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ABSTRACT  The contribution of the porphyrin skeleton to
the potential energy surface of metalloporphyrins is calculated
by the semiempirical method of quantum mechanical extension
of the consistent force field to = electron molecules. This cal-
culation makes it possible to correlate the observed structure
of metalloporphyrins with the strain energy of the porphyrin
skeleton. It is found that the out-of-plane metal displacement
in pentacoordinate heme systems is due to both the restricted
size of the porphyrin hole and the “1-3” steric interaction be-
tween the axial ligand and the heme nitrogens. The main com-

onents of the active site of hemoglobin are simulated by a
Eistidine-heme—oxygen system. The energy surface of this system

rovides a quantitative explanation for the control of ligand

inding by aemoglobin. It is shown that the heme acts as a di-
aphragm, designed to provide simultaneous binding to the
histidine and the sixth ligand under the steric requirements of
the 1-3 interactions. The dependence of the hemoglobin po-
tential surface on the distance between the proximal histidine
and the heme plane is evaluated for the R and T states, using the
calculated heme potential and the observed energy of heme-
heme interaction.

X-ray and biochemical experiments have provided detailed
information about the structure of hemoglobin and its biological
functions (for a recent review see ref. 1). Many studies have
been concerned with the analysis of the molecular origin of the
heme-heme interaction (the increase in the affinity of the
fourth bound oxygen relative to that of the first bound oxygen).
Perutz and coworkers (2-5) compared the structures of the high
and low oxygen affinity states of hemoglobin. They suggested
that in the low oxygen affinity state the protein pulls the iron
away from the heme plane, and opposes the transition to the
low spin state which is needed for combination with oxygen.
Hopfield (6) used a simple model of two springs to suggest that
the heme-heme interaction energy is distributed among many
degrees of freedom in the protein and not in the relatively rigid
heme. Experiments (7, 8) have not found evidence for signifi-
cant strain in the heme group.

At the present time, despite the above studies, the role of the
active site of hemoglobin in the control of oxygen binding is not
fully understood. For example, the reasons for the change in
heme geometry upon binding of oxygen and the relation be-
tween the heme tension, spin state, and oxygen affinity are still
unclear. It is also questionable whether or not the heme group
can be considered a rigid system. The analysis of these problems
requires information about the energy surface of the heme
group and such information cannot be obtained directly from
structural or spectroscopic studies.

This work uses energy calculations to study the correlation
between the energy and structure of the active site system

Abbreviations: TPP, tetraphenyl porphyrin; MeIm, methyl imidazole;
NMR, nuclear magnetic resonance; SCF, self-consistent field,
QCFF/PI, quantum mechanical extension of the consistent force field
method to 7 electron molecules.
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shown in Fig. 1. These quantitative calculations make it possible
to examine the molecular basis for the control of oxygen binding
by hemoglobin. It is found that the main reason for the change
in heme geometry upon binding of oxygen is the “1-3" steric
interaction (see Fig. 1) between the oxygen and the heme ni-
trogens. Because of the effect of the 1-3 interactions the heme
acts as a diaphragm designed to provide simultaneous binding
to two groups that cannot approach too closely to the center of
the diaphragm base. The hemoglobin molecule uses this ar-
rangement to regulate the oxygen affinity (see Fig. 5).

Correlation between heme energy and metal size

In recent years, the stereochemistry of porphyrins and metal-
loporphyrins has been studied extensively (for a review see ref.
9). These studies indicate that when the metal size increases,
the metal is displaced out of the porphyrin plane because it
cannot fit into the porphyrin hole. Unfortunately, the observed
out-of-plane displacement of the metal cannot give direct in-
formation about the detailed energy balance in the heme system
and about the “strain” energy of different deformations.

One way to analyze the correlation between the structure and
energy of the heme group is to use a reliable theoretical scheme
that can be calibrated to fit experimental data. This is done here
by the QCFF/PI method (10-13) in which the ¢ electron en-
ergy surface is described by empirical potential functions and
the 7 electron energy surface is described by a semiempirical
quantum mechanical treatment. For the case of metallopor-
phyrins, the quantum mechanical treatment is extended to
include (in addition to the 7 heme orbitals) the d,2, d.y, dx., dy,
d;2—y2, and 4s orbitals of the metal, the lone pairs of the heme
nitrogens, and the lone pairs of the axial ligands. The heme
potential used here is based on extensive fitting of the QCFF /PI
parameters to many independent properties of conjugated
hydrocarbons and nitrogen-containing molecules (12). This
potential gives good agreement between the calculated and
observed equilibrium geometries and vibrational frequencies
of the heme group for different sizes of its core (14).

The strain in the porphyrin skeleton is analyzed as a function
of the metal size by using the adiabatic mapping procedure
(10-13, 15). In this procedure, using by to simulate the metal
size, an external constraint V/ = Z{_, K(b; — b, )? is introduced
for the four metal-nitrogen bonds (b;). The energy of the heme
and the constraint (excluding the quantum mechanical energy
of interaction between the metal orbitals and the porphyrin)
is minimized with respect to all atomic coordinates for selected
values of b,. Obviously at some stage the metal is displaced out
of the heme plane. The out-of-plane displacement is monitored
by introducing a second adiabatic constraint for the displace-
ment (z”) of the metal from the mean nitrogen plane. Fig. 2
shows these adiabatic energy curves as a function of the distance
(z) between the metal and the mean heme plane for different
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F1G. 1. The structural parameters of the hemoglobin active site.
b1, bs, and bg are the bonds from the iron atom to the porphyrin ni-
trogens, the proximal histidine, and the oxygen, respectively. g is a
1-3 distance, 2 is the displacement of the iron from the mean heme
plane, and [ is the distance between the proximal histidine nitrogen
and the mean heme plane.

values of the metal-nitrogen distance (b,), which is almost equal
to b,. Note how the minima of the curves are shifted to z > 0
when the metal size increases.* A check on the calculated po-
tential surface was obtained by the analysis of the heme ex-
pansion vibration at about 360 cm~1. This analysis gave a po-
tential of the form v, = 160(b; — 2.01)2 kcal/mol (14) for the
expansion of the porphyrin skeleton (s designates skeleton). This
experimental potential is in good agreement with the calculated
dependence of the heme energy on by, for z = 0.

Fig. 2 provides a useful correlation between the energy and
structure of metalloporphyrins. That is, one can analyze the
energy of heme deformation of the molecule under study by
locating the observed out-of-plane deformation (zs) along the
b) = by, calculated curve. When zg, is not at the minimum
of the by = bps curve, then the energy difference V(2 ps,bobs)
— V(Zmin,bobs) indicates extra strain that is not due to the metal
size. For example, point ¢ in Fig. 2 implies that in (Cl)-
Mn(TPP) the out-of-plane deformation is due to strain of about
0.8 kcal/mol which does not result from the metal size. Since
Fig. 2 gives only the pure porphyrin contribution, the extra
strain energy can be due to the 1-3 steric interaction (V;_g)
between the fifth ligand and the heme nitrogens, and/or the
energy of interaction between the metal orbitals and the orbitals
of the heme nitrogen. These contributions were analyzed in the
following manner:! (i) The stretching energy of the Fe-N bonds
is approximated by V;, = Z&, 70 (b, — bo)? kcal/mol where the
force constant is obtained from vibrational analysis of M(CO)4
systems and from analysis of the heme expansion vibration. b,
is determined as 1.94 X for low spin Fe-porphyrins by fitting
the calculated and observed geometries of molecules with
different hole radii [i.e., Fe(TPP), Hy(TPP), Co(TPP), and vi-
tamin B)g]. A value of 2.06 A is obtained for the b of the high
spin Fe-porphyrin by taking the empirical difference between
low spin and high spin bonds as 0.12 A. (i) The energy of dis-

* The calculated hole radius of the hypothetical ““strainless” porphyrin
(K = 0in the V' constraint) is calibrated by the difference between
the calculated and observed geometries of Ho(TPP). This yields a
“strainless” hole radius of 2.01 + 0.01 A.

t Rather than attempting to determine these contributions by pure
quantum mechanical calculations, I prefer to use a semiempirical
approach calibrated by experimental information. This reflects a
belief that the present quantum mechanical calculation scheme can
only give a general trend for the potential surface of metallopor-
phyrins and not quantitative results. On the other hand, there is now
sufficient experimental information, on related systems, to make it
possible to achieve an unambiguous calibration of the semiempirical
parameters.
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Fi1G. 2. Calculated adiabatic potential surface V for the defor-
mation of the porphyrin skeleton. V; is given as a function of the metal
displacement from the mean heme plane (z) for given metal-nitrogen
distances (b;). The H.S. curve gives the sum of V;, V-, and V,_sfor
a high spin pentacoordinate system with b; = 2.09 A. The observed
points (from the references mentioned in ref. 9) are placed on the
corresponding b, and z values and designated by ®, 0,0, A,and m
for by values 2.01, 2.06, 2.09, 2.13, and 2.2 A, respectively. The fol-
lowing observed points are included: (a) (1-MeIm)Co(TPP); (b)
(ON)Fe(TPP); (c) (Cl)Mn(TPP); (d) (C104)Zn(TPP); (e) (2-Melm)-
Fe(TPP); (f) (1-MeIm)Mn(TPP); (g) (C1) TI(OEP); (h) deoxyhemo-
globin (16).

placement of the low spin metal from the mean nitrogen plane
is approximated by V, = 25(z")2 kcal/mol, where the force
constant is obtained by analyzing vibrations of M(CN~), and
M(CO);4 systems (17). In order to analyze the high spin penta-
coordinate case, I calibrate the SCF (open shell) quantum
mechanical calculations by fitting the calculated and observed
V. for the low spin state. The calibrated parameters give V-
= 8(z’)? for the high spin state. (iii) The 1-3 steric interaction
is described by a potential function of the form V3 = e exp
{—u(g — go)} where q is the 1-3 distance. The interaction be-
tween two nitrogen atoms is obtained by fixing g, at the average
observed value (2.92 A), evaluating u = 2.5 A~! from the
functional dependence of the nitrogen-nitrogen overlap inte-
grals, and evaluating € = 1.3 kcal/mol by fitting the calculated
and observed differences between b; of Fe(TPP) and b of
(PiP)s- Fe(TPP) [where the difference in b, is attributed to the
balance between the 1-3 interaction potential and the expansion
potential (V; + V})]. This result is confirmed by finding that
the out-of-plane displacement of low spin (ON)Fe(TPP) cor-
responds to the equilibrium between the V;_3 potential and the
out-of-plane potential (V) of the low spin state. The interaction
between oxygen and nitrogen is estimated by using the same
value for e as in the N-N case, and a value of 2.62 A for g, from
the corresponding difference between the N and O van der
Waals radii (12).

The total heme potential Vj is composed of the pure por-
phyrin skeleton deformation energy (V) and the sum of V,
V., and V_g. Fig. 2 shows that for a high spin system with b,
~2.09 A and z ~ 0.5 A the extra strain (due to V, gand V)
is small. Thus, a large part of the out-of-plane displacement can
be accounted for by the fact that the metal size is larger than
the size of the hole of the planar porphyrin. However, the 1-3
steric interaction (see the H.S. curve in Fig. 2) is also important
in stabilizing high spin systems in the nonplanar geometries.

Potential surface of hemoglobin active site

The quaternary structure of hemoglobin is characterized by
two states, R (relaxed) and T (tense), with low and high ligand
affinity, respectively (2, 3). The average tertiary structures of
the a and 8 subunits in the R and T states are designated here
as r and ¢, respectively. In order to understand the control of
the oxygen affinity one may consider the energies and struc-
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Table 1. Structural parameters of the hemoglobin
active site?

State z b l=b, +z b, b,

#d) 0.61b 2.16¢
o) 0.0d 2.07¢
r(d) 0.55f 2.16¢.f
t0) 0.038 2.11¢

14 =277  2.09¢ —
,0=207  2.00¢  1.76¢
L4 =271 2.09f —
1,0=214  2.00h  1.788

a Length in A.

b Deoxyhemoglobin (16) (average of a and 8 subunits).

¢ (1-MeIm)Fe(TPP) and (2-Melm)Fe(TPP) (9).

d Ref. 18.

¢ Picket-fence porphyrin (9).

f The value of z¢ = 0.55 A is taken from ref. 19. The observation of
small change in 2 is supported by resonance Raman experiments (20)
that show that the spin state marker frequencies (21) [which are very
sensitive to the heme expansion (14, 22)] are the same in both r (@)
and t @, Thus, b is still approximately 2.08 A, and therefore z must
still be large.

g Estimated from the present work.

h The low spin b, must be similar to b, in r¢).

tures of the ¢(d), r(d) t(©) and r(©) states which designate, re-
spectively, the ¢t and r structures in the unbound (deoxy) and
bound (oxy) sixth ligand states. The structural information for
the different states is summarized in Table 1. _

The heme-heme interaction (denoted here as AG) is the
difference in oxygen affinity between the r and ¢ states. This
energy difference can be evaluated by extending the calcula-
tions of the previous section to the complete active site system.
The potential surface of the active site is evaluated by consid-
ering the heme potential (V) and the bonding potential of the
axial ligands. The heme potential is described in the previous
section. The bonding potential of the axial ligands can be rep-
resented by a Morse type potential M(b) = D[exp {—2a(b — b, )}
— 2 exp{—a(b — b, )}]. The dissociation energies D are taken as
17 and 16 kcal/mol for iron-histidine (23, 24) and iron-oxygen
(25) bonds respectively.t A value of 2.4 A~! is estimated for the
parameter @ by analyzing the stretching vibrations of transition
metal complexes (17). The equilibrium parameters b, are taken
as the corresponding observed equilibrium values (Table 1).

The general form of the energy of the oxy state can be ap-
proximated by:

E° ~ Vy°(z) + Ms°(bs) + Me°(be) + E,(l) (1]

in which Vg is the energy of the heme system, M5(bs) and
M(bs) are the Morse potentials for the bs and bg bonds, re-
spectively, and E,, is the protein free energy which depends
h%re only on the distance I. An analogous expression is used for
-E4,

Eq. 1 becomes more meaningful if it is expressed in terms of
the least energy path for the distance I. The energy of the active
site system along this path can be expressed as:

Ea(l) = Vy[z(])] + Ms[bs(l)] + Me[be(l)] (2]

in which A designates active site, whereas z(l), bs(l) and bg(l)
indicate explicitly the least energy path of the corresponding
variables. The calculated potential E4 for the oxy and deoxy
states is presented in Fig. 3. The oxy potential is much steeper
than the deoxy one in the z > 0 region because the out-of-plane
motion toward the fifth ligand is hindered by the 1-3 steric
interaction between the heme nitrogens and the sixth ligand.

# The change in D between low spin and high spin cases is included
here in the difference between the corresponding V.
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FiG. 3. (A) The heme-histidine potential surface along the least
energy path of [ in the high spin deoxy state. Al designates [ — bs
(where b5 is the unstrained length of bs). H.S. and L.S. are, respec-
tively, the high spin (b; = 2.09 A) and low spin (b; = 2.01 A) potential
surfaces. The relative energy of the two spin states is arbitrary because
the calculation of the energy of change in spin state is not sufficiently
accurate. (B) The heme-histidine-oxygen potential surface along the
least energy path of [ in the oxy state. The notation is the same as in
A except that Als’ = 5 — bs.

With this least energy potential one can write (for example) the
energy of the E,° state as:

E° =Ex°(l;°) + Ept(l°) (3]
The energy of the other three states can be expressed analo-
gously. The oxygen binding energy is now given by:
AErd_m = (E'o - Erd) = [EAo(lro) - EAd(lrd)]
+ [Ep7(l,°) = Ep7(l,9)]
AE, 470 = (E,° - E,%) = [Ea°(l°) — Ead(l4))
+ [Ept(l°) - Ept(ltd)] (4]

The heme-heme interaction AG is the difference in oxygen
affinity between the r and ¢ states and is given by:

AG = [Ea°(l°) = Ex°(I,°)] = [E5%(1:%) = E59(1,9))
+ [Ept(lto) - Ept(ltd)] - [Epr(l'o) - Ep'(lrd)] (5]
This equation can be rewritten as:
AG = (AE0) "t — (AEAd)’_" + (AEpt)d—-o - (AE,,')d""
(6]

in which all the contributions are positive.
To analyze the factors which determine the heme-heme
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FIG. 4. A quadratic estimate of the potential energy surfaces of
the E,¢ and E,," states. |, and [, are the equilibrium values of [ in the
E," and E,* energy surfaces, respectively. The figure also presents
the E,4° energy surfaces and the sum E4° + E,¢ which gives a mini-
mum at [,°.
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FIG. 5. A schematic representation of the main features of the proposed control of ligand affinity by the hemoglobin active site. The figure
compares two states, with ligand (o) and without ligand (d), both in the ¢ and r tertiary structures. Views are shown of cross sections taken per-
pendicular to the heme plane. The solid line through the Fe atom represents the edge-on projection of the heme (diaphragm). The crossed-hatched
areas represent the regions restricted by the 1-3 steric interaction [i.e., g (see Fig. 1) cannot be smaller than g,). An incoming ligand is presented
(dashed line) in the figure of the ¢ (4 state. In this case, the 1-3 interaction hinders the formation of a strong b bond as long as the iron is in the
2 > 0 region. The proximal histidine nitrogen is connected to the F helix. The effect of the change in the quaternary structure is represented
here only by the coupling of the motion of tyrosine HC2 with the formation of the corresponding salt bridge. The strain of the protein in the
t©) state is represented at three leaf springs: the tyrosine pocket, the F helix, and the noncovalent bonds to the heme.

interaction, I estimate the different terms in Eq. 6. AE,¢ is
estimated from Fig, 3 as 0.3 kcal/mol. A rough estimate of AE,,”
= 0.6 kcal/mol is obtained by comparing the free energy of
oxygen binding of picket-fence porphyrin, myoglobin, and
hemoglobin (25). By using the estimate of AE," = 0.6 kcal /mol,
the calculated E 4 °, the calculated E4 ¢, and the observed AG
3.6 keal/mol (1)}, one obtains quadratic approximations of the
forms E," ~ 1.5 (I — I, )2 keal/mol and E,,* ~ 2.8(I — I,)2, where
I, is set equal to [, and the best [; is found to be ~3.63 A. These
potentials give [,° — [,° = 0.075 A, AE,* = 4.0 kcal/mol, and

AE4° = 0.5 kcal/mol. The quadratic estimates of E,* and E,,*
are drawn in Fig. 4.

Control of ligand binding by hemoglobin

As shown in the previous section, the main feature of the active
site potential surface is the change from a rather shallow po-
tential (with a minimum at z ~ 0.6 A) in the deoxy state to a
much steeper potential (with a minimum at z ~ 0) in the oxy
state. This change is mainly due to the 1-3 steric interactions.
In view of this result, I suggest that the active site of hemoglobin
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controls the oxygen binding according to the model presented
in Fig. 5. The active site in this model is composed of a dia-
phragm (the heme) which can provide simultaneous binding
to two systems, the protein (via the proximal histidine) and the
oxygen. The approach of the oxygen and the histidine to the
center of the diaphragm base is limited by the 1-3 steric in-
teractions. The model is best described by following the process
of oxygen binding: In the R quaternary structure the interaction
between the subunits is small, and E, () has a minimum at ~2.7
A. In the T quaternary structure, tﬁe interaction between the
subunits shifts the minimum to ~8.6 A. This change in structure
does not lead to large strain in the heme-protein bond because
the ¢@ position of the iron corresponds to the shallow region
of the E,* potential. When the first oxygen approaches the t (@
heme in the T state it cannot form a strong bond as the iron is
on the opposite side of the heme plane. The iron can be dis-
placed toward the oxygen but this motion pulls the histidine and
eventually reduces the distance between the heme plane and
the F helix, transferring the strain to the protein. Thus, instead
of getting the full oxygen binding energy the T state pays for
straining the protein, and to some extent bs and bg. The strain
in the ¢(°) subunits becomes smaller if the tyrosine is expelled
from its pocket and if the salt bridges between the subunits are
broken. After binding of three oxygens, the strain in the ¢(°)
subunits becomes sufficient to shift the system to the R qua-
ternary structure (all the subunits being disconnected). Now
the fourth subunit is in the r(®) state. The oxygen affinity in r(°)
is 8.6 kcal/mol larger than in ¢ () because the oxygen binding
leads to smaller strain in the protein.

The present calculation uses a realistic molecular model for
the active site of hemoglobin with the following conclusions:
(i) The heme-heme interaction is mainly localized in the pro-
tein (in agreement with Hopfield's qualitative model) although
approximately 15% of this energy is stored in the heme. (i) The
hemoglobin potential surface can be as steep as the heme po-
tential surface (in contrast to the assumption in ref. 6), but the
protein is built in such a way that the t@ and r(@ states are in
the shallow region of its potential. (iii) The change in spin state
should be considered more a consequence of ligand binding
than the major factor in the control of oxygen affinity. In fact,
because both () and ¢(°) are low spin states while ¢(@ and r(@
are high spin states the heme-heme interaction does not involve
the energy of changing spin states.’ Thus, although Perutz’s
model of reciprocal relation between the protein tension and
the oxygen affinity is correct, it is better to emphasize the
change in heme geometry rather than the change in spin state.
That is, the heme simply provides a relatively rigid system that

§ Whereas Eq. 4 includes implicitly the energy of changing the spin
state, Eq. 5 includes only the change of energy between two
geometries with the same spin state.
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must change geometry upon ligand binding to give simulta-
neous binding for the histidine and the oxygen under the con-
straint of the 1-3 steric interaction.
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