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Abstract: We have investigated the effects of heme rotational isomerism in sperm-whale carbonmonoxy-
myoglobin using computational techniques. Several molecular dynamics simulations have been performed
for the two rotational isomers A and B, which are related by a 180° rotation around the o—y axis of the
heme, of sperm-whale carbonmonoxy myoglobin in water. Both neutron diffraction and NMR structures
were used as starting structures. In the absence of an experimental structure, the structure of isomer B
was generated by rotating the heme in the structure of isomer A. Distortions of the heme from planarity
were characterized by normal coordinate structural decomposition and by the angle of twist of the pyrrole
rings from the heme plane. The heme distortions of the neutron diffraction structure were conserved in the
MD trajectories, but in the NMR-based trajectories, where the heme distortions are less well defined, they
differ from the original heme deformations. The protein matrix induced similar distortions on the hemes in
orientations A and B. Our results suggest that the binding site prefers a particular macrocycle conformation,
and a 180° rotation of the heme does not significantly alter the protein’s preference for this conformation.
The intrinsic rotational strengths of the two Soret transitions, separated according to their polarization in
the heme plane, show strong correlations with the ruffling deformation and the average twist angle of the
pyrrole rings. The total rotational strength, which includes contributions from the chromophores in the protein,
shows a weaker correlation with heme distortions.

Introduction

Heme b (protoheme IX) in hemoproteins can exist in two
different orientationsthat differ by a 180 rotation of the heme
group about thex—y axis (Figure 1), and the two rotational
isomers are called isomers A and B. For isomer A, the porphyrin
substituents as conventionally numbered (Figure 1) are arranged
in a clockwise sense when viewed from the side of the proximal
His for globins and other hemoproteins with a single protein
ligand, or the N-terminal ligand for bis-liganded hemoproteins
(e.g., CytOChr,Om‘bS)' For Isomer, B, the porphyrin SUbStI,tuentS Figure 1. Isomers A and B, which differ by a 18@otation of the heme
are arranged in a counterclockwise sense. Twofold rotation aboutapout thea—y axis in the protein matrix. This isomerization exchanges
the a—y axis interchanges the 2- and 4-vinyl groups with the the position of the 2-vinyl with the 3-methyl and the 4-vinyl with the

_ _ ; i 1-methyl group. Vinyl groups are depicted in tharorientation. The pyrrole
3 an.d Jr']methyl groups, reSpeCtIVde.ly' ?\nd Ieaﬁs to di:fferi]nt rings are identified by letters A to D, and the methine carbons by Greek
Pro‘?'”ﬁ eme lcontaCtS' NMR studies have shown that t € lettersa to . The view is from the proximal side of the heme.
equilibrium ratio of A to B form depends on the protein . ) . .
sequence, and on the oxidation state and the ligands of thePhysiologically important properties of hemoprotetniseme
hemel In Sperm_whale myog|0bin’ isomer A is the predominant rotational isomerism could influence these phySIOloglcaIIy

form. It has been shown that heme distortions can modulate important properties. Since the protein matrix can induce
different distortions in isomers A and B, the heme in isomer B

may exhibit different functional properties than that in isomer
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(1) La Mar, G. N.: Toi. H.: Krishnamoorthi, Rl Am. Chem. S0d984 106 native sperm whale myoglobin has a 10-fold h|gher affln!ty for
6395-6401. O, than isomer A However, subsequent experiments did not
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show any significant differences in the-Gand CO-binding of calculated rotational strengths. The ruffling deformatfcamd
native and reconstituted sperm-whale or yellowfin-tuna myo- the average twist angle of the opposite pyrrole rings, which also
globin#~® The differences found in the first experiment were measures the ruffling deformation, show a strong correlation
probably due to unrecognized irreversible oxidation of a fraction with the intrinsic rotational strengths of the two Soret transitions
of heme, which resulted in higher apparent binding constants of the heme. The total rotational strength, which includes
for O, The G affinity is probably modulated mainly by steric  coupling with other chromophores in the protein, shows a weak
and electronic effects depending on the peripheral substitGé&nts. correlation. A preliminary account of this work was presented
However, the Bohr effect inChironomus thummi thummi  at an Alcuin Symposiuni’

hemoglobins is affected by the heme rotational equilibrfum.
The major form (isomer A) shows a large Bohr effect, whereas
the minor form (isomer B) exhibits little or no Bohr effect. The MD-Simulation. Molecular dynamics simulations of the two
heme isomers of bovine cytochrorbghave also been shown rotational isomers of sperm-whale carbonmonoxy myoglobin in water
to differ in a physiologically relevant parameter: isomer A has have been performed at 300 K with GROMOS96The starting

a reduction potential that is 27 mV more negative than that of Structures of the protein were taken from a neutron-diffraction strd€ture
isomer B2 (PDB entry 2mb5) and two of twelve NMR structute¢$PDB entry

. . _ . . 1myf). After placing the protein in a rectangular box of equilibrated
Native sperm-whale myoglobin exhibits heme isomerism, extended simple-point-charge (SPC/E) witarolecules and removing

with ~10% of isomer B at equilibrium. Many high-resolution ater molecules within a 2.3 A radius of any non-hydrogen protein
crystal structures have been reported for myoglobin, but only aioms, two cycles of steepest-descent energy minimization were
the Alisomer has been observed in crystal structlieesl NMR performed. In the first cycle, the positions of the protein atoms were
structures! Freshly reconstituted myoglobin consists of a 50: restrained, but in the second, no restraints were applied. All covalent
50 mixture of the two isomers and reaches equilibrium at a rate bond lengths and the2® bond angle in this and subsequent steps were
that depends on several factors, such as species, pH, temperaturegnstrained to their equilibrium values with SHAR®yith a geometric
etc! The Soret CD spectrum of freshly reconstituted myoglobin tolerance of 10 Eight water molecules were replaced by @ins to

is only half as intense as that of the native protein, suggesting maintain glgctrongutrahty, followed by two cycl_es of steepest-descent
that isomer B has a weak, or even negative, Soret>&D. energy minimization, as described gt_JO\_/e. .Th's was followed by 20
Extrapolation of the linear relation between the Soret CD steps of conjugate-gradient energy minimization. The molecular dynam-

. . d the | . . f th . d ics simulation under periodic boundary conditions was then initiated,
intensity and the isomeric composition of the reconstitute starting at 100 K, and using an integration time step of 2 fs. Three

carbonmonoxy myoglobin, as measured by NMR, gaue fx steps followed, each of 5 ps duration, in which the temperature was
of +90 and—7 M~ cm™* respectively for isomers A and B. increased by 100 K per step, and restraints were decreased. Three more

To examine the origins of differences in the Soret CD of the steps, each of 5 ps duration, followed at 100, 200, and 300 K, without
two isomers of myoglobin, we have performed MD simulations restraints. Finally, unrestrained simulation at 300 K for 20 ps completed
of sperm-whale myoglobin in both A and B forms. The structure the_equilibration process. Nonbonded interactions were calculated with
of the B isomer, which is not available experimentally, was a triple-range metho@)_‘,with cutoffs of 8 and lt_l A. Coordinqtes were
generated from the structure of isomer A by rotating the heme saved at O'OSO'pS_ intervals. Further details are provided in the
about thea—y axis in the heme pocket. The calculated Soret Supporting Information.

cD X f the two i litatively simil We performed four MD simulations for each isomer, with four
Spectra or the two Isomers are qualitatively simiiar. different initial velocity assignments, using the neutron-diffraction

The origins of the Soret CD lie in the distortions of the heme, structurd® as the starting geometry. The starting geometry for isomer
leading to an intrinsic rotational strength, and the interaction B was obtained from the isomer A structure by rotation of the heme
between the heme chromophore and the chromophores of theby 187 about thea—y axis, keeping the vinyl groups in plane and in
protein matrixt* In this paper we present the analysis of the the syn conformation, as shown in Figure 1. The four MD trajectories
protein-induced distortions of the heme in the MD trajectories Of isomer A, generated with the neutron-diffraction structure and
for isomers A and B using normal-coordinate structural decom- different initial velocities, are referred to as T1A, T2A, T3A, and T4A.
positior>16 (NSD) and another simple measure of heme The corresponding trajectories of isomer B are referred to as-T1B

distortion. We correlate the heme deformations with the T4B. We have also performed MD simulations with two starting
structures taken from the ensemble of twelve NMR structtires,

structures #1 (1myf-1) and #8 (1myf-8), and these MD trajectories are
referred to as N1 and N2, respectively, with the isomer indicated by A

Methods

(2) Shelnutt, J. A.; Song, X. Z.; Ma, J. G.; Jia, S. L.; Jentzen, W.; Medforth,
C. J.Chem. Soc. Re 1998 27, 31-41.

(3) Livingston, D. J.; Davis, N. L.; La Mar, G. N.; Brown, W. D. Am. Chem. and B, e.g., N1A for isomer A with NMR structure #1 as the starting
Soc 1984 106, 3025-3026. i ; i
(4) Aojula. H. S.: Wilson, M. T.: Morrison, I. E. GBiochem. J1987, 243 geometry. These MD simulations were performed on two of the original
205-210.
(5) Light, W. R.; Rohlfs, R. J.; Palmer, G.; Olson, J.JSBiol. Chem.1987, (15) Jentzen, W.; Ma, J. G.; Shelnutt, J. Biophys. J.1998 74, 753-763.
262, 46-52. (16) Jentzen, W.; Song, X. Z.; Shelnutt, J.JAAPhys. Chem. 8997 101, 1684~
(6) Neya, K.; Funasaki, N.; Shiro, Y.; lizuka, T.; Imai, Biochim. Biophys. 1699.
Acta1994 1208 31—-37. (17) Woody, R. W.; Kiefl, C.; Sreerama, N.; Lu, Y.; Qiu, Y.; Shelnutt, J. A. In
(7) Chang, C. K.; Ward, B.; Ebina, $rch. Biochem. Biophysl984 231, Insulin and Related Proteins: From Structure to Function and Pharmacol-
366-371. ogy, Federwisch, M., Dieken, M. L., Eds.; Kluwer Academic Publishers:
(8) Gersonde, K.; Sick, H.; Overkamp, M.; Smith, K. M.; Parish, D. EMr. Dordrecht, The Netherlands, 2002 (in press).
J. Biochem1986 157, 393-404. (18) van Gunsteren, W. F.; Billeter, S. R.; Eising, A. A.;itéunberger, P. H.;
(9) Walker, F. A.; Emrick, D.; Rivera, J. E.; Hanquet, B. J.; Buttlaire, D. H. Kriger, P.; Mark, A. E.; Scott, W. R. R.; Tironi, |. GBiomolecular
J. Am. Chem. S0d.988 110 6234-6240. Simulations: The GROMOS96 Manual and User Guldechschulverlag
(10) Cheng, X.; Schoenborn, B. B. Mol. Biol. 1991, 220, 381—399. AG an der ETH: Zuich, 1996.
(11) Csapay, K.; Theriault, Y.; Wright, P. E.; Case, ID.Mol. Biol. 1994 244, (19) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, J. Phys. Cheml987,
183-197. 91, 6269-6271.
(12) Aojula, H. S.; Wilson, M. T.; Drake, ABiochem. J1986 237, 613-616. (20) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJCComput. Phys1977,
(13) Aojula, H. S.; Wilson, M. T.; Moore, G. R.; Williamson, D.Biochem. J. 23, 327-341.
1988 250, 853-858. (21) van Gunsteren, W. F.; Berendsen, H. JAGgew. Chem., Int. Ed. Engl.
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3386 J. AM. CHEM. SOC. = VOL. 124, NO. 13, 2002



Heme Distortions in SW-Myoglobin ARTICLES

NMR structures instead of using the average of the twelve NMR proportional to the angular momentum of the transitior-G; voa is
structures. In this way, we covered more conformational space and the frequency (s of the transition 6— a; ande andm are respectively
additionally could monitor the dependence of MD-generated structures the charge and mass of the electron. This formulation of the rotational
on initial distortions. The trajectories N1 and N2 have different starting strength, known as the dipole velocity form, is origin-independént,
geometries, whereas trajectories T1 to T4 have the same startingin contrast to the dipole length form in eq 3.
geometry but differ in their initial velocities. In these calculations we treated the heme as a porphyrin dianion,
For comparison with the myoglobin MD simulations, a 600-ps MD  considering only ther electrons, neglecting the methyl and propionyl
simulation of Fe(lll) protoporphyrin chloride (FePP(CI)) was performed = side chains, but including the two vinyl groups. Theystem in the
by using the POLYGRAPH 3.21 program and a DREIDING Il force  heme group contained 28 atoms. The transition parameters and intrinsic
field (MSI) modified to include atom types for the heme with fractional  rotational strength of the Soret transitions were calculated by using
atomic charges as previously descriBééiThe MD calculation was s-molecular orbital theory in the ParisePar—Pople (PPP) ap-
run by using canonical NVT dynamics at 300 K while saving snapshot proximatior?* with parameters from the “standard model” of Weiss et
structures at 0.05-ps intervals. The snapshots from the FePP(CI) MD a5 The calculations were performed on the heme structures in the
trajectory were analyzed in terms of the normal coordinate deformations MD trajectories at 0.05-ps intervals. In this paper, we will only consider

in the same way as the myoglobin MD trajectories. the intrinsic rotational strengths of the heme. The total rotational
Intrinsic Rotational Strength. Circular dichroism Qe) is the strengths of the heme transitions, including contributions of coupling
differential absorption of left and right circularly polarized light, with transitions in protein chromophores, are described elsewhere (Kiefl

et al., in preparation).

The Soret CD band has two nearly degenerate components that are
polarized in the plane of the heme and perpendicular to each other.
The near-degeneracy of the Soret components leads to fluctuations in
the relative energies of thg- and y-polarized Soret components,
precluding a unique correlation using the energy classification. The
two Soret components were distinguished according to their polarization
in the heme-plane, which gives a good correlation with a measure of
) heme distortion as described below. Each Soret transition moment was
Rpa= (3000ic In10/167°N,) fband(AeM) di assigned as eithex- or y-polarized, according to the angle of its

projection on the mean plane of the heme, usihd5° lines as
- 02477[ bang (A€/2) A4 (2) boundaries. Thg-axis passes through the nitrogen atoms of the pyrroles
D and B (N\b- - -Ng) and they-axis through A and C pyrroles (N- -
Nc) (Figure 1). The calculated rotational strengths for theand
y-polarized components were separately averaged over the trajectory.

Normal-Coordinate Structural Analysis. Heme structures were
analyzed by normal-coordinate structural decomposition (NSD) as
described earlief2*6Figure 2 illustrates the NSD method for the heme
from the X-ray crystal structure of horse heart cytochroméhe
computational procedure projects out the deformations along all of the
66 normal coordinates of the porphyrin macrocycle, including both in-

Rya= IM{(Oju|a)-(ajm|0)} (3) plane and out-of-plane modes. Typically for hemoprotein crystal and
NMR structures, however, the deformations are only large enough to
whereu is the electric dipole transition moment operator, a measure Pe statistically significant for the lowest frequency out-of-plane modes.
of the linear displacement of charge upon excitation; emds the This is because these modes have the smallest restoring forces and
magnetic dipole transition moment operator, a measure of the circular thus tend to have the largest deformations from planarity. For porphyrin
displacement of electron density upon excitation. The superposition of Crystal structures, which are usually refined to much higher resolution
u« andm results in a helical displacement of charge, which interacts than hemoproteins, the lowest frequency modes alone do not provide
differently with left- and right-circularly polarized light. a sufficient description of the structutebut for the hemoproteins, a

There are two types of contributions to the rotational strengths of description in terms of the deformations of only the lowest frequency
the two Soret components: the intrinsic rotational strength of the Normal modes is adequate statistically. That s, the error in the structure
transitions resulting from the inherent chirality of the heme, and the When the contributions from all of the other modes are neglected is
perturbations resulting from coupling of the heme transitions with €SS than the positional uncertainty in the X-ray structure.
transitions in other chromophores in the protein, of which the aromatic ~ For this work a C version of the NSD program was modified for
side chains and the backbone peptide groups are the most importantinput of the 12 000 snapshot structures from the MD simulation. Time-
In this paper, we consider only the intrinsic rotational strengths of the averaged plots were obtained by using the 2D smoothing function of
Soret components. The extrinsic contributions arising from coupling SigmaPlot2001, which uses a Gaussian weighting function over a 6-ps
of these transitions to proteins groups are treated in another paper (Kieflsliding window and a linear fitting function. The fast Fourier transform

Ae =€ —eg 1)

where €. and ez are respectively the molar decadic extinction
coefficients for left- and right-circularly polarized light. The rotational
strength of a transition from the ground st@t¢o excited state is
determined by integrating the intensity under a single band in the CD
spectrum, according to:

whereh is Planck’s constant divided byr2c is the velocity of light,
andNa is Avogadro’s number. Rotational strength is usually expressed
in Debye-Bohr magnetons (1 DBM= 0.9273x 10738 cgs units). The
numerical factor in the second form of eq 2 providks DBM when
Aeisin Mt ecm™L

The rotational strength can be calculated theoreti#aftpm the
imaginary part of the scalar product of the electric and magnetic dipole
transition moments:

et al., in preparation). of the POWSPEC program of SigmaPlot was applied to the deforma-
The intrinsic rotational strengths for the Soret components were tions in the first 8192 () structures of the trajectories T2A, T2B,
calculated according to the equation: and FePP(Cl). Deformations along each of the normal modes were
weighted by a cosine function that vanishes at the endpoints of the
Roa= —(e2h2/4anCVOa)(O|V|a)-(a|r x V|0) (4) data (Hanning windo#), thus removing high-frequency components

generated by using a finite trajectory. The magnitudes resulting from

where (QV|a) is the dipole velocity matrix element connecting the
ground state), and the excited state; (ar x V|0) is a matrix element (23) Moffitt, W. J. Chem. Phys1956 25, 467-478.

; ; ; (24) (a) Pariser, R.; Parr, R. G. Chem. Physl953 21, 466-471; 767-776.
connecting the ground stat®, and the excited stateq, that is (bj Pople, J. ATrans. Faraday Sacl953 49, 1375-1385.
(25) Weiss, C.; Kobayashi, H.; Gouterman, M. Mol. Spectrosc1965 16,

(22) Rosenfeld, LZ. Phys.1928 52, 161—174. 415-450.
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Heme Group of Horse Cytochrome ¢
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Figure 2. lllustration of the heme distortions characterized by normal-
coordinate structural decomposition of the heme from horse heart cyto-
chromec. The distorted structure at the top left is that of the heme in horse-
heart cytochrome. Each of the six structures below it shows the heme
deformed along one of the lowest-frequency normal modes. Each deforma-
tion belongs to an irreducible representation of By symmetry group
appropriate to the planar, 4-fold symmetric porphyrin nucleus. A linear
combination of these deformations, called saddlisgdy, ruffling (ruf),
doming @dom), wavingx (wawx), wavingy (wavy), and propelleringfro),

can be fit to an arbitrarily deformed heme within the experimental error of
protein crystal structures. The coefficients in the linear combination required
to fit horse-heart cytochromeare represented in the bar plot on the right.
These coefficients are the displacements in A along these six normal
coordinates that best represent the out-of-plane distortion of the heme
structure.

the transform were squared and multiplied by two to yield the power
spectral density as a function of frequency.

Twist-Angle (r). The virtual dihedral angles between the two sets
of opposing pyrrole rings can be used to characterize the overall
distortion of the heme. These relate the pyrrole rings@and B~D
(see Figure 1) and are denoted andrsp, respectively. The dihedral
angle tac is determined by sighting along the line connecting the
midpoints of pyrroles A and C. The angle carrying thg-€Css bond
of pyrrole A into the Gg—Csg bond of pyrrole C igac. An analogous
procedure is used to defingp. A planar heme has bothc andzgp
equal to 0. These two dihedral angles give a measure of the twist of
the pyrrole rings with respect to the heme plane and are inversely
related. Generally, a positive AC twist’(& 7ac < 90°) is compensated
by a negative BD twist{90° < tac < 0°), which is a consequence of
the constraints of the heme macrocycle. For small values®and
7sp, the inverse relation may not be satisfied, but the heme deformations
are also small in such cases.

The average twist angle)(was calculated by averaging the absolute
values of the two dihedral angles and retaining the sign of the AC
twist angle. The average twist angle shows a strong correlation with
the ruffling deformation from the NSD analysis. The propellering

(26) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, WNUimerical
Recipes: The Art of Scientific Computir@ambridge University Press:
Cambridge UK, 1989; p 425.
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deformation also gives rise to opposite signscgf and zgp, but the
average propellering deformation is much smaller than the ruffling
deformation.

Results and Discussion

Heme Distortions: Normal Coordinate Structural Analy-
sis. The major heme deformations that make up the distortion
in hemoproteins areuffling (ruf), saddling(sad, anddoming
(dom) whereawaving (wav(x), wav(y)) andpropellering(pro)
deformations tend to be smaller due to their higher vibrational
frequencie® 16 (Figure 2). These six macrocycle deformations
are unique because they correspond to the lowest frequency out-
of-plane vibrational modes of 8 By, Az, E; and Ay
symmetries (irreducible representations), respectively, of the
nominal D4, molecular symmetry of hemes. Using NSD, the
out-of-plane distortion of most heme structures can be well
represented in terms of the normal coordinate displacements
for these six vibrational modes.

The out-of-plane heme distortions in myoglobin are generally
small in comparison with other hemoproteifisFor the 14
experimental structures of sperm-whale carbonmonoxy-myo-
globin obtained by X-ray diffraction (1vxf), neutron diffraction
(2mb5), and NMR spectroscopy (1myf: 12 structures), the total
out-of-plane distortions are generally less than 0.7 A. The
consistent features of the experimental heme structures from
all sources are the small, positive domingwaving, and
propellering deformations<0.5 A). All other deformations are
also small €0.4 A) and can be either positive or negative, but
thewaw(x) deformation is typically negative. These features are
quite general for myoglobins, as shown by an NSD analysis of
99 crystal structures of Fe(lll) myoglobin derivatives, especially
the wau(y) deformation (Supporting Information).

The NSD results for the 600-ps averaged structures show that
deformations of all crystal-based trajectory structures are largely
conserved for isomers A and B and differ only in their
amplitudes (Figure 3). This is probably because the trajectories
have the same starting structure and differ only in their initial
velocities. Further, at least the signs of the initial deformations
of the neutron-diffraction heme structure are conserved in all
of the averaged structures of the crystal-based trajectories for
isomer A, except fodomin T3A. However, the 600-ps averaged
heme distortions in trajectories N1A and N2A (Figure 3) are
very different from the original heme distortions of NMR
structures 1myf-1 and 1myf-8, respectively. This may reflect
the fact that heme distortions are not completely characterized
by NMR signals, i.e., only the outer C-atoms of the heme are
well characterized, whereas the positions of the inner C-atoms
of the macrocycle are due to the force field used in the NMR
structure determination.

The NSD results show that there are clear differences between
the neutron-diffraction (crystal) and NMR-based (solution) heme
distortions due to the different starting structures (Figure 3).
For the 600-ps averaged heme structures, the distortions in
isomer A for the crystal-based trajectories are mostly dominated
by positive saddling, rufflingy-waving, and propellering. The
deformations in isomer A for the NMR-based trajectories have
the same sign, except for ruffling (in trajectories N1A and N2A)
and propellering (in trajectory N1A), which are negative. In
isomer B, ruffling and saddling dominate the deformations for
the crystal-based trajectories: saddliggyaving, and propel-
lering are positive, and ruffling, doming, andwaving are
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— 5' : about thez-axis or rotated about an in-plane symmetry axis,
& N2 B reversing the sign of the ruffling. For asymmetrically substituted
| hemes such as protoheme, the sign convention is determined
| because we always orient the heme as shown for isomer A in
1myf-8 | myf-8 Figure 1, pripr to the NSD gn:?llysis.. '
i Now consider the scenario in which the heme is rotated by

180 about thex—y axis within the specific protein environment

of myoglobin. For simplicity, assume that the protein imposes
exactly the same distortion on the macrocycle of the rotated
heme. Then detailed considerations described below show that

1myf-1 1myf-1 the NSD deformations transform as follows:

- ruf — —ruf

T4A | T4
| T3A T3
T2A . T2
TIA T

B
sad— sad
B
B
B
| As an example of how these relationships are determined,
; * consider a heme-binding site that favors a purely ruffled
5 0.0

dom— —dom

waw(x) — —waw(y)

waw(y) — —waw(x)

pro— pro

2mb5 || 2mb5 macrocyclic structure in which the andy positions are above
: R L. : the mean plane and thfeand o positions are below the plane.
-0.5 0.0 0.5 -0. 0.5 If the heme is rotated 18Mbout thea—y axis and the heme
Deformation (in A) Deformation (in A) structure is unchang_ed, then tlreandy-carbons are now below
Figure 3. Out-of-plane deformations of the heme in the starting structures the mean plane. This does not change the NSD re-SUItS' beca-use
ar?d in tHe 600-ps averages over the MD trajectories for NMR- and crystal- th,e heme.womd be rotated b.aCk to the Or,lentatlon Sho,wn, n
based calculations for isomer A (left) and isomer B (right). The trajectories Figure 1 (isomer A) for analysis. However, if the heme site in
T1 to T4 are based on the neutron diffraction structure 2mb5 and differ the protein prefers the andy positions to be above the plane,
only in theiy initial velocities. The trajectories N1 and N_2 are based_ on t_he the conformation of the rotated heme is changed. This rotated
NMR solution structures 1myf-1 and 1myf-8, respectively, and differ in .
their starting geometries. The deformations are in the cgddrruf, dom structure, with thex- andy-carbons forced above the plane by
waz(x), waw(y), andpro, and the color coding is as shown in Figure 2. the protein, must also be put back into the orientation in Figure
1 (isomer A) for the NSD analysis. However, when reoriented,
negative. These signs are again conserved in isomer B, for N1Bthe a. andy positions are now below the plane, thus changing
and N2B, except for ruffling in trajectory N2B. the sign of the ruffling as indicated in the above relationship.
The comparison of the heme deformations between isomersSimilar arguments apply for the other deformation types.
A and B requires a careful examination. At first sight, there  In light of the relationships associated with rotational isomer-
seems to be a clear difference between A and B in all ism in the heme site, the differences in structure of isomers A
trajectories, but we have to consider the symmetry operationsand B seen in the 600-ps averaged structures (Figure 3) make
due to the heme rotation (see relationships below). To see thegood sense qualitatively. Comparing isomers A and B in Figure
effects of the rotation, we must first understand the way in which 3, we see that ruffling and doming typically have opposite signs
the NSD analysis of heme structures is done and the resultingfor A and B, in agreement with the expected relationships. Also
sign convention for the individual deformations. All hemes are as expected, theadandpro deformations have the same signs
analyzed by first orienting the heme as shown in Figure 1 for isomers A and B. Furthermore, if the magnitude of the
(isomer A). The asymmetric substitution pattern of protopor- wav(x) deformation is large andau(y) is small for the B isomer,
phyrin IX allows the heme to be uniquely positioned and thus thenwau(y) is large andvav(x) is small for the A isomer. This
the heme conformation to be uniquely expressed by the NSD-is consistent with the switching of andy in the expected
determined normal-coordinate displacements. The uniquenesgelationships. The relative signs wfav(x) andwav(y) do not
in the orientation used for NSD leads to the unique sign usually differ between isomers A and B because these deforma-
convention for protoporphyrin IX deformations. Now consider tions usually have opposite signs for a heme structure. This
a purely ruffled heme structure. In thref deformation, the ensures that the minus sign in the relationships for the wave
pyrrole rings are twisted about the metaitrogen bonds (Figure  deformation cancels with the relative sign between the deforma-
2). This twist can occur in a positive or negative sense relative tions, so all we observe is the switching of the magnitudes. From
to the mean plane of the heme. For symmetrically substituted these NSD results, we must conclude that the binding site prefers
hemes, there would be ambiguity in the absolute sign of the a particular macrocycle conformation, and that 2L8ation
ruffling because there is no unique way to orient the heme for of the heme does not greatly alter the protein’s preference for
the NSD analysis, e.g., the macrocycle could be rotated By 90 this conformation.

J. AM. CHEM. SOC. = VOL. 124, NO. 13, 2002 3389



ARTICLES Kiefl et al.

required to truly average over these variations in the macrocycle
structure. For most of the deformations, the amplitude of
vibration is larger than the offset in the equilibrium position,
and thus the structures obtained by averaging over 6 ps of the
trajectory represent the shifting of the equilibrium position about
which the heme vibrates.

Deformations on the ordeff @ A are large enough to change
physical properties of the heme such as redox potentials, Fe
d-orbital populations, and spin state, and are likely able to affect
biological properties as wellThe long time scaleX10 ps) of
these out-of-plane deformations suggests that they may reflect
large-scale motions of the protein structure or structural substates
of the heme pocket that persist for long times. Detailed analyses
of the motions of the amino acid side chains in the heme pocket
will be required to test this hypothesis.

Some deformations of the heme of myoglobin are strongly
maintained by the protein structugewaving, and propellering

Deformation (A)

04 ‘ ! : deformations in particular. While small, the average deforma-
~ o2l - tions are never negative and in fact show only small variations
<" F i il : W

3 Yy, . »m o N A A about the 600-ps average value.
.§ 00 Y P ] " ?‘“ v The free heme shows much smaller short-time average
g 0.2 " ! deformations, which average to near zero over the entire 600-
g 0al ps traject_ory (Figure 4c). As for myoglobin, sad(_jling and ruffling
o - ' deformations show the largest transient excursions. For FePP(Cl)
06

saddling seems to have the largest amplitude, but for myoglobin
-0.8 F ruffling has the largest amplitude. The 6-ps averages indicate
that the saddling, ruffling, ang-wave motions are correlated

. - P S on these time scales. These motions may be associated with
the flipping of the vinyl groups from side to side, which also
occurs on 10- to 100-ps time scales.

When NSD is applied to each recorded structure (0.05-ps
intervals), high-frequency oscillations of the deformations are
observed. Figure 5 shows NSD results over 10 ps of an MD
trajectory (T2A). Ruffling shows both the longest period of
oscillation (1 ps) and the largest amplitude. The period puts
the frequency in the tens of crhrange, close to the expected
vibrational frequency of the normal mode corresponding to
the ruffling vibration of the macrocycle. The regular sinusoidal
vibrational motion is, however, altered by interaction with the
changing protein environment, as well as other factors. For the
other deformations, inspection of Figure 5 shows that the

P frequency increases and the amplitude decreases, as expected
"o 100 200 300 400 500 600 from values obtained from independent normal coordinate
Time (ps) analyses of porphyrin motion. That is, the apparent frequencies
Figure 4. Out-of-plane deformations of the heme structures for the (a) increase in the ordauf < sad < dom~ wav(X) ~ wav(y) <

T2A, (b) T2B, and (c) FePP(Cl) trajectories. The deformations are smoothed Pro- This fr_e‘quency Order.is o_btained by Fourier tranSformS of
over a 6-ps interval, as described in the text, and are color-coded as showrtime-domain data shown in Figure 4. The apparent amplitudes

in Figure 2. decrease in the same order.

The power spectra obtained from the Fourier transforms

Figure 4 illustrates the running average deformations over (Supporting Information) show that the order of frequencies
the 600-ps trajectories T2A, T2B, and FePP(Cl). The plots agrees approximately with the order of the frequencies obtained
shown are obtained from a weighted average over 6-ps intervals.in the normal coordinate calculatidigrom which the normal
Clearly, the heme ruffling exhibits transient deformations of coordinate eigenvectors used in the NSD analysis are obtained.
more than 0.5 A that last for tens to hundreds of picoseconds. Exact agreement is not expected because the substituent masses
These drifts in an out-of-plane deformation may be part of are setto zero to obtain the eigenvectors of the bare macrocycle
nanosecond scale oscillations in the heme deformations, butfor the NSD basis vectors. For a substituted porphyrin like
longer MD simulations will be necessary to determine this. protoporphyrin IX, these macrocycle motions are mixed with
Doming and saddling show similar variations, but the amplitudes the substituent and metal motions to give the normal coordinates
of the average motion are smaller than for the softer ruffling of the protoheme IX. The mixing may account for the multiple
deformation. It is clear that much longer MD calculations are peaks observed in the Fourier transforms.

Deformation (A)
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Figure 5. Time course of the individual out-of-plane deformations for MD simulations for isomer A of MbCO (trajectory T2A) and for FePP(Cl) over a
10-ps interval near the middle of 600-ps trajectories. The time courses are color-coded as in Figurad2rg)anddomdeformations in trajectory T2A,

(b) wau(x), war(y), andpro deformation and the total distortion in trajectory T2A; &3d ruf, anddomdeformations in trajectory FePP(Cl); (djaw(x),

war(y), andpro deformation and the total distortion in trajectory FePP(CI).

The main difference between the isolated heme and the hemecan induce the. &,d?— d,*dx! transition and thereby influence
in myoglobin is the broadening of the peaks in the power hemoprotein function. Our MD simulations suggest that even
spectrum of the protein-bound heme. This is probably brought for hemoproteins such as myoglobin, which show only small
about by the motion of the protein environment in which the static ruffling deformations, deformations of the order of 1 A
heme sits. There is little difference between the A and B isomers occur transiently on 18100 ps time scales, and thus the
in this regard. The peak frequencies of the heme of myoglobin d-orbital configuration may transiently change as well. In
are mirrored by the peaks of the isolated heme, indicating that proteins such as thetype cytochromes, for which the average
neither the differences in force fields used in the calculations structure is already ruffled by about 1 A, even larger excursions
nor the presence of the protein matrix have a strong effect onin the ruffling may occur transiently. The associated effects on
the natural vibrational frequencies of the heme aside from the the d-orbital occupations could easily influence the electron-
observed broadening and shifts in frequency distribution and transfer function of cytochromes, possibly even providing an
intensity. electron gating mechanism.

The average values of theav(y) and pro deformations Heme Distortions: Twist Angle. The average twist angke
(approximately 0.2 and 0.1 A, respectively) evident from the can also be used to characterize the overall heme distortions.
400410 ps trajectory shown in Figure 5 are in good agreement This angle represents the average twist of the pyrrole rings with
with the longer 6-ps averages (Figure 4) and the full 600-ps respect to the plane of the heme macrocycle and is strongly
averaged structures (Figure 3) for this trajectory. The positive correlated with the ruffling ruf distortion) characterized from
average value for theuf deformation may also be evident to the NSD analysis. The strong correlatian= 0.99) between
the eye from Figure 4a. It is important to note that such these two measures of heme distortion for the T2A trajectory
excursions in ruffling on a picosecond time scale are much larger is shown in Figure 6. Ruffling is a major type of distortion in
than the averageuf deformation for the 600-ps trajectory and heme, shows the largest amplitudes and oscillations (Figure 5),
also the ruffling seen experimentally in crystal structufes. and is particularly important in the CD calculations. The twist

Transient ruffling on the order of-12 A is large enough to angle might appear to be redundant, given the excellent
cause d-orbital configuration changes in hemes. Nakamura etcorrelation with theuf distortion. However, the twist angle can
al?’ observed_different d-orbita}l configurations_ for ruffled a}nd (27) Nakamura, M.: Ikeue, T . Fujii, H.: Yoshimura, T.Am. Chem. S04997
planar low-spin Fe(lll) porphyrins, demonstrating that ruffling 119, 6284-6291.
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A and B, and C and D, with respect to the protein matrix. This
40r leads to the interchange of the two twist angleg; andzgp,
. / with respect to the protein matrix, making a positivec
D 30r distribution in isomer A equivalent to a positivgp distribution
2 o0 b in isomer B. The twist angle distributions point to similar overall
% heme distortions in both isomers in the protein matrix. This
£ 107 suggests that the macrocycle binds to the protein in a unique
B conformation, confirming results from the NSD analysis.
E 0 The twist angle distributions for the NMR-based trajectories
S ot have an inverse relation with those for the crystal-based
g trajectories. A similar feature was also observed in the NSD
z 207 analysis, where the ruffling distortions for the NMR- and crystal-
I based average structures have opposite signs. As indicated
-30 . ) . )
r=0.99 earlier, the NMR structures are less well-defined in comparison
.40 . . ‘ with the neutron-diffraction structure, and the starting structures
5 o for NMR- and crystal-based MD simulations are different. It is
ruf distortion (A) possible that the NMR-based trajectories are sampling a
Figure 6. Correlation between the average twist angle gnd ruffling conformation space in which tiraf deformation has a different
deformation (uf) for the T2A trajectory. value when compared with the crystal-based trajectories. Even
4000 in the crystal-based trajectory, thef deformation can be
NMR A positive or negative and large for long times (Figure 4a).
3000 Correlation between Rotational Strengths and Heme
Distortions. The Soret band of the heme consists of two
2000 transitions that are nearly degenerate, polarized in the plane,
and at right angles to each other. A planar heme, which is
& 1000 achiral, has zero intrinsic rotational strength. Deviations from
5 planarity introduce chirality in the heme and make the two
g_ transitions distinct, resulting in a net intrinsic rotational strength,
o 5000 Ieadlng to ot_)servable S_oret CI_D. The chiral environment of the
L protein matrix and the interactions between the chromophores
4000 in the protein matrix and the heme can also contribute to Soret
3000 CD. The heme structures generated in the MD simulations
deviate from planarity and are expected to have intrinsic
2000 rotational strength. The intrinsic rotational strength of the heme
1000 was calculated by using the PPP approximation and treating
. e the hemer-electron system as a porphyrin dianion.
40 20 0 20 40 -40 -20 0 20 40 The heme distortions and the asymmetric substitution pattern
Twist Angle break the degeneracy of a planar, 4-fold symmetrical heme. Our
Figure 7. Distribution of the twist anglesac (fill pattern: vertical bars) initial efforts to correlate the calculated intrinsic rotational

andrgp (fill pattern: squares) for the crystal- and NMR-based trajectories. strengths of the two Soret transitions with measures of nonplanar
distortions, such as ruffling and the average twist angle, were
be calculated very easily and does not require the use of thebased on classification into high- and low-energy components.
full NSD analysis. Therefore, the twist angle is useful if one is This scheme gave double-valued correlations because the near-
primarily interested in correlating the heme conformation with degeneracy of the Soret components leads to fluctuations in the
intrinsic rotational strengths of the Soret transitions. relative energies of the- andy-polarized Soret components
The distributions of the twist anglesac and zgp, for the and precludes a unique correlation using the energy classifica-
crystal- and NMR-based simulations are shown in Figure 7. It tion.
is clearly evident from this distribution that the positive twist Since the two Soret components are polarized perpendicular
of one set of pyrroles is accompanied by a negative twist of the to each other, the polarization of the two Soret components is
other set. The strain of the twist from one set of pyrroles, say more useful for examining correlations. Each Soret transition
A<C, on the ring system of the heme macrocycle is relieved moment was assigned as eitheror y-polarized according to
by twisting the second set of pyrroles<) in the opposite the angle of its projection on the mean plane of the heme, using
direction. The differences between the twist angle distributions £45° lines (thea—y and—0 axes) as boundaries (Figure 1).
in the two isomers is also evidenced in Figure 7. The two Figure 8 shows how the intrinsic rotational strengths of the heme
distributions are approximately interchanged between the two Soret transitions depend on the average twist angle. For both
isomers. In isomer A, thexc distribution spans negative values, isomers A and B, those transitions polarized predominantly
while 7gp spans positive values. The situation is reversed in along they-axis have positive rotational strengths for positive
isomer B, wherergp spans negative values angc spans 7 and negative rotational strengths for negativéhe rotational
positive values. The two isomers are related by & ¥8@ation strengths of transitions polarized along tkexis show an
about then—y heme axis, which interchanges the pyrrole rings anticorrelation withz. There is a substantial scatter, as shown

3392 J. AM. CHEM. SOC. = VOL. 124, NO. 13, 2002



Heme Distortions in SW-Myoglobin ARTICLES
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Figure 9. Correlations between average twist anglegnd total intrinsic

21 r=-0.86 r=-0.85 : rotational strength for crystal-based trajectories of isomers A and B.
Transition polarized along X-axis’ Transition polarized along X-axis
-40 -20 0 20 40 -40 -20 0 20 40
Average Twist Angle intrinsic heme rotational strengths for isomer B will be opposite
Figure 8. Correlations between average twist angig¢ &nd intrinsic in sign to those for isomer A.

rotational strengths of the two Soret components, separated according to h h h f th . . id d
their polarization in the heme-plane, for the crystal-based trajectories of The chromophores of the protein matrix (peptides an

isomers A and B. aromatic side chains) influence the Soret CD, and they have
been included in the calculation of CD of myoglobin according
by the breadth of the distributions, but the correlation coef- to Tinoco’$® first-order perturbation approach, as described
ficients of ca.£0.85 indicate that the average twist angle is a elsewhere (Kiefl et al., in preparation). The total rotational
good predictor of the sign and approximate magnitude of the strength corresponds to the rotational strength of the heme in
intrinsic heme rotational strengths. the protein environment. The total Soret rotational strength in
As expected from the strong correlatian= 0.99; Figure 6) the protein environment shows a weak correlatios (+-0.40)
between the ruffling and the average twist angle, the intrinsic with the heme distortions (data not shown). This correlation is
rotational strengths also show a good correlation with the mainly due to the influence of the protein environment on heme
ruffling distortion ¢ = 40.86). Correlation with the other transitions, since the total intrinsic Soret rotational strength
distortion modesgad dom pro, andwav) is weak. shows no correlation with the heme distortions (Figure 9).

Figure 8 shows that isomers A and B give similar correlations ~ The total Soret CD calculated for the crystal-based MD
between intrinsic Soret rotational strengths and average twisttrajectories of isomer A (Kiefl et al., in preparation) reproduces
angle. The range of twist angles in isomer B is somewhat larger the strong positive experimental CD spectrum for isomer A of
than that for isomer A, so there are more extreme valué¢g of carbonmonoxy myoglobif.The calculated CD based on the
but the fraction of structures near the extremes is small. For trajectories for isomer B (Kiefl et al., in preparation) closely
the trajectories shown in Figure 8, there is a bias toward positive resembles that predicted and observed for isomer A, and
twist angles for isomer A, and a more pronounced bias toward therefore does not agree with the weak negative Soret CD band
negative twist angles for isomer B. As noted previously, these inferred from experimerttThe similarity in the spectra predicted
biases have the same net effect but differ in sign because of thefor isomers A and B is consistent with the analysis of the heme
18( rotation about thex—y axis that leads to this intercon- deformations that indicates qualitatively similar deformations
version. in the two isomers. We suggest that this similarity is an artifact

In general, the two orthogonally polarized transitions have of the method by which the starting structure for simulations
intrinsic rotational strengths that are opposite in sign, especially of isomer B is prepared. The protein conformations of isomers
at large average twist angles. Thus, the total intrinsic rotational A and B must be sufficiently different that energy minimization
strength is usually small in magnitude compared with the and 600 ps of dynamics at 300 K, following a simple rotation
rotational strengths of the individual components. Although the of the heme about the—y axis, does not overcome a barrier
individual components may havyi| ~ 2 DBM for twist angles between the two regions of conformational space. Further MD
of ca. 20, the net rotational strengths have maximal magnitudes studies are planned using simulated annea&irthe coupling
of ~0.5 DBM. Because of this extensive cancellation and the parameter methdfito move smoothly from isomer A to isomer
spread within the individual components, the net intrinsic B, or simulation of isomer B in four-dimensional spaédhe
rotational strength shows no correlatian= 4+0.07) with the
average twist angle and with ruffling. The correlation of total (28) Tinoco, I., JrAdv. Chem. Phys1962 4, 113-160.

S . . . . " (29) (a) Kirkpatrick, S.; Gelatt, C. D., Jr.; Vecchi, M. Bciencel983 220,
intrinsic rotational strength is shown in Figure 9. The net positive 671-680. (b) Biinger, A. T.Annu. Re. Phys. Cheml991 42, 197-223.

intrinsic rotational strength predicted for both isomers is (30) (a)Berendsen, H.J. C.; Postma, J. P. M.; van Gunsteren, WMaléular
Dynamics and Protein StructureHermans, J., Ed.; Polycrystal Book

consistent with the similarity of the heme binding pocket for Service: P.O. Box 27, Western Springs, IL, 1985; pp-48. (b) Jorgensen,

i i i i W. L.; Ravimohan, CJ. Chem. Physl985 83, 3050-3054. (c) Beveridge,
the .twg isomers. It must.be kept |n.m|nd, howevgr, that this D. M DiCapua. F. MAnU Re. Biophys. Biophys. Chamoga 18
similarity may be an artifact resulting from the inadequate 431-492.

; R ; e P (31) (a) van Schaik, R. C.; Berendsen, H. J. C.; Torda, A. E.; van Gunsteren,
starting geometry for isomer B. If a more suitable initial starting W. F.J. Mol. Biol. 1993 234 751-762. (b) Beutler. T. C.: van Gunsteren.

geometry can be obtained for isomer B, it is possible that the W. F. J. Chem. Phys1994 101, 1417-1422.
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poorer results obtained for NMR-based trajectories (Kiefl etal., The average twist angle shows strong correlation with the
in preparation) are also likely to be the result of inferior starting ruffling deformation and can be used to characterize the overall
structures. heme deformation. The intrinsic rotational strengths ofxhe

andy-polarized components of the Soret band correlate well
with the ruffling deformation and the average twist angle, but

The protein maintains the symmetry properties of the heme- not with other types of deformations. The average twist angle
binding site even when the heme itself is rotated aboutithe can be used to predict the sign and approximate magnitude of
axis. The time-averaged macrocycle structures for isomers Athe intrinsic heme rotational strengths.
and B largely reflect this site symmetry. This means that the  The calculated Soret rotational strengths for the two isomers
heme in isomer A is distorted in a particular way, but when the are positive, and are similar to the experimental value for the
heme is rotated by 180the same distortion is unfavorable in  equilibrium mixture. The similarity of the rotational strength
the binding site and the protein causes the macrocycle confor-of the two isomers reflects the similar heme deformations in
mation to change. For example, doming always occurs in the the protein matrix of both isomers in the simulations. However,
direction of the proximal ligand, although this appears in the thijs similarity is likely to be caused by a starting structure for
NSD results as a positive doming for isomer A and a negative jsomer B that resembles too closely that for isomer A.
doming for isomer B.
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matrix. These slow protein motions show up in the broadening
of the Fourier transforms and the very low-frequency compo-
nents that are present for myoglobin but not for the isolated
heme. Examination by NSD of a time series covering an interval
of 10 ps shows quasiperiodic variations in the out-of-plane
deformations, with ruffling having the largest amplitude and
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