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Cooperative ligand reorientations in cytochrome c;:
a molecular dynamics simulation

P.C. Weber, J.J. Wendoloski and F.R. Salemme *

Central Research and Development Department, E.I. DuPont de Nemours & Co., Inc., Wilmington, DE (U.S.A.)

(Received 5 February 1991)

Key words: Molecular dynamics; Cytochrome ¢; Protein dynamics

Molecular dynamics simulations of a tetraheme cytochrome c¢; were performed to investigate dypamic aspects of the
motion of the axial heme iron ligands. It was found that persistent transitions between alternate axial imidazole
orientations of the histidine incorporated in the CXXCH heme binding sequence occurred via correlated motions. The
correlated motions involved virtually all of the atoms comprising the polypeptide backbone of the heme binding

sequence as well as the histidine imidazole side-chain.

Introduction

Heme-containing proteins perform a wide variety of
catalytic and electron transfer functions in biological
systems. For some years we have studied the structural
architecture [1-4] and mechanistic basis for redox
potential regulation [2,5] and electron transfer specific-
ity {6-8] between biological redox proteins that incor-
porate heme prosthetic groups. Interaction of the heme
prosthetic group with the surrounding protein environ-
ment causes it to manifest a wide range of alternative
physical states reflected in the heme group’s electronic,
magnetic spin state, electromotive potential and oxida-
tion state. Previous work used results obtained from
high-resolution crystallographic studies of proteins to
examine the role of electrostatic interactions in facilitat-
ing and conferring specificity upon intermolecular elec-
tron transfer reactions [2,6,7]. More recently, detailed
molecular dynamics simulations were performed on a
complex of two heme proteins, cytochrome ¢ and cyto-
chrome b; [8]. The simulations illustrated the role of
conformational sampling in providing configurations
that could effectively couple heme electronic systems
and facilitate electron transfer. This work has now been
extended to several additional systems, including the
dimeric protein cytochrome ¢’ [4] and the tetra-heme
cytochrome ¢, [9], which is described here. In the case
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of cytochrome c¢;, we focused on an analysis of possible
concerted motions of the histidine residues that axially
coordinate the heme iron atoms. The study was moti-
vated by a structural observation that the coordinating
histidine iron ligand and associated covalent heme bind-
ing sequences, which generally include the sequence
cysteine-X-X-cysteine-histidine (CXXCH) that forms
thioether linkages to the heme as well as furnishing an
iron imidazole ligand, were oriented in distinctly differ-
ent conformational substates in different cytochrome ¢
structures [4]. Molecular dynamics simulations were car-
ried out to examine the possibility of transient or per-
sistent transitions between these conformational sub-
types that could reflect dynamic alterations of heme
physical properties relevant to electron transfer or catal-
ysis.

Methods

Cytochrome ¢, is a protein of 107 residues contain-
ing four covalently bound, heme prosthetic groups. Two
similar sequences covalently bind the heme groups of
the molecule. Two of the heme groups are attached by
CXXCH sequences, where X designates any amino acid,
and two by CXXXXCH sequences. The former se-
quence is most common among c¢-type cytochromes and
displays two distinct conformations in this molecular
family [4]. The structure of Desulfovibrio vulgaris cyto-
chrome ¢, has been refined to a crystallographic R-fac-
tor of 0.176 at 1.8 A resolution [9], and coordinates for
the dynamics simulations were obtained from the
Brookhaven Protein Data Bank [10]. The relatively short
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polypeptide chain of cytochrome ¢, contains few re-
gions of regular secondary structure. Ten reverse turns
direct the polypeptide to fold about the four heme
prosthetic groups. Cysteine residues 100 and 105, 46
and 51, 30 and 33, and 79 and 82 form thioether
linkages with the vinyl groups of hemes 1 through 4.
Histidine residues 70 and 106, 35 and 52, 22 and 34,
and 25 and 83 provide nitrogen axial ligands to heme
groups 1 through 4.

Molecular dynamics simulations were carried out on
a STAR ST100 array processor using the program AM-
BER [11] with a united atom force field. The X-ray
structure, including crystallographically observed water
molecules, was minimized using 1000 steps of steepest
descent minimization followed by 100 cycles of con-
jugate gradient minimization. The system was heated
during an initial 5 ps of simulation, followed by 20 ps of
equilibration, and an additional 100 ps of simulation
providing a trajectory for analysis. Simulations were run
using a time step of 1 femtosecond (fs) with coupling to
a thermal bath at 300 K using the method of Berendsen
et al. {12] with a temperature relaxation constant of 0.1
ps. Bond lengths involving hydrogens were held fixed
using the SHAKE algorithm {13} and a distant depen-
dent dielectric constant of e, = R,; with a 9.5 A non-
bonded cutoff was used for nonbonded interactions.

Results and Discussion

Each heme iron in cytochrome c¢; forms axial ligands
to histidine imidazole groups through Ne2. Structural
comparisons of ¢-type cytochromes [4] show that two
ligand orientations occur for the imidazole rings in the
CXXCH sequences, which differ by an approx. 90°
rotation about the imidazole Ne2-Heme Fe bond, and
correspond to alternative staggered orientations of the
imadazole group relative to the Fe-pyrrole nitrogen
bonds of the heme. The dynamic simulations show
average r.m.s. fluctuations in heme-imidazole dihedral
angle of 10° to 15° (with most excursions remaining in
a quadrant bounded by eclipsed imidazole orientations)
and little apparent difference in behavior between im-
idazoles in CXXCH or CXXXXCH linkages and the
remaining histidine iron ligands. However, more de-
tailed inspection occasionally shows larger transient ex-
cursions of as much as 85°. While some of these are
only locally correlated, generally occur within a quadrant

between staggered conformation, and are transient in
nature, others represent transitions from staggered con-
formations over an eclipsed ‘barrier’. Most interest-
ingly, persistent excursions, where the imidazole group
rotates from one staggered orientation to another, in-
volve correlated movement of a number of polypeptide
backbone atoms in the CXXCH loop in a U-shaped
trajectory. Consequently, the alternative staggered con-
formations seen in the X-ray crystal structure of c-type
cytochromes appear to represent alternative conforma-
tional minima of the CXXCH structural unit which the
dynamics simulations show can be interconverted via a
correlated conformational trajectory. Although more
theoretical and experimental studies are needed to dem-
onstrate the functional role of such correlated motions
in heme protein function, the motion observed is antic-
ipated in the work of Ansari et al. [14], who suggested
the importance of correlated FIMs, or functionally im-
portant motions, in the ligand binding kinetics of
globins.
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