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Dedicated to Prof. Dr. Jorg Fleischhauer on the occasion of his 75th birthday.

The rotational strength (R) of the Soret transition in sperm-whale myoglobin (SW Mb), the
hemoglobin from Chironomus thummi thummi (CTT Hb), and human hemoglobin (hHb) has been
calculated using 20 high-resolution (< 1.5 A) crystal structures. The intrinsic rotational strength due
to heme non-planarity was calculated using 7-electron theory and time-dependent density functional
theory (TDDFT). Calculations on model protoporphyrins with a planar nucleus and with various tor-
sional angles for the 2- and 4-vinyl substituents showed maximum R of £0.70 Debye—Bohr magneton
(1DBM = 0.9273 - 10738 cgs units). Viewing the heme so that the 2- and 4-vinyls are in a counter-
clockwise relationship, if a vinyl points toward the viewer, it contributes positively to R. Calcula-
tions of the intrinsic R for explicit heme geometries of SW Mb, CTT Hb, and hHb gave averages
of 0.40 £ 0.09, —0.44 £ 0.04, and +0.32 +0.11 DBM, respectively. Coupling of the Soret transi-
tion with aromatic side-chain and peptide backbone transitions was also considered. For SW Mb,
the magnitudes of the contributions decreased in the order Rjy > Raro > Rpep. For CTT Hb and
hHB, the orders were, respectively, Rin; > Rpep > Raro and Rin¢ > Raro ~ Rpep. Human Hb o chains
showed the same trend as CTT Hb. Only in the hHb f chains did R, predominate, with the order
Raro > Rint > Rpep. The total predicted Ryt for SW Mb, CTT Hb, and hHb averaged +0.77 4 0.10
(0.56-0.80), —0.37+£0.12 (—0.5), and +0.31 +0.17 DBM (0.23-0.50), respectively. (Values in
parentheses are experimental values.) Thus, contrary to the currently accepted view, coupling with
aromatic side-chain or peptide transitions is not the dominant factor in the Soret circular dichroism
(CD) of these proteins. The Soret CD is dominated by intrinsic CD of the heme chromophore, of
which vinyl torsion is the major determinant. This result suggests an explanation for the large effect
of heme isomerism on the Soret CD of Mb and Hb. Rotation about the ¢-y axis may be associated
with large changes in vinyl torsion and thus substantially alter the intrinsic CD, even reversing its
sign.
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1. Introduction

Visible and near-UV circular dichroism (CD) is
frequently used to monitor conformational transitions
and ligand binding in chromophoric proteins [1—4],
of which heme proteins are prominent examples. It
is important to understand the source(s) of the CD
induced in achiral chromophores bound to proteins,
such as the heme in heme proteins and retinal in
rhodopsin and bacteriorhodopsin. Does the induced
CD primarily result from the binding of a dissym-
metrically distorted chromophore (an intrinsic mech-
anism), or does it arise from coupling of the chro-

mophore transitions with the aromatic and peptide
chromophores of the protein (an extrinsic mecha-
nism)? For rhodopsin, the case was made for each
of these explanations [5—8], but the issue has re-
cently been settled [9] in favor of dissymmetry in the
bound chromophore, a twisted polyene, as the domi-
nant factor in the visible/near-UV CD of rhodopsin.
For heme proteins, there has been no such contro-
versy. The consensus has been that coupling of the
heme with aromatic or peptide chromophores of the
protein is largely responsible for the visible/near-UV
CD bands, most prominently the Soret (B) band near
400 nm.
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This consensus dates back to the work of Hsu and
Woody [10, 11], who used the relatively low-resolution
structures of sperm-whale myoglobin (Mb) [12] and
horse hemoglobin (Hb) [13] available in 1969, to-
gether with the CD theory of Tinoco [14] to predict
the CD spectrum of Mb and Hb. They found that the
coupling of the Soret band with aromatic side-chain
transitions gives, for Mb, a positive rotational strength
(R) of +0.3 Debye—Bohr magnetons (DBM; 1 DBM =
0.9273 - 10738 cgs units), to be compared with the ex-
perimental value [15, 16] of ~ 0.5 DBM. Similarly,
calculations on Hb gave a value of 0.1 DBM, compa-
rable with experimental R values of 0.2—0.4 [15]. In
addition, calculations for the visible (Q) bands and the
near-UV N and L bands gave rotational strengths with
the correct sign and approximate magnitude for these
bands. Hsu and Woody [11] also calculated the effects
of coupling with the peptide nw* and w7* transitions
in Mb, but found them to be negligible.

Hsu and Woody [11] further discussed other poten-
tial contributions to the heme CD: heme nonplanarity
and mixing of heme 7n7* transitions with iron d—d
transitions [17]. At the resolution available in crys-
tal structures in 1970, deviations from planarity of the
heme, other than departure of the iron from the heme
plane, could not be characterized. This is why Hsu
and Woody’s calculations focused on the protein chro-
mophores. With respect to potential contributions of
iron, Hsu and Woody argued that the relative insen-
sitivity of the Soret CD to the oxidation state, spin
state, and ligation of iron is inconsistent with a ma-
jor role for d—d transitions. This indirect argument
was strongly supported by the observation of Ruck-
paul etal. [18] that protoporphyrin bound to globin
gives CD spectra similar to those of the native pro-
tein.

Isomer A
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Fleischhauer and Wollmer [19] calculated the Soret
rotational strength of the monomeric Hb of Chirono-
mus thummi thummi (CTT Hb), considering the aro-
matic coupling mechanism. This was an important test
of the mechanism because the Soret CD of CTT Hb is
negative [20], in contrast to that of mammalian Mb and
Hb. Fleischhauer and Wollmer predicted that the aro-
matic side chains of CTT Hb give rise to a Soret rota-
tional strength of — 0.2 DBM, in qualitative agreement
with experiment. Subsequently, Strassburger et al. [21]
extended these calculations using a 1.4 A-resolution X-
ray structure [22], including the peptide n7* and wm*
transitions, as well as those of asparagine (Asn), glu-
tamine (Gln), aspartic acid (Asp), and glutamic acid
(Glu), and the propionate groups of the heme. With the
more refined structure the aromatic side-chain contri-
bution to the Soret rotational strength was diminished
to —0.09 DBM, but the peptide groups, carboxamide
and carboxylate side chains of the protein, and the pro-
pionate groups of the heme more than compensated
for this, giving a total computed R = —0.324 DBM,
in reasonable agreement with the observed value of
—0.5DBM. They concluded that for CTT Hb, the
dominant coupling contributions come from the pep-
tide groups. The carboxamide and carboxylate side-
chain contributions are negligible, and those of the
heme propionates were significant but smaller than
those of the aromatic or peptide groups.

More recently, it has been found that the CD spectra
of Mb [23], Hb [24, 25] and CTT Hb [26] are affected
by heme isomerism, that is, the binding of protoheme
IX to the globin in two alternative orientations, differ-
ing by a 180° rotation about the o-y methine carbon
axis (Fig. 1). Native SW Mb consists of an equilibrium
mixture of the A and B isomers ina 11.5: 1 ratio [27].
Aojula et al. [23] found that the Soret band of the dom-

Isomer B

Fig. 1. Heme isomers A and
B, which differ by a 180°
rotation about the o-y
axis in the protein matrix,
viewed from the distal side.
The vinyl groups are de-
picted with y; and x4 equal
to 0° (see Fig.2) and the
numbering system of the
periphery of the porphyrin
nucleus is shown.



R. W. Woody and G. Pescitelli - Heme Chirality in Circular Dichroism of Heme Proteins

inant A isomer has Ae = +90 M~! cm~—!, whereas that
of isomer B has Ae = —7M~'em™!, i.e., it is weakly
negative.

The reversal in sign of the Soret CD band between
the two isomers is not yet understood. However, it ap-
pears incompatible with the position that the coupling
of the Soret transition moments with the surround-
ing chromophores dominates the Soret CD. Hsu [28]
showed that for a planar, D4;,-symmetric porphyrin, the
coupling-induced rotational strengths of the two de-
generate Soret components depend upon the choice of
transition moment directions, but the fotal Soret rota-
tional strength is independent of the directions. Rota-
tion about the ¢-y axis is equivalent to a rotation of
transition moment directions and therefore should not
affect the net rotational strength. The presence of the
vinyl substituents breaks the degeneracy and thus the
net rotational strength is likely to show some variation
on heme rotation, but this is unlikely to lead to a change
in sign.

The large effect of heme isomerism suggests that the
coupling mechanism is not the dominant factor, as has
been widely assumed. If the heme itself is chiral, rota-
tion about the ¢¢-y axis can readily be envisioned to re-
quire a different chiral conformation to fit the binding
pocket, and this difference could easily have a substan-
tially different CD spectrum.

In an molecular dynamics (MD) study of heme iso-
merism [29], simulations of both heme isomers in Mb
were monitored by calculations of the Soret CD spec-
trum. For the dominant A isomer, it was found that
heme non-planarity accounted for 30% of the Soret
rotational strength, whereas coupling with aromatic
transitions gave rise to 40%, and peptide coupling to
the remaining 30%. The simulations of the B isomer
did not succeed in reproducing the negative Soret CD
band, probably because of an inadequate starting struc-
ture.

Although the MD simulations suggested the signif-
icance of heme non-planarity for Soret CD, there has
been no systematic study of the CD of Mb and Hb tak-
ing into account the actual heme geometry as revealed
by high-resolution X-ray diffraction structures that are
now available. This seemed an appropriate topic for
a paper to be dedicated to Jorg Fleischhauer, who has
made important contributions to our understanding of
the CD of heme proteins, of proteins more generally,
and indeed to the quantum chemistry of a wide range
of molecules.
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2. Methods
Intrinsic Heme Rotational Strengths

The transition dipole moments and transition charge
densities for the Soret band were calculated by 7-
electron molecular orbital (MO) theory in the Pariser—
Parr—Pople approximation (PPP method) [30-32]. -
electron calculations have been very successful in pre-
dicting the CD spectra of chiral conjugated systems
[33]. The ‘standard’ parameters of Weiss et al. [34]
were used. The heme m-electron system was treated
as a porphyrin dianion, including the two vinyl sub-
stituents, giving a total of 28 m-centers and 30 x-
electrons. Configuration interaction included the 32
lowest energy singly excited configurations, with or-
bital energy differences up to ~ 9 eV. Electric dipole
transition moments were calculated in both the dipole
length and dipole velocity approximations. Two-center
contributions were neglected in the former case.
Slater orbitals with exponents calculated from Slater’s
rules [35] were utilized in evaluating the gradient and
angular momentum operators.

Time-dependent density functional theory (TDDFT)
calculations [36] were run with Gaussian09 [37]. For
consistency with PPP calculations, the porphyrin dian-
ion was considered. The Coulomb-attenuated hybrid
B3LYP functional (CAM-B3LYP) [38] and Ahlrichs
triple-§ split-valence basis set (TZVP) [39] were em-
ployed, including 16 excited states.

Calculations of the heme rotational strength as
a function of vinyl torsional angles utilized an ideal-
ized porphyrin nucleus with Dy;, symmetry, with bond
lengths and bond angles based upon Hoard et al. [40].
The bond lengths assumed for the vinyl substituents
were 1.47 A for the Cpﬁ—CVOC bond (Cpﬁ denotes the
B-carbon of the pyrrole to which the vinyl is attached
and C,q the o-carbon of the vinyl group, see Fig. 2)

vp

Xz( \

(CH;),COOH

(CH5),COCH

Fig. 2. Definition of dihedral angles j; and )4 describing the
conformation of the vinyl groups. The dashed lines represent
the cisoid orientations with y, and x4 = 0°; positive angles
are indicated by the curved arrows. Heme isomer A is repre-
sented viewed from the distal side.
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and 1.34 A for the Cva—CVﬁ bond. The Cpﬁ—Cva bond
was assumed to bisect the exterior angle of the pyrrole
ring at Cpp, and the C,5Cy¢C,p bond angle was as-
sumed to be 120°. The 2- and 4-vinyls were rotated in-
dependently over 180° at 10° intervals, and the remain-
ing conformations were generated by mirror symmetry.
The zero for x54), the dihedral angle defined by atoms
CpaCppCraCyp, where Cpp is Cy(4) in Figure 2, corre-
sponds to a cisoid relationship with the Cpo—C,g bond
of the pyrrole to which the vinyl is attached (Fig. 1).

For the calculation of the intrinsic rotational
strength of the hemes in heme proteins, the heme ge-
ometry was taken from X-ray structures. All structures
used had a resolution of 1.5 A or better. The input
structures for TDDFT calculations were obtained from
X-ray structures by geometry optimizations of the hy-
drogen atoms only, at the B3LYP/6-31G(d) level.

The contributions of coupling between the heme
Soret transitions and transitions in the aromatic side
chains and peptide groups were calculated according
to the equation

R — 2r
™ he(v:—v2)
2
- 2 VaVoVioa,job (Rj = Ri) - W jop X Wjgg — ——5——
% a 0a, J J 1 bi 10a /’l(Vg*Vg)
- ImVioa, job (R i0q - M b0 Va + M jop - Miao V) (D

ib

based upon Tinoco’s first-order perturbation the-
ory [14]. Here, Rj, is the rotational strength of the
transition 0 — a in group i (the Soret transition in the
heme in the present case), whereas l;o, and m;y, are,
respectively, the electric and magnetic dipole transition
moments of this transition; H jo, and m o, are, respec-
tively, the electric and magnetic dipole transition mo-
ments of the transition 0 — b in aromatic or peptide
group j; v, and Vv, are, respectively, the frequencies
of transition 0 — @ in heme i and transition 0 — b in
aromatic or peptide group j; Vioa,jo» is the energy of
interaction between the transition charge densities for
transition 0 — a in heme 7 and transition 0 — b in aro-
matic or peptide group j. The summations are to be
taken over all transitions 0— b in all aromatic and pep-
tide groups j.

The first summation in (1) describes coupling of
electric dipole transition moments in the heme with the
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electric dipole transition moments in the other groups.
This is Kirkwood’s [41] coupled oscillator contribu-
tion. The second summation results from coupling of
the electric dipole transition moment in the heme with
the magnetic dipole transition moments in the aromatic
and peptide groups, and vice versa. This is the yu-m
term discussed by Schellman [42]. The interaction en-
ergy between transition charge densities, Vigq; jop, Was
calculated by the monopole [14] (distributed dipole)
approximation. This approximation is superior to the
point-dipole approximation that is sometimes used. It
takes the finite extension of the chromophores into
account, which is important when interchromophoric
distances are comparable to the dimensions of the
chromophores. In addition, it is applicable to dipole-
forbidden transitions such as the peptide nz* transi-
tion. A set of charges, pjs0q4, are located at points Rjg
such that the electric dipole transition moment for the
transition 0 — a is given by

Hioa = ZpiSOaRis~ (2)

The interaction energy of transition densities for tran-
sitions 0 — a in group i and 0 — b in group j is then
given by Coulomb’s law for the pairwise interactions
of the two sets of transition monopoles:

Vioasjob = 2, . PisoaPjton/ IRisoa — Rjuo| - (3)
s t

The method for determining the monopole charges and
positions has been described in [14]. For nx* transi-
tions, the monopole positions correspond to the atomic
centers of the 7 system, or to points above and below
the plane of the 7 system. The monopoles for mm*
in the heme and aromatic side chains were placed at
the atomic centers. The monopole charges were eval-
uated from the transition density at each atomic cen-
ter [14]. Monopoles for the peptide group were placed
as described by Woody [43]. Their charges were calcu-
lated as described by Woody and Sreerama [44]. The
monopole parameters for the carboxylate group were
generated by the same procedures.

In previous calculations [10, 11, 19, 21] of the per-
turbation terms (1), the g-m term was only considered
for the nm* transition of the peptide groups, which is
magnetically allowed. The magnetic dipole transition
moments of 77 transitions were neglected. For a wr*
transition in a planar chromophore, it is always possi-
ble to find an origin about which the magnetic dipole
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transition moment vanishes [45]. For chromophores of
high symmetry, e.g., the benzene ring of phenylala-
nine (Phe) and unsubstituted or symmetrically substi-
tuted porphyrins, this origin is determined by symme-
try. However, for tyrosine (Tyr), tryptophan (Trp), and
histidine (His), the choice of origin that leads to a van-
ishing magnetic dipole transition moment is not clear.
In the heme, vinyl substituents and deviations from
planarity shift the proper origin from the center of the
ring in a way that will vary with the porphyrin confor-
mation. In the present case, the magnetic dipole tran-
sition moments were calculated from MO theory for
each chromophore, relative to an appropriate center as
the origin. In the case of the peptide and carboxylate
groups, the origin was chosen at the carbonyl carbon,
and the magnetic dipole transition moment about that
origin was taken to be zero for w7* transitions [44].

The aromatic side-chain transitions of Phe, Tyr, and
Trp were included in the calculations, using methods
and parameters described previously [44, 46 —48]. &-
MO calculations for His used the GROMOS96 geom-
etry [49] and the variable- parameterization [50, 51].
Two sets of parameters were required for His: one for
the neutral imidazole group, applied to HisA (with the
tautomeric proton on Ng;) and HisB (with the tau-
tomeric proton on Ng;), the other for the protonated
imidazole, used for HisH and His1. (His1, with the im-
idazole ring coordinated to the heme iron, was con-
sidered equivalent to a protonated HisH.) As shown
below, the state of protonation and tautomerism has
a minimal effect on the results. Therefore, all His
residues were considered to be unprotonated and in
HisA tautomers, except for the proximal His.

MO calculations by the PPP method using the dipole
length approximation generally overestimate the mag-
nitude of the electric dipole transition moment [52].
In our calculations, we have scaled the electric dipole
transition moments and the transition monopoles by
a factor of Uexp / Utheor» Where Uexp is the observed tran-
sition moment magnitude (or that calculated from the
geometric mean of the dipole length and dipole veloc-
ity oscillator strengths [52]) and Uheor 1S the magnitude
calculated from MO theory. This factor was not applied
to the magnetic dipole transition moment or the angu-
lar momentum matrix element.

Three peptide transitions — one n* and two mwm*
(NV; and NV,) — were considered, using Clark’s
transition moment magnitudes and directions (NV| =
—55°, NV, = +61°) for N-acetylglycine [53] for
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the mz* transitions. Since the electric dipole transi-
tion moments and monopoles for these mrm* transi-
tions are empirical, no scaling factor has been ap-
plied. Peptide nrm* transition monopole charges and
the magnetic moment were calculated using INDO/S
wave-functions [54] and the monopoles were placed in
a quadrupolar arrangement about the carbonyl group as
described previously [44, 48]. The amide transition pa-
rameters are given at the website of N. Sreerama [48].

For the carboxylate group, two nr* and two nm*
(NV; and NV,) transitions were considered. The tran-
sitions were positioned at 198 (n;7*), 194 (npt*), 166
(NVy), and 128 (NV;) nm. The wavelength of the NV,
transition was based upon the experimental data of
Snyder et al. [55]. Other transition energies are based
upon ZINDO/S [54] calculations on the acetate ion.
Similarly, dipole transition moments and monopole
charges were based upon the ZINDO/S results, except
for the NV electric dipole transition moment magni-
tude, which was taken from the experimental data of
Clark [53] for the carboxyl group of N-acetylglycine.
This value was compared with the ZINDO/S result
to derive a scale factor (0.8154) used to correct the
ZINDO/S value for the NV, transition dipole moment
magnitude. The transition dipole moment directions
for the carboxylate are determined by symmetry to be
along (NV/) or perpendicular to (NV,) the two-fold
axis.

3. Results and Discussion
Effect of Vinyl Torsions

Calculations of the rotational strength of an ideal-
ized porphyrin with varying torsional angles for the
vinyl groups revealed several general features. It must
be stressed that with an idealized planar porphyrin
nucleus, rotational strength can only arise from the
(twisted) vinyl groups.

(1) If either vinyl group has a torsional angle of
0°(180°) or 90° (defined as shown in Fig. 2),
that group does not contribute to the rotational
strength. If >4 = 0°(180°), the vinyl group is
fully conjugated with the porphyrin nucleus, but
its contributions to the V or g matrix elements
are in the porphyrin plane and those to the r x V
matrix element are perpendicular to the plane. If
X2.4 = 90°, the vinyl group is not conjugated to
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Fig. 3. (a) Intrinsic rotational strength of a model protopor-
phyrin IX as a function of y, for a fixed values of y4, = 180°.
(b) Intrinsic rotational strength of a model protoporphyrin
IX as a function of y4 for fixed values of x,. Solid circles
with solid curve, y, = +40°; open circles with dashed curve,
X2 = +130°.

the porphyrin nucleus and contributes to neither
the V (1) or r x V matrix elements. It follows that
if both vinyls have y = 0°(180°) or 90°, or if one
has y = 0°(180°) and the other has y = 90°, the
rotational strength of the porphyrin vanishes.
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(ii) If both the 2- and 4-vinyl groups have positive
torsional angles (as shown in Fig. 2, with 0° <
X2(4) < 180°), the Soret band has a positive ro-
tational strength. Conversely, if both the vinyl
groups have a negative torsional angle, the rota-
tional strength is negative. If one views the por-
phyrin from the side in which the 2- and 4-vinyls
appear in counter-clockwise order, as in Figure 1a,
and the vinyl groups point toward the viewer, the
Soret band will be positive.

(iii) Figure 3a shows the intrinsic rotational strength of

protoporphyrin as a function of ), with 4 = 180°.
For y» >0, the rotational strength is positive with
a maximum at ), = 40°, a weaker maximum at
x> = 130°, and it vanishes at y» = 90°. For y, <
0°, the rotational strength is negative.

(iv) Figure 3b shows the rotational strength as a func-
tion of )4 with ), = 40° (cisoid) and with ), =
130° (transoid). The maximum rotational strength
occurs at ¥4 = 40° in both cases, with a some-
what smaller maximum at y4 = 140°. In addition,
the cisoid vinyls give a ~ 20% larger rotational
strength. The maximal rotational strengths are
0.695 DBM for (x2,x4) = (40°,40°) and 0.589
for (130°, 40°).

(v) If x> and x4 are opposite in sign, the sign of
the rotational strength depends upon the relative
strengths of the 2- and 4-vinyl contributions. If
%2 ~0°(180°) or 90° and 4 is significantly differ-
ent from any of these values, the sign will be deter-
mined by J4, i. e., it will be positive for y4 > 0 and
negative for y4 < 0. Figure 3 shows the Soret ro-
tational strength as a function of y4 (negative) for
X2 = 40° and 130°. For x> > 0°, x4 < 0° R has
maximum absolute values of 0.380 at (40°, —90°)
and —0.380 at (90°, —40°). As expected, the mag-
nitude of the Soret band is generally smaller when
X2 and )4 are opposite in sign.

Intrinsic Rotational Strength of Heme in Heme
Proteins

MO calculations were performed for the heme in
20 high-resolution protein structures, including those
of sperm whale myoglobin (SW Mb), hemoglobin
from Chironomus thummi thummi (CTT Hb), and hu-
man hemoglobin (hHb) obtained from the Protein Data
Bank [56]. Additionally, TDDFT -calculations were
performed on two selected structures from the same se-
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Table 1. Intrinsic rotational

Protein PDB* Ref. Rint (DBM)P X2 (deg)® x4 (deg)©
SWMbCO 1A6G [65] 0.403 143 178 strengths of hemes.
1A6G4 [65] 0.793 143 178
1BZR [66] 0.436 142 172
1JW8 [67] 0.397 144 179
SWMbO, 1A6M [65] 0.341 141 179
276S [68] 0.594 148 —178
SWMb 1A6N [65] 0.303 140 —176
1BZP [66] 0.409 139 173
SWMbIm® 1U7R [67] 0.367 149 180
SWMbH,0 1A6K [65] 0.207 144 —175
1BZ6 [66] 0.432 141 176
1BZ6f [66] 0.095 - -
1U7S [67] 0.368 145 —180
MbCN 2JHO [69] 0.505 136 171
CTT HbH,O 1ECA [22] —0.461 —40 -8
CTT Hb 1ECD [22] —0.485 —33 -8
CTT HbCN 1ECN [22] —0.372 -50 -8
CTT HbCO 1ECO [22] —0.456 —40 -2
1ECO? [22] —0.303 —40 -8
hHbO; o 2DN1 [70] 0.679 143 143
Bh 2DN1 [70] —0.041 -39 160
hHb deoxy o 2DN2 [70] 0.625 142 148
[0%) 2DN2 [70] 0.527 153 141
B" 2DN2 [70] 0.548 144 149
B 2DN2 [70] 0.281 150 149
hHb CO & 2DN3 [70] 0.371 146 144
B 2DN3 [70] 0.083 178 156
o 1IRD [71] 0.358 147 145
B 1IRD [71] 0.135 178 153
2 PDB [56] code for protein structure.
b Ri, =intrinsic rotational strength of the heme. DBM = Debye-Bohr magneton, 1 DBM =

0.9273 - 10738 cgs units.

¢ Torsional angle about the bond connecting the 2(4)-vinyl group and the porphyrin nucleus. y = 0° cor-
responds to the vinyl group cis to the a—f3 bond of the pyrrole to which the vinyl is attached.

4 TDDFT calculations, in italics, dipole-length gauge.
¢ Im=imidazole.

f Calculation for a mesoporphyrin-substituted Mb. Omitting the vinyl groups mimics a porphyrin in which

all substituents are saturated.

& In CTT Hb, the 4-vinyls are not well-defined in the electron density map [22] and are therefore omitted

in the calculation.

" Three transitions were predicted in the Soret region, with a total oscillator strength comparable to that
obtained with the other hemes. All three transitions were included in the calculation of R;, and of the

coupling contributions.

ries. Table 1 shows the calculated rotational strengths
for the heme Soret band for Mb. It is clear that the in-
trinsic rotational strength is significant for all of the
proteins considered.

The largest body of data is for myoglobin, for which
12 structures were considered. The average intrinsic
Soret rotational strength (Rj,) for these 12 proteins is
0.397 £ 0.093 DBM (Tab. 2). Table 1 also shows the
vinyl torsional angles, )2 and x4, for Mb. It will be
noted that x4 is very close to +180° in all cases and
thus, as noted above, the intrinsic rotational strength

will be dominated by y», which is near 140°, for which
Rine 1s expected to be sizeable. There is greater varia-
tion in the calculated rotational strengths than would
be expected from the small variation in vinyl torsional
angles. This is attributable to variation in other types of
heme planarity, such as ruffling, doming, propellering,
etc. [57].

MO calculations were also performed for SW
MbH,0 (PDB 1BZ6) in which the vinyl groups were
deleted. The rotational strength is predicted to de-
crease from 0.432 to 0.095 DBM. Thus, the vinyl
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Table 2. Average rotational strengths.

Protein Rin® Raro? Rpep® Riotd
Mb 0.397 0.243 0.130 0.771
+0.093 +0.045 +0.040 +0.102
CTT Hb —0.443 —0.041 0.120 —0.365
+0.043 +0.080 +0.011 +0.115
hHb o 0.512 0.037 0.211 0.764
+0.130 +0.064 +0.035 +0.162
hHb 8 0.201 —0.336 0.106 —0.028
+0.202 +0.140 +0.065 +0.359
hHb o, 3, 0.322 —0.164 0.151 0.310
+0.106 +0.070 +0.027 +0.165

4 Rine = intrinsic rotational strength of the heme (DBM)

b Ruo = contribution of coupling with aromatic side-chain transi-
tions (DBM)

¢ Rpep = contribution of coupling with peptide backbone and heme
propionate side chains (DBM)

d Riot = total calculated rotational strength (DBM)

groups are responsible for ~ 80% of the intrinsic ro-
tational strength in myoglobin. This result is consis-
tent with experimental data on myoglobin reconsti-
tuted with heme in which the vinyls are saturated to
methyl or ethyl (mesoheme) groups. The Soret rota-
tional strength of these modified Mbs is reduced by
~ 15% —30% relative to the protoheme-containing na-
tive Mb [25, 58].

The intrinsic rotational strengths of the heme Soret
band for CTT Hb are negative (Tab. 1). The average
over the four structures is —0.443 4+ 0.043 (Tab. 2).
According to Steigemann and Weber [22], the 4-vinyl
group in CTT Hb does not have a preferred location
in the crystal structure. The negative value of Ry is
expected from our model calculations because y» ~
—40° and there is no 4-vinyl contribution, so it was
omitted in our calculations. Steigemann and Weber did
provide coordinates for the 4-vinyl group, assigning
the atoms zero weight. Using these coordinates, )4 ~
—63°. We performed calculations including both vinyl
groups and obtained an average Rj,; = —0.603 £0.039.
The larger negative Ry when the second vinyl is in-
cluded is in line with our model calculations, although
the model considering both vinyls is not realistic.

In human hemoglobin, the ¢-chain exhibits intrinsic
rotational strengths similar to those of SW Mb, with an
average Rj, = 0.512+0.130 DBM (Tab. 2). The av-
erage rotational strength is somewhat larger than for
SW Mb because both x, and x4 are near 140°, giv-
ing nearly maximal R;y;. The B-chains show the largest
variability of the systems studied, with Rj, ranging
from —0.041 to +0.548 DBM (Tab. 1), and a nearly
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two-fold difference between the two non-equivalent -
chains of deoxyHb. The average Ri = 0.201 +0.202,
so averaging the three ligation states of Hb is not mean-
ingful. This is consistent with the fact that each ligation
state has a distinct pattern of (2, X4)-

The two structures considered for TDDFT calcula-
tions were a myoglobin (MbCO, 1A6G structure) and
a hemoglobin (CTT HbCO, 1ECO structure). In both
cases, rotational strengths computed with TDDFT and
PPP for the Soret band had the same sign (positive for
myoglobin and negative for CTT hemoglobin) and or-
der of magnitude (Tab. 1). This consistency confirms
the accuracy of MO calculations based on the PPP
model in the current case. One reason for the good per-
formance of the PPP model is that, based on orbital and
population analysis of TDDFT results, all excitations
contributing to the calculated Soret transitions involve
only 7-type Kohn—Sham orbitals, with no participation
of n orbitals and n — * excitations.

Coupling of the Heme Soret Transition with Aromatic
Side-Chain Transitions and Peptide Transitions

Prior theoretical studies of heme protein CD have
identified coupling with aromatic side-chain [10, 11,
19] or with peptide backbone [21] transitions as
the dominant factor in determining the Soret rota-
tional strength. For myoglobin, the contributions of
coupling with aromatic transitions (Tab. 3) are rel-
atively uniform, with an average of Ry, = 0.243 £
0.045DBM. CTT Hb shows more variability, rang-
ing from —0.123 to 4-0.087 DBM, with an average
of —0.041 +0.080 DBM. Human Hb ¢« chains also
show considerable variability in Ry, ranging from
—0.073 to 0.120. Interestingly, the extreme values are
for the non-equivalent ¢ chains of deoxy Hb. The re-
sulting average (Tab. 2) is 0.037 £0.064. Hb 8 chains
have more uniform negative R, values, averaging
—0.3364+0.140 DBM. Therefore, the Hb 3 chain is the
only heme protein chain in our study for which Ry, has
a larger magnitude than Rjy,.

Why is Raro negative for the 8 chains, whereas, with
one exception, it is positive for the o chains? Much
of the difference arises from two homologous posi-
tions, both near the heme group. Tyr 42 contributes
0.041 DBM, whereas its homolog Phe 341 contributes
—0.155DBM. For Phe 098, Rao is —0.043 DBM,
whereas for Phe $103 it is — 0.236 DBM. These two
cases account for a difference of nearly 0.4 DBM.
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Protein PDB Rin® Raro? Rpep® Rt Tqble 3. Int.rlns.lc and cou-
SWMbCO 1A6G 0.403 0.229 0.156 0.788 pling contributions to soret
IBZR 0.436 0.225 0.133 0.794 rotational strength.
WS 0.397 0.189 0.110 0.696
SWMbO, 1A6M 0.341 0.298 0.112 0.751
2765 0.594 0.217 0.174 0.985
SWMb 1A6N 0.303 0.257 0.141 0.701
1BZP 0.409 0.268 0.017 0.694
SWMbIm 1U7R 0.367 0.227 0.125 0.720
SWMbH,0 1A6K 0.207 0.312 0.138 0.658
1BZ6 0.432 0.246 0.126 0.804
1078 0.368 0.156 0.170 0.694
MbCN 2JHO 0.505 0.299 0.161 0.966
CTT HbH,0 1ECA —0.461 ~0.123 0.116 —0.468
CTT Hb 1ECD —0.485 ~0.092 0.121 —0.456
CTT HbCN 1ECN 0372 0.087 0.106 ~0.180
CTT HbCO 1ECO ~0.456 ~0.036 0.137 ~0.356
hHbO, o 2DN1 0.679 0.024 0.273 0.975
B 2DN1 —0.041 ~0.569 0.057 ~0.553
s 2DNI1 0.319 ~0.273 0.165 0.212
hHb deoxy o 2DN2 0.625 0.120 0.198 0.944
o 2DN2 0.527 ~0.073 0.222 0.676
Bi 2DN2 0.548 ~0.252 0.096 0.393
B 2DN2 0.281 ~0.157 0.233 0.358
B 2DN2 0.495 ~0.090 0.187 0.593
hHb CO o 2DN3 0.371 0.072 0.191 0.634
B 2DN3 0.083 ~0.308 0.080 ~0.146
B 2DN3 0.227 ~0.119 0.135 0.244
o 1IRD 0.358 0.043 0.171 0.590
B 1IRD 0.135 ~0.392 0.064 ~0.193
P 1IRD 0.247 ~0.175 0.118 0.190

4 Rine = intrinsic rotational strength of the heme (DBM)

b Ruro = contribution of coupling with aromatic side-chain transitions (DBM)
¢ Rpep = contribution of coupling with peptide backbone and heme propionate side chains (DBM)

d Ryt = total calculated rotational strength (DBM)

The effect of His protonation and tautomerism on
the aromatic contributions was assessed by comparing
results for three models for myoglobin (1A6G): (i) all
His, except for the proximal His, are unprotonated and
in the HisA form; (ii) all His, except for the proximal
His, are unprotonated and in the HisB form; (iii) the
His are assigned protonation and tautomeric states ac-
cording to a detailed examination of nuclear magnetic
resonance (NMR) and X-ray and neutron diffraction
data [59]. Ry for these three models is 0.229, 0.219,
and 0.225, respectively. Thus, the effect of protona-
tion and tautomeric states is minimal, with a maxi-
mum difference of 5% between the models. We have
chosen to assign all His residues, except for the proxi-
mal His, as unprotonated and in the HisA tautomer, as
this shows slightly better agreement with the detailed
model.

Our values for Ry, can be compared with previously
published studies for myoglobin and hemoglobin [11]

and for CTT Hb [19, 21]. Hsu and Woody [11] reported
Ryo =0.306 DBM, calculated for a 1.5 A structure of
SW MbH,O [12]. Our results for the three SW MbH,O
structures give an average of 0.238 +0.064 DBM. Hsu
and Woody considered only 12 of the 23 aromatics
nearest the heme, used a lower resolution structure, and
considered an unsubstituted porphyrin, so the agree-
ment is reasonable.

In the case of CTT Hb, a more direct compari-
son is possible because Strassburger et al. [21] used
a 1.4 A structure [22], on which PDB files 1ECA,
1ECD, 1ECN, and 1ECO are based. Strassburger et al.
did not specify which form of the protein they studied,
but it appears that it was CTT deoxyHb (1ECD) be-
cause a comparison of the Ry, they report for six aro-
matic side chains with our results shows a small root-
mean-square deviation of 0.015 DBM and this deriva-
tive gave a total Ry, = —0.078 DBM, in good agree-
ment with our value of —0.092 DBM.
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The peptide contributions are very similar for
Mb and CTT Hb, with average values of 0.13 and
0.12 DBM. The Hb o and B chains show significantly
higher and lower values, respectively, with averages of
0.21 and 0.11 DBM. The fact that all four types of
proteins have comparable positive Rpep values is at-
tributable to the close similarity of the protein fold in
these cases.

Hsu and Woody [11] predicted negligible contribu-
tions for the peptide nm* and mx* (NV;) transition
in Mb (0.003 DBM). They used older amide transition
parameters [60] and a lower resolution structure [12],
neglected two more distant a-helical segments, and as-
sumed a planar unsubstituted porphyrin structure.

Strassburger et al. [21] predicted a significant nega-
tive peptide contribution in CTT Hb (—0.194 DBM or,
if one includes the heme propionate groups as we do
here, —0.238 DBM). This disagrees with our value of
0.121 DBM for CTT Hb. As noted above, the similarity
in chain folding of all the proteins studied here would
suggest a uniform sign for Rpep, supporting a positive
value for CTT Hb. The discrepancy is probably at-
tributable to a significant difference in the NV transi-
tion moment direction and to our inclusion of the NV,
transition.

Strassburger et al. [21] also considered the coupling
of the heme Soret transition with the electronic tran-
sitions of the propionate side chains of the heme.
They reported a contribution of —0.087 DBM from
the 7-propionate of the heme in CTT deoxyHb. Na-
gai etal. [25] have suggested that heme propionate
groups may play a significant role in inducing heme
rotational strengths. We have calculated the contri-
butions of these propionate groups to the Soret ro-
tational strengths of the 20 heme proteins studied in
our work. We find these contributions to be small
but not negligible. The average values for Mb, CTT
Hb, hHbe, hHb, and hHbo, 3, are —0.024 +0.039,
—0.04140.004, +0.040£0.027, +0.016 £0.043, and
+0.028 £ 0.016, respectively. The propionate contri-
butions have been included with those of the peptide
groups in Table 3.

The total rotational strength for SW Mb (Tab. 2
and 3) averages 0.771 +0.102 DBM, of which Rjy
constitutes 51%, Rao 32%, and Rpep 17%. Experi-
mentally, the Soret rotational strength of myoglobin
has been estimated [11] as 0.5 & 0.05 DBM from the
data of Beychok [61] and Willick et al. [16]. Blauer
etal. [62] reported rotational strengths for MbH,O and
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Mblm (Im =imidazole) averaging 0.71 DBM. These
values need to be corrected upward because the ex-
perimental values refer to the equilibrium mixture of
heme isomers A and B [27] whereas the calculated val-
ues refer to the dominant A isomer. Aojula et al. [23]
inferred Agmax = +90M~!cm™! for the A form and
—7M~!cm™! for the B form. Assuming the equilib-
rium ratio of A:B is 11.5: 1 [27], the factor for cor-
recting the equilibrium Ry, value to that for the A-form
is 1.10, giving corrected values of 0.55-0.78 DBM.
Thus, our Ry, values are in good agreement with ex-
periment.

For CTT Hb, Ry, is predicted to range from —0.180
to —0.468 DBM (Tab 3), with an average of —0.365 £
0.117 DBM. Rjp and Ry, are negative and Rpep is pos-
itive, with Ry, corresponding to 121% of Ry and Ry
to only 11%. Strassburger et al. [21] quote an experi-
mental value of — 0.5 DBM, presumably (see above)
for the deoxy form. Our calculations predict a value of
—0.456 for the deoxy form and —0.468 for the HbH,O
form, in reasonable agreement with experiment.

CTT Hb also exhibits heme isomerism, with a 3 : 2
ratio of major to minor isomers [26]. The major isomer
is the form found in the crystal [22] and has the op-
posite orientation to that found in myoglobin, i. e., the
major form of CTT Hb is isomer B (Fig. 1). In the case
of CTT Hb, the CD of the individual isomers has not
been reported, so we can only compare our calculated
value for the major isomer with that for the equilibrium
mixture. The similarity of these values, together with
the relatively high content (40%) of the minor isomer
at equilibrium, suggests a relatively small difference in
the CD of the two isomers in CTT Hb, in contrast to
SW Mb [23].

Comparison of the results for the individual o
and f side chains of hemoglobin is problematic. The
predicted values for o chains range from 0.590 to
0.975 DBM, averaging 0.764 +0.162 DBM. The pre-
dicted values are much more positive than the value
of 0.34+0.25 DBM estimated by Hsu and Woody [11]
from experimental data [15, 63, 64]. The experimen-
tal studies demonstrated that the CD of reconstituted
Hb tetramer differs significantly from that of the sum
of the individual subunits, implying conformational
changes and associated CD changes in the subunits
upon association.

The predicted values for the § subunit have a very
large range of values for Ry, from —0.553 to
0.393 DBM, rendering the average value of —0.028 £
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0.359 DBM of dubious significance. It is more reason-
able to treat the deoxy form ({Ry) = 0.376 +0.018)
and the liganded forms ({Ryor) = —0.297 - 0.182) sep-
arately. Two experimental studies of  subunits [15,
63] agree that the  subunit has a less positive Soret
rotational strength than the o subunit and that the
Soret band is a positive couplet, in contrast to the sim-
ple positive band of the o subunit. However, the cou-
plet reported by Nagai et al. is nearly symmetric with
a very small net positive R, whereas that given by
Geraci and Li has a strongly dominant positive com-
ponent. In any case, experimental data do not sup-
port our prediction of a net negative Ry for the lig-
anded B chains, Hb3O, and HbCO. As with the o
chains, this may be attributable to differences in the
conformation of isolated 3 chains and 3 chains in the
o Botetramer.

For Hb tetramers, Ry is predicted to range from
0.190 to 0.593, with an average of 0.310£0.165 DBM.
As with the B chains, there is a clear difference be-
tween deoxyHb (0.593 DBM) and the liganded Hb’s,
with an Ry of 0.215+0.022 DBM. Nagai et al. [24]
have chromatographically separated recombinant hHB
expressed in E. coli into three components that have
12%, 51%, and 86% isomer B, as determined by NMR
spectroscopy. They have measured the CD spectra of
each fraction in the deoxyHb, HbO;, and HbCO forms.
By taking difference CD spectra, they were able to de-
duce the CD spectra of the A and B isomers in these
three ligation states. From their published data, we
estimate the rotational strengths for the A isomer to
be 0.50 DBM for deoxyHb, 0.23 DBM for HbO,, and
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0.27 DBM for HbCO. (The Soret rotational strengths
for the B isomers are 0.16, 0.00, and —0.21 DBM,
respectively.) The values for the A-form can be com-
pared with our predicted rotational strengths: 0.59,
0.21, and 0.22 DBM, respectively. The agreement is
very good.

In the three heme proteins studied here, inherent chi-
rality of the heme dominates the rotational strength of
the Soret band. This is also the case for three of the
four heme protein chains, the exception being human
Hbp.

As noted earlier, it is difficult to understand the re-
versal of the sign of the Soret CD band between heme
isomers if coupling with protein chromophores is pre-
dominant. Our results suggest an explanation for the
large effect of heme isomerism in SW Mb, which is
essentially that proposed by Moench [58]. Heme chi-
rality makes a contribution comparable to (we find it to
be larger than) that of coupling with the aromatic side
chains and peptide groups, and the two contributions
are of the same sign in the A isomer. Reversal of the
heme orientation leads to an approximate inversion of
the heme chirality and the sign of the intrinsic heme
CD, but has little or no effect on the coupling. The in-
trinsic and coupling contributions are opposite in sign
in the B isomer and, because R;,; is dominant, the sign
of the Soret CD is reversed.
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