C-O bending frequencies, were identified using the program
MOLDEN.13

Table 1 summarizes the components and nomenclature of the
different clusters and their total charge. The structures of these

models are displayed in Figure 1. Arrows on the figure indicate
the positions at which pH-dependent protonation/deprotonation
could conceivably occur. To represent the different moieties
that compose the active site clusters within the DFT calculations,
truncated and capped analogues were used, as follows: The
heme was modeled as Porphine, the distal and proximal histidine
by Im-CH3 (Im means Imidazole) and arginine by its side chain
guanidinium group and the delta methyl groups (NH2)2C-NH-
CH2-CH3 (Figure 2 identifies the relevant atoms of arginine).
Hereafter when we speak about histidine or arginine in regard
to the DFT calculations we refer to their analogues.

Histidine possesses one (Hδ in His170) or two (Hε and Hδ in
His42) labile ring protons, depending on the state of protonation,
and thus His170 can have charge zero or-1 while His42 can
have charge+1, 0, or -1. In most of the models where the
distal histidine is present, the Fe-methyl terminal distance of
His42 was kept fixed to the 1ATJ value 8.89 Å. The exceptions

TABLE 1: Chemical Models Used to Study the Stretching
and Bending Frequencies of CO and F-COa

modelb nameb His42 Arg38 H2O Q

1 P-CO-His170 0
2a* His42NδH δNε: x 0
2b* His42NδH δNε: x 0
2c His42NδH δNεHε x +1
2d His42NεH δ Nδ: x 0
3 Arg x +1
4 Arg + H2O x x x +1
5a Arg+ His42NδH δNεHε x x +2
5b Arg + His42NδH δNε: x x +1
5c Arg + His42NδH δNεHε + H2O x x x +2
5d Arg + His42NδH δNε: + H2O x x x +1
6 Argneutral+ His42NδH δNε: x x 0
7 P-CO-His170Nδ: -1
8 Arg + His42NδHδNε: _His170Nδ: x x 0
9 HRPC-CO 0

a The basic components present in each model are the porphine (P)
and the proximal histidine, His170.Q indicates the total charge of the
corresponding model.b The symbol (:) indicates lone-pair orbital and
the symbol * indicates different constraints.

Figure 1. Model showing the components of the various clusters used
to model the active site of HRPC-CO. The Figure shows in the distal
side the His42, Arg38, and a water molecule and in the proximal side,
the His170. The arrows indicate the positions that can undergo
protonation/deprotonation. The figure is the relaxed structure of model
5c.

Figure 2. Model molecule for the arginine used in the DFT
calculations. The guanidyl group is showed inside the dotted square,
we named for convenience their hydrogens. Hε interacts with the
carbonyl oxygen and the hydrogen H1 with a water molecule. H2 is a
high probable exchangeable proton (see text for more details). In model
6, the hydrogen H2 was removed giving a neutral arginine.
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are the models 2a, c, and d. In models 5c and d we added a
restriction in the dihedral angle Fe-methylC-hisC-Nδ ) 129.0°.

Additionally, mutants such as His42Leu and Arg38Leu are
approximated by deleting the mutated residue from the cluster.
The zero total charge and nonpolar nature of leucine is expected
to have a negligible effect on the CO orbitals and hence its
frequency. Each model cluster is described in the results section.

Molecular Dynamics.Since it is currently impractical to do
high quality DFT calculations on an entire protein, molecular
dynamics (MD) simulations were used to guide the generation
of the initial cluster geometry for the DFT calculations, to check
the consistency of geometries produced by the DFT calculations
with the structure of the complete protein present, and to include
the effect of the dynamics of the protein atoms. These
simulations were also used to generate energetically reasonable
structures as input to the Poisson-Boltzmann pKa calculations.
The force field for the molecular dynamics simulations of HRPC
was the CHARMM 22 all atom parameter set,14 and simulations
were run using the CHARMM 27 program suite,15 with 1ATJ
as the starting structure. To model a system of the size of HRPC
in a box of explicit solvent with periodic boundary conditions
is computationally demanding (the total system size would be
greater than 40,000 atoms). Hence, the solvent was modeled as
a continuum by incorporating the solvent contribution to the
free energy and forces from a high-speed Poisson-Boltzmann
solver16 implemented as the ZAP C++ toolkit (OpenEye
Software, Sante Fe). The ZAP toolkit was interfaced with the
CHARMM MD code. For the continuum solvent model, a
dielectric of 80 was used. The apolar contribution to energies
and forces from solvent was obtained using the solvent
accessible surface area model, with a hydrophobic coefficient
of 6 cal/mol/Å2. Surface areas and derivatives are also obtained
from ZAP. Continuum solvent forces were updated every 10
fs. All alpha carbons and the two Ca2+ ions were restrained by
a force of 24 kcal/mol/A2 to ensure the overall stability of the
protein structure during the course of the simulations, and all
bond lengths were constrained by SHAKE. Comparison of this
protocol (with ZAP and similar constraints) with an explicit
water MD simulation of a smaller protein calmodulin (with
constraints) will be published elsewhere (Prabhu, N. V.; Sharp,
K. A., in preparation).

Three simulations are presented here, and in each the water
molecule bound to the heme Fe in 1ATJ is replaced by CO.
One simulation has positively charged His42 with a hydrogen
attached to the nitrogen Nε. The second simulation has His42
neutral, and the third has a neutral His42 with Arg38 replaced
by Leu. All structures were first minimized and, after short
heating and equilibration, were run for 500 ps. The purpose of
these simulations, given the approximations employed, is limited
to the examination of side chain motions in the interior of the
protein that are not accompanied by large main-chain re-
arrangements. These still give interesting information about the
dynamics of the protein that may be compared with experiment
and quantum mechanical calculations.

pKa Shifts. Bulk solution properties such as pH cannot
currently be incorporated directly into DFT calculations, which
are restricted to a relatively small number of atoms. However,
the effect of a change in pH can be incorporated by using the
correct protonation state of each residue as input to the DFT
calculations. This requires identification of all titratable protons,
along with a consistent set of pKa’s for them. pKa calculations
were performed using finite difference Poisson-Boltzmann
(FDPB) calculations on the protein as described previously.17,18

The methodology in principle allows the self-consistent calcula-

tion of the entire set of ionizable groups in the protein; however,
for a large protein such as HRPC the calculation is intensive.
For computational tractability, it was assumed that all residues
outside the active site have unperturbed pKa’s. Then the pKa

shifts of residues His42, Arg38, and His170 due to electrostatic
effects were obtained from the FDPB calculations using

wherepK0
a is the reference state (isolated in water) pKa for

that residue, and the sum is over all the residue charges. The
subscripts u and p refer to the unprotonated and protonated states
of the residue, respectively, and∆φrxn and∆φint are the changes
in the reaction potential and charge-charge interaction potential
at the residue upon transferring it from the reference state to
the protein.17,18 In removing a proton of His and Arg, there is
a choice of two and five protons, respectively. FDPB calcula-
tions were performed for each case, and the deprotonation that
resulted in the lowest electrostatic energy was used.19 The
electrostatic reaction potential and charge-charge interaction
potential were calculated as described previously19 using the
FDPB method implemented in the software package DelPhi.20-22

Parameters used in the FDPB calculations were as follows: grid
dimensions were 161 in each direction, with a scale of about 2
grids/Å. Solutions were obtained for the linear Poisson-
Boltzmann equation with Debye-Huckel type boundary condi-
tions20 using the multigridding iteration to a final convergence
value of 1× 10-4 kT/e total residual error in the potential. The
solvent and protein dielectric constants used were 80 and 4,
respectively. The CHARMM param22 atomic charges were used
for the protein, the heme, and carbon monoxide.23

DFT Models and Structural Results

We now describe each of the models. The calculated C-O
(dCO), Fe-C (dFe-CO) and other distances are given in Table 2.
In the Supporting Information, we present the final structure of
some of the models studied.

Porphine and the Effect of His42.The first models studied,
1 and 2 a-d, serve as a comparison with previous work. Since
models 2a-d lack the Arg38, they also correspond closely to
the case where this residue is mutated to leucine. Model cluster
1 is the P-CO-His170 complex and includes Porphine-CO and
His170. These two groups are present in all the models studied.
The nitrogen Nδ of His170 is protonated (as in all models except
in models 7 and 8). Table 3 gives the calculated distances and
frequencies using two basis sets. The distancesdCO anddFe-CO

for the optimized model 1 with the basis TZV are 1.164 and
1.795 Å, respectively, 0.007 greater and 0.027 Å smaller than
with the basis 6-31G. These small discrepancies between these
two basis sets are present in all the models studied here.
However, we expect that the overall trend in the distances seen
with the smaller basis will be the same as with the basis TZV.
Comparison of these results with other works is shown in Table
3, indicating good agreement.

His42 Protonation. In models 2a-d, His42 is included, and
as mentioned, they resemble the Arg38Leu mutant. In model
2a and b, two geometries are compared arising from different
constraints in the cases where the proton Hε was removed in
the distal histidine, so that its total charge is 0. When there is
no positional restraint in the methyl terminal of His42, one sees

pKa ) pKa
0 + ( 1

2.303kT)(12∑i

(qi,p∆φi,p
rxn - qi,u∆φi,u

rxn) +

∑
i

(qi,p - qi,u)∆φi
int)
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the imidazole moving away from CO, indicating a repulsive
interaction between P-CO-His170 and neutral His42. To avoid
this in model 2a the distance Nε‚‚‚Ooc (Ooc is the oxygen atom
of the carbon monoxide moiety) and the dihedral angle Fe-
C-O-Nε were fixed to 3.01 Å and-53°, respectively,
according with the crystal structure. This increases the inter-
action of the lone pair orbital in Nε of the His42 with the CO
moiety. In model 2b the histidine is allowed to rotate around
the terminal carbon of the methyl group. On relaxation, the
His42 moves away from CO with the Nε lone-pair orbital being
away from the Ooc moiety at a distancehis42Nε-Ãoc ∼ 4 Å, see
Table 2. Cε moves slightly closer but it is still far from the Ooc

moiety.
In model 2c, His42 has charge+1 and the hydrogens in Nε

and Nδ were retained. The relaxed structure shows a rotation
in the histidine which increases its interaction with Ooc moving
to the plane defined by the imidazole, and the Fe-C-O angle
is 179.2°. In comparison with model 1, there is a lengthening
of the C-O bond.

In model 2d (P-CO-His170 and His42NεH Nδ:) the Hε is
retained and instead the Hδ of His42 is removed and there are

no positional constraints in the minimization. This is the only
case where the Hδ of His42 is removed. This configuration
relaxed the histidine 0.35 Å farther away than in model 2c. The
Fe-C-O angle is 179.9°, and the plane of imidazole of His42
has an angle of∼8° with respect to the normal of the porphine
plane. The results of these changes produce a decrease inνCO,
relative to model 1, Table 3.

Effect of Arg38 and Water. In the rest of the model clusters
we consider the effect of Arg38 on the CO stretching band.
The arginine possesses five labile protons on the guanidyl group;
its charge is+1, except for model 6 where we removed the
hydrogen H2 (Figure 2, proton HN22 in the file 1ATJ), making
Arg38 neutral. The position of the terminal methyl was fixed
with respect to the porphine plane according to the crystal
structure.24

Model 3 (P-CO-His170 and Arg38) represents the mutant
His42Leu.25 A hydrogen bond (1.89 Å) between the hydrogen
Hε of the Arg38 and the oxygen Ooc is observed, and the angle
ArgNε-Ηε‚‚‚Ooc is 168°. The bending angle Fe-C-O is 177°;
there is no tilting.

Model 4 is same as model 3, but with one crystallographically
observed water molecule added. This water molecule was
suggested to be a participant in the active site in ref 5, based
on the fact that two water molecules are retained and interact
with adducted CO and/or with the distal amino acids in
cytochromec peroxidase-CO.26,27 Thus, it is possible that at
least one water molecule is interacting with the distal amino
acids and CO in HRPC. The initial position of the water oxygen
is taken from 1ATJ, and there is no positional restriction in the
optimization of this model. The water molecule interacts with
both the distal arginine (Owater‚‚‚ArgH1) and Ooc, see Figure 1.
Our relaxed structure shows an increase in the distance
ArgHε‚‚‚Ooc of ∼0.27 Å with an angleArgNεHε‚‚‚Ooc of 163°
with respect to the model without H2O. The bending angle Fe-
C-O of 176° is in the direction of the bondArgNεHε‚‚‚Ooc and
without tilting.

Effect of Arg38 and His42.Models 5a,b (P-CO-His170,
Arg38 and His42) contain both the distal histidine and arginine
and represent HRPC-CO at low (5a) and high (5b) pH (latter
case has an unprotonated Nε at the distal histidine), respectively.
In both models, the Hδ proton is retained.28 The relaxed structure
of model 5a is similar to the structure showed in Figure 1 but
without considering the water molecule seen in that figure. When
both distal amino acids are present, the optimized positions are

TABLE 2: Selected Bond Lengths [Å] after Optimizationa

modelb nameb Fe-C C-O Fe-Np Fe-His170Nε

His42Nε-Ã
or His42Hε-Ã
or H2OO-O ArgH-O His42Nε-ArgH1

1 P-CO-His170 1.768 1.171 2.024 2.052
2a* His42NδHδNε: 1.780 1.167 2.024 2.054 3.007
2b* His42NδHδNε: 1.774 1.170 2.024 2.047 3.982
2c His42NεHεNδHδ 1.716 1.189 2.025 2.056 1.668
2d His42NεHεNδ: 1.749 1.176 2.024 2.054 1.997
3 Arg 1.722 1.188 2.027 2.051 1.893
4 Arg + H2O 1.716 1.194 2.025 2.051 1.790 2.165
5a Arg+ His42NδH δNεHε 1.699 1.204 2.026 2.050 1.801 1.883
5b Arg + His42NδHδNε: 1.741 1.182 2.022 2.050 4.410 1.978 1.754
5c Arg + His42NδHδ NεHε + H2O 1.708 1.199 2.028 2.052 1.903 2.097
5d Arg + His42NδHδNε: + H2O 1.727 1.188 2.024 2.053 3.211 1.856 3.63
6 Argneutral+ His42NδHδ Nε: 1.759 1.174 2.024 2.054 3.62 2.191 2.41
7 P-CO-His170Nδ: 1.775 1.177 2.014 2.025
8 P-CO-His170Nδ: + Arg + HisNδH δNε: 1.760 1.185 2.028 2.008 3.859 1.924 1.81
9 HRPC-CO 1.767 1.171

a Fe-Np is the mean distance Fe-nitrogen atoms of porphine. Fe-Nε is the distance Nε of His170 and Fe.b The symbol (:) indicates lone-pair
orbital, and the symbol * indicates different constrains.

TABLE 3: Calculated Bond Lengths and Frequencies for
Some Models

model Fe-C C-O νFe-CO νCO refs

P-Im-COa 1.733 1.165 524 1985 45
P-Im-COa 1.781 1.168 501 1991 33
P-Im-COa 1.813 1.159 498 1995 32
P-Im-COa 1.736 1.1699 570 1982 2
P-Im-CO‚‚‚Imb 1.722 1.1746 581 1952 2
Mb-CO QM/MM Nε:‚‚‚Oc 1.74 1.16 -62c +14c 1
Mb-CO QM/MM NεΗε‚‚‚Oc 1.72 1.17 +61c -23c 1
P-CO-His170
(model 1) (B3LYP/6-31G)

1.768 1.171 505 1976 this work

P-CO-His170
(model 1) (B3LYP/TZV)

1.795 1.164 1938 this work

His42NεHεNδ: (model 2d) 1.749 1.176 537 1948 this work
Arg + His42NδHδNε:
(model 5b)

1.741 1.182 550 1901 this work

Arg + His42NδHδNε: + H2O
(model 5d)

1.727 1.188 562 1875 this work

a Porphine-CO with imidazole as proximal ligand.b Myoglobin-
CO model; the effect of the distal imidazole with charge zero where
the Hδ was removed.c Hybrid QM/MM simulation of myoglobin-CO
(Mb-CO). Shift ofνFe-CO andνCO stretch frequencies with respect to
the isolated heme-CO model. Nε:‚‚‚O and NεΗε‚‚‚O means the
interaction of His64 unprotonated and protonated with the CO moiety,
respectively.
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different than when only one amino acid interacts with P-CO-
His170, since both the protonated histidine and arginine compete
for the CO moiety. The bending angle Fe-C-O is 176° in a
plane perpendicular to theArgNεHε‚‚‚Ooc and HisNεHε‚‚‚Ooc

bonds.
Model 5b is shown in Figure 3; on relaxation its structure is

drastically different than for model 5a. The histidine and the
guanidyl group of arginine rotate, increasing their interaction.29

Likewise, as in model 2b, where the histidine is unprotonated,
the lone pair onHisNε is oriented far from Ooc. The guanidyl
group of Arg38 also moves far from the porphine plane.

Models 5c,d are similar to a and b but also include the water
molecule seen in Figure 1. Compared to model 5a, in model 5c
the distancedC-O decreases anddFe-CO increases. In contrast,
compared to model 5b, in model 5d (Figure 4)dC-O increases
anddFe-CO decreases with respect to the models without water.
In model 5c the water molecule is a hydrogen acceptor for the
Arg38, and relaxed, the positions of the His42 and Arg38 are
a bit farther away than in model 5a, which lacks water. In the
presence of water, the lone pair orbital of unprotonated His42
(model 5d) interacts with the water molecule which restricts
the motion of the His42 and of the guanidyl group of the Arg38.
The water is a hydrogen bond donor for the His42 and an
acceptor for the Arg38. The frequencies forνCO for both model
5b and model 5d are lower than for models 1 and 2d (Table 3).

Model 6 contains the arginine with the guanidyl group without
the proton H2 (see Figure 2); the molecule is neutral. This model
was based on our pKa calculations, which indicate that the proton
H2 has the highest chance of being dissociated at high pH. In
model 6, the neutral arginine relaxed to a position relatively

farther from the carbonyl oxygen than in the other models
studied. The change indC-O and dFe-CO follows the same
correlation as the other models with values close to the model
1, thus justifying our approximation of modeling the leucine
mutants by deleting the mutated residues.

Effect of Proximal His (Comparison with Distal Effects).
Models 7 and 8 show the effect of the trans ligand. The trans
effect was studied recently in porphine-Im-CO in reference
30. In HRPC, the His170 has a hydrogen bond (His170Nδ-
Hδ‚‚‚AspOδ) with the Asp247, which affects the character of the
His170.3 We relaxed the structure, model 7 P-His170Nδ:-CO,
without the hydrogen Hδ of His170 and also the distal amino
acids (see Tables 1 and 2) to rationalize the distal influence.
We started the relaxation of model 7 with the optimized structure
of model 1. On comparison with model 1, where His170 is
protonated, the distancesdCO anddFe-CO in model 7 increase.
To study the distal contribution of His42 and Arg38 todCO and
dFe-CO when the proximal His170 is unprotonated, we relaxed
model 8, model 5b without Hδ in the proximal His170. The
distancesdCO anddFe-CO increase further, being larger than when
Hδ is present in the proximal histidine. However, in comparison
to model 7dFe-CO is more sensitive to deprotonation of His170
when the distal amino acids are present thandCO is. The distance
dFe-Nε (here Nε is from His170) is the shortest of all models,
see Table 2, indicating an increase in the interaction Fe-His170.

Protoporphyrin IX -CO. Model 9 is protoporphyrin IX-
CO, the natural heme of HRPC, and allows us to study the effect
of the peripheral atoms on the CO frequency. The initial
coordinates were from the 1ATJ file. We added two hydrogen

Figure 3. Relaxed structure of model 5b, (Arg+ His42NδH Nε:),
representing the high pH situation. The His42 is unprotonated and
interacts with the guanidyl group of Arg38, which is distorted. The
dotted line shows the interaction of Hε of Arg38 with the oxygen Ooc

of the CO moiety.
Figure 4. Model 5d (Arg + His42NδH Nε: + H2O), the water
molecule interacts with the guanidyl group of Arg38 and with the His42.
The dotted line shows the hydrogen bond interaction.
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atoms to the propionic acids to fill the valence shell. During
the optimization the propionic acids move closer, showing a
final structure with the propionic acid very close. To avoid the
distortion we fixed the internal angles in the propionic acids.
Interestingly, the final structure shows the same distance for
CO and Fe-CO as observed for model 1 (Table 2). Since
protoporphyrin IX has methyl, vinyl, and propionic side groups,
this result suggests that its side groups have very little effect
on the bound CO.

Relationship between Bond Lengths

Figure 5 shows the correlation betweendCO anddFe-CO for
the models studied. The trend seen here is similar to other studies
and reflects the inverse dependence betweenνCO andνFe-CO.2,31

As expected, a positive electrostatic environment around CO
increases thedC-O bond distance and decreasesdFe-CO. The
points corresponding to models 1 (porphine-CO) and 9 (proto-
porphyrin IX-CO) in Figure 5 overlap each other, showing that
the influence of the peripheral ligands is very small and the
porphine-His170-CO is an adequate model.

pKa of Active Site Residues

Poisson-Boltzmann calculations of pKa shifts are summarized
in Table 5. Contributions are broken down into a desolvation
contribution due to the reduced accessibility of the active residue
to solvent, and interactions with other ionizable or partially
charged (dipolar) groups. The desolvation term favors the neutral
form of the residue and is always present. Some of the other
charge-charge/dipole contributions depend on the charged state
of other parts of the protein. Some, such as the ionized state of
the heme propionates, are not known precisely, but the
uncertainty in pKa from this source may be estimated from the
separately tabulated contributions. For the proximal His170
liganded to the Fe, the reference state value for the removal of
the second nitrogen proton of the now neutral side is not known
exactly, but it is certainly much higher than the first proton

removal pKa of 6.8. Since the desolvation and charge/dipolar
terms both give positive pKa shifts, we can conclude with some
certainty that the net pKa of this group is very high, and rule
out deprotonation of this group as a source of observed spectral
changes in the pH 4-10 range. The pKa’s of His42 and Arg38
may be estimated with considerably more certainty. From the
data, the histidine residue will be the first to deprotonate, since
its pKa is considerably lower than that of Arg38. The calculations
suggest that the deprotonation occurs around pH 5, although it
may occur as low as pH 3 if the propionates are not ionized.
The Arg38 pKa is relatively unperturbed when the distal histidine
is charged (low pH), but it increases to 16.8 upon raising the
pH, due to deprotonation of His42. From the data it appears
then that Arg38 is not the source of a second deprotonation
within the normal pH range. However, this possibility cannot
be ruled out, since there is a strong interaction between ionized
heme propionates and Arg38, which provides a large positive
pKa shift. If the propionates were not ionized, the pKa of Arg
in the presence of neutral His42 would drop to 7.2, well within
the experimental range of pH. Deprotonated Arg38 would then
be expected to contribute to the observed pH-dependent spectral
shifts. Model 6 considers the effect of deprotonation of Arg38.
Values for pKa shifts of Arg38 were calculated for all five
possible deprotonations of the guanidinium group. Table 5
presents results for the HN22 (H2 in Figure 2) proton, which in
the FDPB calculations is the easiest to remove (i.e., has the
lowest pKa). The Hε proton was slightly harder to remove, but

TABLE 4: Average Distances and Standard Deviation,σ, (in bracket) [Å] Observed during the Molecular Dynamics Study
with CHARMM a

model ArgHε‚‚‚O°c LeuHγ‚‚‚ O°c HisHε‚‚‚O° c HisNε‚‚‚O°c HisHε‚‚‚ArgH1
HisNε‚‚‚ArgH1

HisHδ‚‚‚Asn70O

Arg + His42NδHδNεHε 2.41 (0.05) 2.67 (0.05) 3.82 (0.07) 1.77 (0.06)
Arg + His42NδHδNε: 2.69 (0.09) 3.01 (0.04) 3.3 (0.3) 1.89 (0.04)
Leu + His42NδHδNε: 2.70 (0.04) 3.14 (0.05) 1.92 (0.04)

a The model Leu+ His42NδHδNεHε (Leu + His42NδHδNε:) corresponds to the mutation in which the Arg38 was replaced by leucine and the
distal His42 is protonated (unprotonated).

Figure 5. Plot of calculated distancedCO vsdFe-CO in Fe(II)CO model
complexes of HRPC-CO. Numbers refer to Table 1.

TABLE 5: P Ka Shifts of Active Site Residues

residue/proton (ref pKa) contribution ∆pKa

His170/Hδ (13.1)a desolvation 9.5
CO+HRPC+Hemeb 11.7

His42/Hε (6.8) desolvation -9.8
CO 2
HRPCc 9.8
calcium -3.0
hemed 0.9
propionates 2.9
watere 0
Arg+ 38 -5.2
netf 4.4

Arg38/H2 (12) desolvation -5.0
CO 0.3
HRPCc 2.8
calcium -1.7
hemed -1.2
propionates 9.6
watere -0.2
His+ 42g -4.6
netf 12.0g(16.8)h

a The reference pKa for removal of the second proton of an Fe2+-
liganded histidine is not known. This estimate taken from His liganded
to an iron-sulfur cluster.b Assuming ionized propionates.c Excluding
bound calcium ions, tabulated separately, and the other distal residue
(Arg38 or His42).d Excluding ionized propionates, tabulated separately.
e Crystallographic water residue #468 in active site which interacts with
CO, Arg38, and His42.f Sum of contributions above plus reference
value.g Arg pKa assuming His42 is protonated, i.e., the low pH (<4)
value. Figure in brackets assuming His42 is unprotonated, i.e., theArg
pKa at mid to high pH (> 5).
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gives an almost identical pKa value (not shown). The other three
guanadinium protons, which point more to the outer part of the
active site (i.e., away from the CO, toward the more solvent
exposed heme edge), have significantly higher pKa’s because
of their small desolvation penalty, and greater interaction with
the propionates. These were judged to be very unlikely
candidates for deprotonation at any pH.

Molecular Dynamics

The DFT computations above have indicated that Arg38 and
His42 have an important effect on the CO frequency. However,
these were performed with truncated models and static struc-
tures, and due to these limitations the effects of dynamics of
the structure and the steric and electrostatic effects of the rest
of the protein environment could not be included.1 The time
histories of the postions and the fluctuations around the CO
adducts of His42 (protonated and unprotonated) and Arg38
(Figure 6) and in the mutant Arg38Leu from the MD simulations
are presented for comparison with DFT.

Figure 7a shows the time histories from the MD simulation
with protonated His42 (which correlates with the DFT models
5a and 5c). The three distancesArgHε‚‚‚Ooc, hisHε‚‚‚Ooc, and
hisHε‚‚‚ArgH1 and their small standard deviations (Table 4) show
that His42 and Arg38 are stiff. The average distances of Arg38
and His42 are larger in the MD simulation (Table 4) than seen
from the DFT calculations on the corresponding models 5a and
b but reflect the strong interaction. In analogy to the increased
distances seen in model 5c as compared to 5a, on inclusion of
the water molecule in the former cluster, the increased distances
in the MD simulation may reflect the effects of the inclusion
of the solvent environment in the interactions.

Figure 7b shows the time evolution of the protein when His42
is unprotonated (which correlates with the models 5b and 5d).
In this case the distance Arg38 and Ooc increases and the
distanceHisNε‚‚‚ArgH1 decreases but shows a strong fluctuation
(σ∼ 0.3 Å), compared to the protonated His42 MD simulation.
The flexibility of the guanidyl group of the Arg38 and its
interaction with His42 may be the reason for this large
fluctuation.32 Once again, the average His42-CO distance and

His42-Arg38 distances are in much better agreement with the
corresponding partially solvated DFT model 5d than with the
unsolvated model 5b. However, MD overestimates the Arg-
CO distances compared to DFT.

The MD simulation of the mutant Arg38 by leucine with the
His42 unprotonated (which would correspond to the alkaline
pH) shows an average distanceHisNε‚‚‚Ooc, slightly larger than
when His42 is protonated. The distance LeuCγHγ‚‚‚Ooc (where
Hγ is the hydrogen of Cγ of leucine) has an average distance of
3.14 Å (σ ) 0.05).

Figure 8 shows the time evolution of the distance Hδ of the
His42 and the oxygen, Oδ of the Asn70, (His42Hδ‚‚‚Asn70Oδ)
when the His42 is protonated or unprotonated and in the mutant
Arg38fleucine with the His42 unprotonated. When the His42
is protonated, the distanceHisHδ‚‚‚Asn70Oδ is shorter than when
His42 is unprotonated. In the mutant, the distanceHisHδ‚‚‚Asn70Oδ

Figure 6. Distances between the different atoms studied with molecular
dynamics when the His42 is protonated(ArgHε‚‚‚Ooc, HisHε‚‚‚Ooc, and
HisHε‚‚‚ArgH1). When His42 is unprotonated the distances areArgHε‚‚‚Ooc,
HisNε‚‚‚Ooc, andHisNε‚‚‚ArgH1.

Figure 7. (a and b) Plot of the distances during the MD simulation.
Panel 7a, theArgHε‚‚‚Ooc (solid line), HisHε‚‚‚Ooc (doted line), and
HisHε‚‚‚ArgH1 with the distal His42 protonated (corresponding to model
5a in DFT calculations). Panel 7b shows the distancesArgHε‚‚‚Ooc (solid
line), HisNε‚‚‚Ooc (dotted line), andHisNε‚‚‚ArgH1 (dashed line) with the
distal His42 unprotonated (model 5b in DFT).

Figure 8. Distances betweenHisHδ‚‚‚Asn70O when the His42 is
protonated (solid line), unprotonated (dotted line), and in the mutant
Arg38Leu (dashed line).
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is greater than in the other two cases, see Table 4. However,
these distances vary only between 1.7 and 2.0 A, and hence
within our theoretical approach, the hydrogen bond between
His42 and the Asp70 is strong and may constrain the position
of His42 and its interaction with CO.33 This hydrogen bond
may be cause for the MD simulations having the His42 close
to Ooc regardless of the protonation state.

Discussion

The DFT calculations show that the Fe-C and C-O bond
lengths and thus the stretch frequency of CO bound to heme
are especially sensitive to the nearby amino acids in the protein.
Experimentally, the values forνCO range from∼1900 to 1970
cm-1 in different proteins and mutants.34 As indicated in the
Introduction, it was shown by mutagenesis35 and Stark experi-
ments that local fields generated by surrounding atoms play a
role in shifting CO frequencies.36 The importance of local
electric fields in CO-HRPC has been invoked to explain
features of the optical absorption spectra.37 The Q(0,0) band of
HRPC-CO at pH 6.0 shows a single peak that narrows as the
temperature decreases. Increasing the pH to 9, causes a split in
the band to 200 cm-1. Interestingly, the addition of substrates
such as benzhydroxamic acid (BHA) or naphthohydroxamic acid
(NHA) also produces a splitting of∼320 cm-1 at low temper-
ature. Local electric fields as well as heme distortions are also
contributors of changes in the heme optical spectra.38-41

The changes in bonding geometry and stretch frequency of
Fe bound CO due to protein effects, as revealed by our DFT
calculations and earlier experimental and theoretical work, are
collected in Tables 2 and 3. The overall trends and general
physical picture can be summarized and interpreted at different
levels of physical description.42 The most basic description is
to consider the charged and polar groups surrounding the CO
as contributing to the local field. Simple considerations show
that, for example, a positive charge above the partially negative
O of CO (or an electric field in the direction OfC) increases
the population of the antibonding orbitals 2π*, which would
lengthen the CO bond and decrease the CO stretch frequency,
while a negative charge would have the opposite effect. This
level of description is sufficient to understand at a qualitative
level, the data in Table 2. A more sophisticated interpretation
would include the effect of polarization, particularly from
HRPC’s distal groups, which are close to the bound ligand.
Furthermore, when a change in charge state occurs (for example
by (de)protonation of active site residues) there will also be
changes in geometry and frequency, since there is a change in
the local electric field. Protonation related changes in field have
two components: first, the direct effect of the change in charge
state; second, the indirect effect, due to relaxation of the protein,
especially changes in position of groups close to CO, which in
turn contribute to the local electric field. By DFT calculations
combining geometry optimization, molecular modeling, and pKa

calculations, we have attempted to include all these effects in
as self-consistent manner as possible.

Some generalities regarding the models can be made. The
bend angle for all the models studied is less than∼4° and the
tilt is less than∼1°. The linearity indicates that the overlap of
both filled Fe dπ orbitals with the two emptyπ* orbitals of CO
is important. The distal effects increase the overlap optimizing
the back-bonding. The energy required in the in-phaseτ-â CO
deformation is small as was shown by Ghosh et al.43 in the
porphine-Im-CO complex. The relaxed models studied show
the structures in the minimum of theτ-â potential energy
surface of Ghosh et al. In HRPC-CO the presence of Arg38

could change at least the energy landscape for motion in the
direction of Arg38.

A main emphasis of our work is that Arg38 has an important
contribution to dCO and dFe-CO and consequently in their
associated frequencies. The presence of Arg decreases the
frequency. This is, in general, seen experimentally, for instance
νCO for myoglobin, which lacks Arg in the active site, have
higher frequencies the CO-HRPC.

The involvement of Arg in HRPC is supported by the
following evidence from our models:

(a) Whether histidine 42 is protonated or unprotonated, Arg38
interacts with the CO moiety. The low pH (∼6) case is studied
with models 5a and 5c. When His42 is protonated, His42 and
Arg38 compete for the CO electron density and polarize its
frontier orbitals. The presence of a water molecule, model 5c,
in the distal site has a small effect in the position of both His42
and Arg38; however,dCO anddFe-CO distances are sensitive to
these small changes (Figure 5). The molecular dynamics shows
a His42 and Arg38 rigid. The guanidyl group of Arg38 is very
flexible but has a more planar conformation when the distal
His42 is protonated (below) or a water molecule is included
interacting with it.

The high pH (>9) case was studied with models 5b and 5d,
where His42 is unprotonated. In model 5b, the guanidyl group
(hydrogen H1) of Arg38 interacts strongly with the lone-pair
orbital of His42Nε:, pulling the whole amino acid His42 far
from the carbonyl oxygen. This is reflected in a long C-O
distance (Figure 5). The presence of a water molecule, model
5d, relaxed the position of His42NδNε: in the direction of the
water molecule. The guanidyl group of Arg38 interacts with
the water and less with the lone-pair orbital of the His42Nε:.
The MD study which simulated model 5a shows the guanidyl
group to be very flexible (Figure 7).

(b) The mutants Arg38Leu (model 2 a-d) and His42Leu
(models 3 and 4) show the reinforcement effect of His42 and
Arg38 with the CO moiety. The mutant His42Leu shows
experimentally a frequency between the frequencies found at
high and low pH, which were modeled with models 5a and 5b,
respectively. The predicted structure for models 3 and 4 are in
the expected place. Experimentally, the mutant Arg38Leu has
a νCO frequency higher than the low pH frequency for the wild
type. However, our predicted structure, model 2c, shows a point
in an unexpected place. One would expect it to showdFe-CO

and dCO between model 1 and 5b. The likely reason of that
disagreement is because model 2c does not contain leucine, and
the histidine can move closer to CO moiety.25 It is possible that
in the mutant there are additional structural changes, and water
molecules can reorient the histidine in the cavity, weakening
its interaction with CO moiety.

(c) Effect of charge of Arg38. The deprotonation of Arg38
occurs at high pH according with our pKa calculation (Table
5). However, as noted in the calculation of pK’s, changing their
charge on Arg38 might be experimentally feasible. In addition,
the neutral Arg38 model allows understanding of the effect of
changes in the positive charge distribution of Arg38 and its
consequence on the CO moiety. Model 6 (neutral Arg38 and
neutral His42) shows a decrease in thedCO distance followed
by an increase indFe-C, relaxing the structure close to the model
1 (without distal amino acids) and also in thedCO vs dFe-CO

correlation.
Finally, we comment on the role of the distal ligand. Models

7 and 8 show the effects of the trans (proximal) ligand ondCO

and dFe-CO in the absence of distal amino acids and in the
presence of the unprotonated His42 and the Arg38, respectively.
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dFe-CO is more sensitive to deprotonation of His170 when the
distal amino acids are present thandCO. This is an interesting
result which suggests the need for a complementary study. The
pKa calculation of the buried Hδ of His170 is higher than the
other cases studied (Table 5). We speculate that, within our
theoretical approximations (clusters, basis sets, and functionals),
the changes indCO anddFe-CO when the distal amino acids are
present is a response to the protein-coupled “push-pull” mech-
anism.44,45 Part of the electronic changes due to Imidazolate
character of deprotonated His170 are reflected in the-CO
adducts which seem to act as a link between the proximal and
distal sides.

This study represents an advance in computation in that both
distal and proximal effects of the protein were included in the
calculation. The effects of one water, deprotonation of proximal
His170 and distal His42 and Arg38 were systematically
examined. The results emphasize the importance of the distal
amino acids. Further work would involve mixing quantum
mechanics and molecular mechanics to evaluate the role of the
protein in the cavity surrounding the heme in HRPC.
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