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ABSTRACT In all heme proteins for which crystal struc-
tures are available, the NE of a histidyl residue is bonded to the
heme iron and Na is hydrogen bonded to a carbonyl oxygen of
the peptide backbone. We investigate here the possibility that
a change in oxidation state of the iron or a change in the ge-
ometry of this hydrogen bond might change the hydrogen bond
strength in a functionally significant way. Dimerization ener-
gies obtained from ab initio molecular orbital calculations on
the hydrogen-bonded dimer of imidazole and planar formamide
are used to represent the strength of this hydrogen bond in heme
proteins. The effect of a change in iron oxidation state is mod-
eled by varying the positive charge on imidazole. The effect of
a change in hydrogen bond geometry is studied by employing
x-ray coordinates for reduced and oxidized cytochrome c, deoxy-
and metmyoglobin, and deoxy- and methemoglobin. Our con-
clusions are that the strength of this hydrogen bond in heme
proteins is sensitive to both the oxidation state of the iron atom
and to geometry changes on the order of those obtained from
the x-ray coordinates. We speculate that the changes in oxida-
tion state may be functional y coupled with changes in hydrogen
bond geometry and that this hydrogen bond represents a feasi-
ble pathway to link protein conformation with redox potential
or reactivity of the iron atom.

Imidazole rings of histidyl residues are bound to the metal in
a large number of metalloproteins (1). In those proteins for
which high resolution x-ray crystal structural data are available,
the metal-bound imidazole rings are invariably found to be
hydrogen bonded to electronegative groups on the apoprotein
(2-4). The possibility that this hydrogen bond might link the
tertiary structure of the protein with the reactivity of the metal
has been recognized by several investigators, particularly in the
case of heme proteins (5-12) in which the electronegative group
is a backbone carbonyl oxygen.

/
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It is well known from studies of model compounds and of im-
idazole complexes of methemoglobin and metmyoglobin that
the pKa of imidazole can drop several pH units upon com-
plexation with a metal ion (1) [imidazole pKa = 14 (1),
metmyoglobin imidazole pKa t 10 (13)]. It is also known that
in general an increase in the oxidation state of a metal will result
in a decrease in the pKa of coordinated imidazole (1). It thus
seems an inescapable conclusion that a change in oxidation state
of iron in a heme protein will affect the nature of this hydrogen
bond to some degree. However, the significance of such an

effect cannot be judged without some knowledge of the mag-
nitude of the energies involved. This paper describes an ap-
proach to estimating the magnitudes of changes in such hy-
drogen bond energies in heme proteins, resulting from either
(i) changes in the oxidation state of the metal, or (ii) changes
in the hydrogen bond geometry due to changes in the tertiary
structure of the protein.

Estimates of energies are obtained from ab initio molecular
orbital calculations of the dimerization energies (ED) of hy-
drogen-bonded dimers of imidazole and planar formamide (see
Fig. 1). Instead of a metal atom, we use an atom X with a hy-
drogen orbital and a variable nuclear charge. This allows us to
investigate the effect of a change in the oxidation state of the
iron. The effects of changes in hydrogen bond geometries are
investigated by calculations of ED for different orientations of
imidazole and formamide within the dimer. The dimer
geometries that we use are suggested by x-ray crystallographic
data for those heme proteins (14-20) for which coordinates are
available for two oxidation states1 (see Table 1). Uncertainties
in x-ray coordinates, even in the available highly refined protein
x-ray crystal structures, make it impossible to conclude that the
observed changes in hydrogen bond geometry actually occur;
they could equally well be the result of imprecision in the
crystallographic or real-space refinement (21). Nevertheless,
the geometries described by the coordinates provide the best
available model for the actual protein geometries. The calcu-
lations described below indicate that the strength of the hy-
drogen bond between the metal-bound histidyl imidazole ring
and the peptide carbonyl oxygen is markedly sensitive to the
charge on the imidazole ring and therefore to the oxidation state
of the iron atom. The calculations indicate further that the
magnitude of this effect on the hydrogen bond strength is de-
pendent on the hydrogen bond geometry. These results are in
fact expected from previous calculations of the charge and
geometry dependence of hydrogen-bonded dimers in general
(22, 23). We therefore suggest that these two effects may be
functionally coupled-i.e., that changes in the oxidation state
of the metal will change the strength of this hydrogen bond and
that this in turn will lead to changes in hydrogen bond geom-
etry. It necessarily and conversely follows that tertiary structural
changes affecting the hydrogen bond geometry will influence
the relative stabilities of the oxidation states of the metal. On
the basis of these few examples, mechanisms are proposed by
which the coupling might contribute to the modulation of redox
potentials in cytochromes and of cooperative binding of ligands
in hemoglobin. Only after many additional heme proteins have
been studied both by our methods and by experiment will it be
possible to determine whether the coupling does in fact have
general functional significance. At the end of the paper, 'we

¶ The source for all coordinates used in this study was the Brookhaven
Protein Data Bank.
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FIG. 1. The hydrogen bonded imidazole-formamide dimer used for calculations of the dimerization energies with internal coordinates defined.
The nomenclature for the atoms in the imidazole ring is that for histidine used by the Brookhaven Protein Data Bank.

mention other classes of proteins in which hydrogen bonds may
play similar roles.

Examination of the x-ray structures

In all heme proteins for which crystal structures are available,
N, (called NE2 in Fig. 1) of histidine is bonded to iron and Nb
(called ND1) is found to be hydrogen bonded to a carbonyl
oxygen of the peptide backbone. In order to obtain specific
information about the geometry of the hydrogen bond, scale
models of the region surrounding the iron-bound histidine have
been built for those proteins listed in Table 1. Visual comparison
of the reduced (ferrous) form with the oxidized (ferric) form
of each protein shows that substantial changes in hydrogen
bonding geometry are required by the x-ray coordinates of
several of the proteins. In order to describe the hydrogen bond
geometry in the model imidazole-formamide dimer used in

our calculations, internal coordinates were defined as shown
in Fig. 1. Values for each internal coordinate are derived from
the Cartesian coordinates of the corresponding atoms of the
protein. The ND1-O-C-CA dihedral angle is taken for X3, in
which CA is the a carbon adjacent to the carbonyl carbon atom
of the peptide group (in the model H2 replaces CA). When the
ND1-O-C-CA angle differs from the ND1-0-C-N angle by
other than 1800 (indicating an apparent nonplanarity in the
carbonyl group, which was never found to be more than 150),
we symmetrically adjust the angles and use the adjusted value
for X3 The internal coordinates obtained in this way are listed
in Table 1. Comparison of the internal coordinates of redox
pairs of proteins shows that the most pronounced changes occur

in cytochrome c and in the a chain of hemoglobin. In cyto-
chrome c the hydrogen bond heavy atom distance r (see Fig.
1) shortens by 1 A in going from the reduced to the oxidized

Table 1. Internal coordinates* for the hydrogen-bonded residues of several redox pairs of heme proteins

Hydrogen-bonded
Protein Source residues r, A 01,0 Xi, 02, 0 X2, X3,

Cytochrome ct Tuna
Reduced His-18---Pro-30 3.515 116 175 151 28 17
Oxidized, outer 2.486 112 191 158 26 9
Oxidized, inner 2.374 117 170 146 55 351

Myoglobint Sperm whale
Deoxy- His-93...Leu-89 2.760 144 202 131 16 323
Met- 2.791 143 207 135 2 333

Hemoglobin§ Horse
a deoxy- His-87...Leu-83 2.634 104 201 139 231 113
a met- 2.756 135 182 143 22 318
fBdeoxy- His-92*..Leu-88 2.703 148 205 121 19 301
fB met- 2.664 137 196 142 23 308

* The internal coordinates are defined in Fig. 1.
t Refs. 14-16. Oxidized cytochrome c exists in the crystal as two crystallographically distinct molecules, outer and inner.
* Refs. 17, 18.
§ Refs. 19, 20.
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FIG. 2. Stereoscopic images of axial imidazole hydrogen bonds
in the a chains of horse deoxy- and methemoglobin. Section of F helix
backbone from Ala-79 through Arg-92. For Leu-83 all nonhydrogen
backbone atoms are drawn. For Ser-84 the peptide nitrogen and a

carbon are shown. The carbonyl of Leu-83 is the hydrogen bond ac-
ceptor for the axial histidine. For all other residues only a carbons are
drawn. The imidazole hydrogen is located as in the text. The heme
is represented by the iron and by a square connecting the four pyrrole
nitrogens. (Upper) Deoxy- a chain. The oxygen of the Leu-83 car-

bonyl is seen to be out of the imidazole ring plane. (Lower) Met- a

chain. Note that the carbonyl oxygen is nearly colinear with the N-H
bond.

forms. In the hemoglobin a chain (see Fig. 2) 01 goes from 1040
in deoxy- to 1350 in met- and xi goes from 201° in deoxy- to
1820 in met- (a linear hydrogen bond would have 01 = 1280 and
XI = 1800). We shall use these changes in hydrogen bond ge-
ometry suggested by the x-ray coordinates to investigate the
effect of such geometrical changes on the strength of the hy-
drogen bond. We emphasize that, due to the uncertainties in
the x-ray data, these changes in hydrogen bond geometry may
not be the same as those actually occurring in the proteins.

Calculation of dimerization energy

Ab initio calculations of the dimerization energies for hydrogen
bonded dimers of imidazole and planar formamide have been
carried out. Monomer geometries for imidazole (24) and
formamide (25) are taken from small molecule crystallography
and kept fixed unless otherwise stated. The atom X is fixed
along the CE1-NE2-CD1 angle bisector at a distance of 1.03
A, the optimized distance for nuclear charge equal to 1.0 on
atom X (this distance is not a sensitive parameter in the model).
The relative orientations of imidazole and formamide in the

hydrogen-bonded dimer are fixed, using the six internal coor-
dinates derived from the x-ray coordinates; they are listed in
Table 1. We optimize by energy minimization only the
ND1-H1 distance, rl, because it is the principal critical distance
that varies with charge on the system; of course this distance
is unavailable from crystallography.
The calculations were made by the self-consistent field mo-

lecular orbitals as linear combinations of atomic orbitals
(SCF-MO-LCAO) method using the STO-3G basis set with the
standard digital computer program GAUSSIAN 70 (26),
modified for variable nuclear charges. A hydrogen basis orbital
was assigned to X. Dimerization energies were calculated by
subtracting the energies of the formamide and optimized im-
idazole monomers from the energy of the dimer. These are
listed in Table 2. More positive values of ED indicate stronger
hydrogen bonds.
The geometry of the imidazole-formamide hydrogen bond

is best discussed in terms of the parameters r, the hydrogen bond
heavy atom distance, and a, the angular deviation from lin-
earity.

A_ r

a\H ...B

Previous high accuracy molecular orbital calculations (22, 23)
on hydrogen-bonded dimers of small hydrides have shown that,
for a given proton donor A and electron donor B, ED is pro-
portional to cos air when r is near its equilibrium value, re.
More highly charged systems, whether anionic or cationic,
characteristically have higher ED values and shorter req values
than the corresponding neutral systems. In the imidazole-
formamide system that we study here, ED obeys the cos air rule
for values of a and r that were derived from x-ray coordi-
nates.

Table 2. Dimerization energies

Dimerization energies, kcal/mol
Neutral Cationic
dimer dimer Cationic -

Protein (Zx = 0-0) (Zx = 1.0) neutral

Cytochrome c
Reduced 3.8 10.9 7.1
Outer 3.2 21.8 18.6
Inner 1.2 25.6 24.4

Outer - reduced -0.6 10.9 11.5
Inner - reduced -2.6 14.7 17.3

Myoglobin
Deoxy- 7.8 21.1 13.3
Met- 7.3 20.0 12.7

Met- - deoxy- -0.5 -1.1 -0.6

Hemoglobin
a deoxy- 2.9 15.8 12.9
a met- 9.2 24.8 15.6

a met- - deoxy- 6.3 9.0 2.7

dldeoxy- 6.4 18.9 12.5
f5 met- 8.5 25.1 16.6

f3 met- - deoxy- 2.1 6.2 4.1

One kcal = 4.184 kJ.
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Effect of change in metal oxidation state
The effect on the hydrogen bond energy of a change in the
oxidation state of the iron is modeled by varying the nuclear
charge of X (Zx) between 0.0 and 1.0 while keeping the ge-
ometry fixed. Because the number of electrons in the system
remains constant, the value of Zx = 0 corresponds to the neutral
dimer and the value of Zx = 1 corresponds to the fully cationic
dimer. It is expected that the charge on the atoms involved in
the hydrogen bond in our proteins will fall between these lim-
iting cases, the reduced forms being closer to the neutral dimer
and the oxidized forms being closer to the cationic dimer. Ex-
actly how much the charge on the hydrogen bond differs be-
tween reduced and oxidized heme proteins is uncertain. It is
known from experiment that the bonding of imidazole to
transition metal complexes does not cause as large a drop in PKa
as that caused by the bonding of imidazole to a proton (1). Thus,
it is likely that the positive charge residing on this hydrogen
bond in ferric heme proteins is somewhat less than 1.0. The
results of our calculation (see Table 2) indicate that ED is 7-17
kcal/mol greater in the cationic dimer than in the neutral
dimer. Moreover, calculations with intermediate values of Zx
indicate that, for any fixed geometry, ED increases nearly lin-
early with Zx. The magnitude of the change in ED caused by
a change in Zx is, of course, dependent on the geometry. The
more favorable the hydrogen bond geometry, the greater will
be the increase in ED produced by the change in Zx (i.e., cat-
ionic minus neutral in Table 2).

Effect of geometry changes
Calculations of ED were carried out for each geometry given
by the protein coordinates with Zx fixed first at 0.0 and then
at 1.0. The results in Table 2 show that the changes in the hy-
drogen bond on going from the geometry of the reduced form
to that of the oxidized form for each redox pair can cause
changes in ED as great as 14.7 kcal/mol when Zx = 1.0 and 6.3
kcal/mol when Zx = 0.0°

Variation in the strength of the hydrogen bond with geom-
etry as well as with charge is consistent with the general prop-
erties of hydrogen bonds discussed above. It is interesting to note
that for each redox pair except myoglobin (where the differ-
ences in geometry are not significant), the oxidized form of the
protein as described by the x-ray coordinates has a more fa-
vorable hydrogen bond geometry than the reduced form. This
is what we would predict should be observed if the oxidation
state of the metal is coupled to the tertiary structure of the
protein through the intermediacy of this hydrogen bond, higher
charges differentially stabilizing more favorable geometries.

Coupling of metal oxidation state with tertiary
structure

Using the results of these calculations, we can speculate about
a possible mechanism coupling the oxidation state with tertiary
structure. In the case of cytochromes c (27, 28), for example,
in which there is a reversible transition between oxidized and
reduced forms (ferric and ferrous iron) during electron trans-
port, we would predict that the redox potential will be sensitive
to the geometry of the hydrogen bond-i.e., that a more fa-
vorable hydrogen bond geometry would result in a greater
stabilization of the oxidized form. This prediction finds some
support from our calculations of ED using the x-ray coordinates
of the few oxidized cytochromes for which structures are
available. It is found that lower redox potentials are correlated
with higher ED values (R. P. Sheridan and L. C. Allen, un-
published results).

In the case of hemoglobin and myoglobin, the electron-

withdrawing character of the ligands that bind to the unli-
ganded form-e.g., 02 and CO-should result in a net shift of
electrons away from the proximal histidine (29-32); we propose
that this can also be modeled by an increase in positive charge
(higher Zx) on the imidazole-formamide dimer. We conclude
therefore, that the geometry of the hydrogen bond connecting
the carbonyl oxygen of the leucine residue to the proximal
histidine will be coupled at least to some extent with the affinity
of the unliganded protein for these electron-withdrawing li-
gands.
One might go further and suggest that the geometry of this

hydrogen bond may play a role in cooperative binding of li-
gands by hemoglobin by influencing c = KR/KT, the ratio of
the ligand dissociation constants of the R (high-affinity) and T
(low-affinity) states (33). Exactly how binding of ligands shifts
the equilibrium between the T and R quaternary states and,
conversely, how the quaternary state controls affinity remain
unknown, although many reasonable suggestions have been
made (84-43). To consider the relationship between hydrogen
bond geometry and ligand binding, we must assume that the
deoxy- hydrogen bond geometry is characteristic of the T state
and the met- geometry is characteristic of the R state for both
a and ( chains of hemoglobin (a strict two-state model). In
addition, we assume that binding of electron-withdrawing li-
gands is equivalent to adding more positive charge to the hy-
drogen bond. The results for both a and ,3 chains of hemoglobin
indicate that the met- geometry is more stabilized than the
deoxy- geometry by an increase in positive charge (cationic
minus neutral for met- is greater than for deoxy-, see Table 2).
If the geometries are strictly associated with the quaternary
states, we conclude that, according to our mechanism, binding
of ligand would stabilize the R state more than the T state.
Conversely, the R geometry more strongly favors ligand
binding (the introduction of positive charge on the hydrogen
bond) than would the T geometry. It is tempting to calculate
a limiting estimate of the energy of cooperativity from the data
in Table 2. The energy of cooperativity, for instance in oxygen
binding, may be defined as the difference per subunit between
the energies of the reactions T(unliganded) - T(oxy-) and
R(unliganded) - R(oxy-). In our case, we substitute the reac-
tions deoxy geometry (neutral dimer) - deoxy- geometry
(cationic dimer) and met- geometry (neutral dimer) met-
geometry (cationic dimer). This calculation gives approximately
3-4 kcal/mol per subunit as an upper limit of the energy of
cooperativity due to this hydrogen bond, a value that happens
to be quite close to the experimental value (33). We recognize,
of course, that this is an extremely rough estimate due to
uncertainties resulting from the choice of basis set, imprecision
in the coordinates, and lack of information about the change
in the positive charge on the hydrogen bond in going from the
unliganded to the oxy- form. We also recognize that the ligands
CO, NO, and 02; which are known to produce similar energies
of cooperativity (33), may not induce equal charge changes on
this hydrogen bond. Nevertheless, we suggest that at least some
of the energy of cooperativity in hemoglobin may be associated
with the hydrogen bond and that the effect of such hydrogen
bonds should be considered in constructing models for struc-
ture-activity relationships in hemoglobin.
The role of hydrogen bonds in the differential stabilization

of oxidation states of other types of redox proteins should also
be considered as more structures become available. Hydrogen
bonds in iron-sulfur proteins, for instance, are reported to be
associated with modulation of the redox potential (44-47). In
this case the reduced state is stabilized by hydrogen bonds in
which the electron donors are the sulfur atoms in the iron-sulfur
cluster. Within this class of proteins the number of such hy-
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drogen bonds is correlated with the redox potential (44, 47). In
high potential iron-sulfur protein, the hydrogen bonds are in
fact found to shorten upon reduction of the molecule (45, 46).
Another redox protein in which hydrogen bonds may play such
a role is flavodoxin, in which at least one hydrogen bond sta-
bilizes the semiquinone form of the FMN coenzyme (48).
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