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Abstract

Molecular mechanics (force field) methods have become popular as an adjunct to traditional methods for the examination of
molecular structure. In this review, attention is focused on the use of molecular mechanics (force field) and molecular dynamics
methods for the modeling of the structure of porphyrins, metalloporphyrins and hemoproteins, and the cobalt corrinoids
(derivatives of vitamin B,,). © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Investigations into the chemistry of the porphyrins
and the corrins, two important classes of biological
tetrapyrrole systems, have utilized a veritable armory of
experimental techniques and methodologies drawn
from the physical, chemical, mathematical and biologi-
cal sciences. The advent of cheap computing power in
the last 20 years—and the development of the aca-
demic and commercial software packages that make the
methodology readily accessible—has made computa-
tional chemistry methods extremely useful adjuncts to
traditional methods of exploring molecular structure. In
this review, we reflect on the use of molecular mechan-
ics (MM) or empirical force field methods for modeling
the structures of the porphyrins and the corrins. Whilst
covering the more important developments in the field,
especially over the last 10 years, the aim of the review
is not to be comprehensive, but to inform the interested
reader of the strengths and limitations of these methods
in the study of these compounds.

MM methods rely on an idea that has been in the
literature for many years [1-4]. The central notion is
that the conformation of molecules can be described
reliably with a simple mathematical model that draws
on the concepts of a classical (non-quantum mechani-
cal) description of molecular structure [5,6]. The focus
is on the motion of the nuclei, as the molecule is treated
as a set of interacting atoms; the energy consequences
of all possible pair-wise interactions between the con-
stituent atoms describes a molecular potential energy
hypersurface. Minima on this surface correspond to
stable conformations of the molecule, and the overall
minimum on the surface (the global minimum) corre-

Fig. 1. Standard numbering scheme of the porphyrins. The carbon
atoms at the 5, 10, 15 and 20 positions are referred to as the meso
carbons. The C, carbons are at 1, 4, 6, 9, 11, 14, 16 and 19. The C;
carbons are at 2, 3, 7, 8, 12, 13, 17 and 18.

sponds to the most stable molecular conformation.
Should all conformers be discovered, it would be possi-
ble to treat the system as an equilibrium mixture among
them, governed by a Boltzmann distribution. In princi-
ple, it would also be possible to take into consideration
the vibrational motion of molecules about each mini-
mum on the potential-energy hypersurface, and the
migration of molecules over the saddle points connect-
ing two neighboring conformers. The feasibility of such
a description drops off very rapidly with molecular
complexity and for even relatively small molecules, only
the discovery of some conformers is a viable goal at
present.

1.1. Porphyrins, metalloporphyrins and hemoproteins

Porphyrins and their derivatives [7,8] play important
and versatile roles in, inter alia, the transport and
storage of dioxygen [9-11], in the activation of dioxy-
gen towards reduction [12-14], in the oxidation of
organic substrates [15—-24], in the disproportionation of
hydrogen peroxide [25-28], in bioenergetics (ranging
from photosynthesis [29,30] to electron transport
[31,32]), and in nitrite [33] and sulfite [34] reduction.

The basic porphyrin skeleton, together with the stan-
dard numbering scheme, is shown in Fig. 1. The fact
that the porphyrin can play such diverse roles in biol-
ogy is clear testimony of the effect its environment in
the protein has on its properties. One of the most
significant developments in porphyrin chemistry over
the last 20 or so years has been the realization of the
extraordinary flexibility of the porphyrin ring [35]
which may be characterized by a combination of the six
lowest frequency distortion modes (Fig. 2illustration see
the Shelnutt web page at http://jasheln.unm.edu/
jasheln/content/nsd _welcome.htm).

Among the most common distortions seen in por-
phyrins are the tilting of opposite pyrrole rings relative
to each other which gives a saddled (sad) conformation
and the twisting of the mean planes of opposite pyrrole
rings relative to each other, which leads to the meso
carbon atoms being alternately below and above the
mean porphyrin plane (the so-called ruf conformation).
The size of the porphyrin cavity is often approximated
as the distance between the trans porphyrin N donors
or twice the distance between an N donor and the
centroid, Ct, of the mean porphyrin plane; a more
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Fig. 2. The common distortion modes of the porphyrins, written in
terms of the irreducible representations of a D, point group. In the
saddled (sad) conformation, A, the metal ion and the meso carbon
atoms are in or near the mean porphyrin plane (0) and the Cy atoms
of the pyrrole rings are alternatively above (+) or below (—) the
plane. In the ruffled (ruf) conformation, B, the planes of opposite
pyrrole rings are twisted relative to each other. In the domed (dom)
conformation, C, the metal rises above the mean porphyrin plane.
Distortion D and E is called a wave (wav) distortion. A less common
distortion mode is a propellering deformation F (pro) where two
opposite pyrroles twist in opposite directions (when viewed along the
N-Fe-N vector). Authors often refer to these porphyrin conforma-
tions by their point group. Thus the sad conformation is sometimes
referred to as D,,-sad and the ruf conformation as S,-ruf (although
the point group is actually D,, as well). (For a dynamic . After
Jentzen et al. [36].)

accurate measure is the length of the projection of the
metal-nitrogen bond onto the mean plane of the
pyrrole nitrogen atoms; thus, the core size is the radius
of a cylinder through the porphyrin core with the
nitrogens located on the cylinder’s surface. It seems
likely that this conformational flexibility is related to
the properties and function of tetrapyrrole systems in
such diverse systems as the hemoproteins [37—-42], fac-
tor F,;, from methyl-reductase [43,44], the photosyn-
thetic antenna systems [45,46] and the photosynthetic
reaction centers [47]; this proposition has recently been
reviewed [48]. Several groups have explored the confor-

mational flexibility of porphyrins by synthesizing por-
phyrins with a variety of peripheral substituents and
investigating the effect of the crowding of the porphyrin
periphery on its conformation [36,49—61]. Correlations
between non-planarity and several optical spectroscopic
parameters have been obtained for a number of por-
phyrins [50,62—64], and the relationships between struc-
tural parameters and the frequencies of several
resonance Raman lines have been probed [63,65]. It has
been suggested that the distortion of the porphyrin
macrocycle can even control the spin state of Fe(IIl)
[54,66].

1.2. The cobalt corrinoids

Based on the corrin macrocycle, the cobalt corrinoids
are derived biosynthetically from uroporphyrinogen III
[67-69], the porphyrin precursor, but lack the methine
bridge between the A and D pyrrole rings. The macro-
cycle (Fig. 3) is substituted with seven methyl groups
and seven amide side chains, including three acetamides
(the a, ¢ and g side chains) and three propionamides
(the b, d and e side chains). The seventh side chain (the
propionate f side chain at C17) is elaborated into the
nucleotide loop, by esterification of an isopropanol,
which is in turn esterified to the 3’ phosphate of a rare
o-N-glycoside, a-ribazole-3'-phosphate, containing an
unusual heterocyclic base, 5,6-dimethylbenzimidazole.
This nucleotide provides a ‘lower’ or o axial ligand for
the metal atom via coordination of the NB3 nitrogen
(Fig. 3).

The complete Cbls are well known to undergo axial
Bzm dissociation and protonation at NB3 (Fig. 3) to
form the so-called base-off species. These base-off spe-
cies have frequently been modeled by the nucleotide-
free cobinamides (Cbis) [70-72], biosynthetic
precursors of the Cbls [73,74] in which the axial nucle-
otide is missing, and the abiological 3,5,6-trimethylben-
zimidazolylcobamides (Me;BzmCbas) in which the Bzm
coordinating nitrogen, NB3, is chemically methylated
to prevent coordination [75,76].

Two organometallic species of cobalamins function
as biological cofactors for enzymatic reactions. Methyl-
cobalamin (R = CH; in Fig. 3) is a cofactor in methyl
transfer reactions including the synthesis of methionine
from homocysteine in some organisms [77-79] and in
the CO, fixing pathway (the Wood-Ljungdahl path-
way) in acetogenic organisms [80-84]. AdoCbl (so-
called coenzyme B;,) however, is a coenzyme for a
series of intriguing intramolecular 1,2-rearrangements
[85], as well as for the reduction of ribonucleotides to
deoxyribonucleotides in some organisms [86,87]. In
each of these enzymatic reactions, catalysis is initiated
by homolytic cleavage of the Co—C bond (the ‘activa-
tion” of AdoCbl), a reaction which these enzymes cata-
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lyze by some 10°-10'2 fold [88,89]. The mechanism(s)
by which these enzymes achieve these extraordinary
rate accelerations remain unknown and an important
outstanding problem in bioinorganic chemistry.

It has recently become evident that the AdoCbl-de-
pendent enzymes fall into three classes [90,91]. The
mutases (methylmalonylCoA mutase, glutamate mu-
tase, 2-methyleneglutarate mutase, and isobutyrylCoA
mutase) catalyze carbon skeleton rearrangements, and
constitute the class I enzymes. The eliminases (diol
dehydratase, glycerol dehydratase, and ethanolamine
ammonia-lyase) along with the ribonucleoside triphos-
phate reductases, a subset of the ribonucleotide reduc-
tases which catalyze the reduction of ribonucleotides to
deoxyribonucleotides, constitute the class II enzymes.
The less well studied aminomutases (such as lysine
5,6-aminomutase) catalyze 1,2-migrations of amino
groups, require pyridoxal phosphate, and constitute the
class IIT enzymes.

There are important differences between the class I
and class II AdoCbl-dependent enzymes which suggests

that the coenzyme may be activated for Co—C bond
cleavage differently by these two classes of enzymes.
ESR [92,93] and X-ray crystallographic studies [94—97]
have shown that the class I mutases bind AdoCbl in a
‘base-off” conformation, in which the o axial ligand
position is occupied by the imidazole moiety of a
histidine residue at the active site, while the uncoordi-
nated nucleotide is buried in a hydrophobic pocket.
This mode of Cbl binding was first discovered by X-ray
crystallography for the association of CH;Cbl with the
Cbl binding domain of methionine synthase [98] and is
associated with a conserved amino acid sequence in-
cluding the coordinating histidine and a hydrogen bond
relay network [99]. However, the class 11 enzymes are
now known to bind AdoCbl in its ‘base-on’ conforma-
tion from ESR [100-102], sequence [103-106], and,
more recently, X-ray crystallographic studies [107,108].
Another important difference between the class 1 and
class II enzymes involves the specificity for the AdoCbl
coenzyme. The class II enzymes accept many AdoCbl
structural analogs as partially active coenzymes (al-

AIONH2

A6 A7
AlN SN
AdoCbl R= >A8
A2 N N
N7A4 A9 ) 1o
A3 Al OH
Al60°  JA12
A NoH

H.C Al17
Al5

Fig. 3. Standard view of the cobalamins. The macrocycle corrin is adorned with three acetamide side chains that point towards the upper or
face of the corrin, and four propionamide side chains that point towards the lower or o face. The fside chain is elaborated into a nucleotide loop
and a 5,6-dimethylbenzimidazole base coordinates the lower coordination site of Co(I1I). The standard numbering of the cobalt corrinoids is given
in the diagram on the right. The quadrants with C5, C10, C15 and the C1-C19 bridge are referred to as the northern, eastern, southern and
western quadrants, respectively. The species of known biochemical occurrence include cyanocobalamin (CNCbl, vitamin B,,, R = CNo),
aquacobalamin (H,OCbl*, R = H,0), and the two coenzymatically active species, methylcobalamin (CH;Cbl, R = CH;) and 5'-deoxyadenosyl-

cobalamin (AdoCbl), commonly referred to as coenzyme B,,.
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though others act as inhibitors) [109-111], while the
class I glutamate mutase showed partial coenzymic
activity with only one of 23 synthetically altered
AdoCbl analogs investigated [112] (although naturally
occurring AdoCbl analogs with uncoordinated axial
nucleotides such as adenosyl-p-cresolylcobamide and
pseudocoenzyme B, are active as coenzymes [113]).

Since the original X-ray crystallography studies of
Cbls by Hodgkin and Lenhert in the 1950s and 1960s
[114—117], many crystal structures, including neutron
diffraction studies of AdoCbl, have appeared [118—
120]. In addition, the inner sphere coordination of free
Cbls and their derivatives [121-125] and of the com-
plexes of Cbls with proteins [126—128] have been stud-
ied by EXAFS, although interpretation of these results
have sometimes been problematic, and some incorrect
conclusions have been formed [124,128,129].

Within the past few years, X-ray crystal structures of
B,,-dependent enzymes have begun to appear, including
the B,,-binding domain of methionine synthase [9§],
methylmalonylCoA mutase [94-96], and diol dehydrase
[107,108], and an NMR structure of the small B,,-bind-
ing subunit of glutamate mutase has also been reported
[130]. Although this work has provided many structural
details regarding the cobalamins and their enzymes,
these revelations have not solved the problem of the
mechanism of enzymatic activation of AdoCbl.

2. Force fields and their parameterization
2.1. Molecular mechanics methods—a brief summary

The use of MM models for performing calculations
on organic molecules and, more recently, inorganic and
bioinorganic complexes, has been reviewed in some
detail [131-136], to which the interested reader is re-
ferred for a thorough treatment of the method and
some of its more general applications in coordination
chemistry. Only a very brief description is given here.
Moreover, and specifically on the modeling of iron
porphyrins by MM methods, the reader is directed to
an excellent review that has appeared relatively recently
[137].

A force field for MM calculations comprises a set of
potential energy functions, which describe all bonded
and nonbonded interactions between the atoms of a
polyatomic molecule, and a set of parameters that
provide numerical values for the constants in these
functions. In a typical force field, the total energy of the
molecule U (Eq. (1)) is the sum of the energy contribu-
tions from bond length deformation (Ug), bond angle
deformation (U,), torsion angle deformation (U,),
nonbonded interactions (Uyg), clectrostatic interactions
(either between bond dipoles or between point charges)
(U,), and out-of-plane deformations (Upop). In addi-

tion, cross terms to describe correlated motions such as
stretch-bend and torsion-bend interactions are often
included. These cross terms are essential for accurate
calculations of rotational barriers and vibrational fre-
quencies, particularly of organic molecules [138§].

m n 4 r w
Ur= Z Us + Z Up + Z Ung + Z Ug+ Z Uy oor

i=1 i=1 i=1 i=1 i=1

+ eee (1)
—0
F:%=kp@—P°) 2)
p
1
U=3kip—p" G)

Each of the summation terms in Eq. (1) adds a number
of smaller energy contributions, the magnitudes of
which are determined by how far the individual bonds,
angles, torsions, etc., deviate from their ‘ideal’ or strain-
free values. Thus, each structural parameter p has an
ideal or strain-free value, p° such that when the ob-
served value p = p°, U, = 0. The deformation of p away
from p° is resisted by a restoring force (Eq. (2)), where
k, is the force constant. Integration gives the potential
energy (Eq. (3)). Harmonic potentials (or variations
thereof) are often used for the first two terms of Eq. (1)
and the other terms are usually treated by special
methods.

Some force fields have been developed, tested, and
refined over many years, and the results produced with
them are usually reliable. Notable among these are the
force fields of Allinger and co-workers [139—144] devel-
oped for organic compounds, and those of Jorgensen
and associates [145,146], Kollman and co-workers
[147-149], and Karplus and co-workers [150], for mod-
eling of biological macromolecules.

Molecular modeling seeks to rationalize a given set
of experimental observations and (perhaps more inter-
estingly) to predict molecular properties. Since the MM
approach is interpolative by nature, the model can only
be used within the limit of the set of observations
utilized in its derivation and the user has to beware of
extrapolating beyond the confines of the set of observa-
tions used in deriving the model. The results from
unwarranted extrapolations are unlikely to be depend-
able. Often a user would want to utilize a force field to
predict the structure of a novel compound. At least two
conditions have to be satisfied: the novel compound
must be appropriate for the force field; and the force
field must be reliable. The types of novel compounds
that can be meaningfully explored will be circumscribed
by the way the force field was developed. A truly
‘universal’ force field should give reliable results for
virtually any compound, but a force field designed for a
specific class of compounds will be unlikely to give
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useful results for a compound outside that class. A
reliable force field requires thorough evaluation. Obvi-
ously, it must reproduce the experimental observations
upon which its derivation was based and the predic-
tions made using the force field must make chemical
sense; but perhaps the most convincing way to demon-
strate its reliability is to use the force field to predict
structures not used in its derivation, or to predict novel
structures, and then demonstrate the validity of the
predictions by a subsequent structure determination.

MM methods have been extended to metal-contain-
ing systems only relatively recently. The task is not
simple as there are many different kinds of atoms, and
many have a variable coordination number, coordina-
tion geometry, oxidation state and spin state. More-
over, the influence of the open shell of d electrons on
the structure of the compounds cannot be underesti-
mated. As might be anticipated, a number of ap-
proaches have emerged. In some treatments, it is
recognized that many of the constituents in a coordina-
tion compound are organic moieties. These portions of
the molecule are then dealt with using a standard MM
force field for modeling organic molecules. The parame-
ter set is extended to account for the metal ion and its
interactions with the other atoms in the molecule; such
methods may therefore be termed parameter extension
force field methods. The M-L (L =ligand) bond is
treated as a covalent bond, and is defined by an ideal
bond length with an appropriate force constant; simi-
larly, L-M-L is treated as a standard valence bond also
with an ideal angle and a corresponding force constant.
This approach is one way of circumventing a major
problem that has to be faced when modeling systems
containing metal ions, namely the derivation of electro-
static parameters for the M—L bonds. There is often an
uncertainty in the appropriate choice of dielectric con-
stant [151-153] and in calculating the partial charges
on the metal and the donor atoms [154—156]. Whilst
there are some procedures for partitioning charges
[157-161], there is as yet no agreement on methods for
determining M—L dipole moments. In many cases, M—L
dipole moments are neglected altogether [63,162—-166]
and in essence they are subsumed into the M—L bond
stretching and L-M-L angle bending terms.

Another approach treats the metal-ligand interac-
tion by a ‘points-on-a-sphere’ model, reminiscent of the
VSEPR model widely used in inorganic chemistry for
predicting the shapes of molecules. Although the
metal-ligand interaction has an ideal bond length,
instead of defining bond angles, a Urey—Bradley ap-
proach is used [167], in which 1,3-van der Waals inter-
actions (usually not taken into account and assimilated
into the angle bending term) between the ligand donor
atoms bonded to the metal ion are used to model the
coordination sphere. Naturally, electrostatic parameters
are much more critical in this approach.

The participation of metal s and d electrons in bond-
ing in coordination compounds makes the MM model-
ing of metal-containing system difficult. If one is to
avoid having to develop parameters for each spin state,
coordination number and oxidation state for each
metal in each class of compounds (as has been pro-
posed, for example, for Fe in the iron porphyrins [165]),
then special potential functions are required [168]. Such
force fields may be termed universal or generalized force
fields. They have been developed to model as wide a
range of metal-containing compounds as possible. Ex-
amples are the Universal Force Field (UFF) of Rappé
and co-workers [169] (recently employed, for example,
for the modeling of the cobalt corrinoids [170]), the
MOMEC force field of Comba and Hambley [171], the
SHAPES force field of Allured, Kelley and Landis
[172], and the Ligand Field Molecular Mechanics
(LFMM) force field of Deeth [173]. Whilst generalized
force fields are obviously attractive for their very gener-
ality, it must be accepted that generality may come at
the expense of quality and that such force fields may
not produce results that are as good as those obtained
from those with a parameter set specifically developed
for molecules of a particular class.

Recently, Schweitzer-Stenner and co-workers re-
ported an interesting new approach to MM calculations
[174]. In their approach, the molecule is subdivided into
local units, each made up of an atom and its nearest
neighbors. The potential function of each local unit is
assumed to depend only on the position of the atoms in
that unit; the vibrational force field is then expressed as
the sum over the contributions from all units. Since
local units usually display high local symmetry because
the bonds formed and their spatial disposition are
necessarily dictated by the valence and hybridization
state of the atom, the number of possible interaction
parameters is limited. Ab initio results are used to show
that the internal force constants of each local unit are
transferable to other molecules; hence it becomes possi-
ble to calculate the internal force constants of each
local unit from small molecules, and to use these to
build up the potential function of large molecules such
as porphyrins. The authors show that this approach
reproduces rather well the vibrational frequencies and
mode compositions of molecules such as porphyrins
with a 40—-80% reduction in the number of force field
parameters. Whether this approach will be useful in
answering any of the number of questions that have
been asked of and answered by more common force
field methods remains to be seen. Initial results are very
promising; for example with the approach reproducing
the structure and normal modes of vibration of several
very ruffled Ni(II) porphyrins [175].

Whatever approach is adopted, the transferability of
force field parameters remains—and probably will al-
ways remain—a major problem with MM modeling of
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transition metal complexes [168]. Perhaps in recognition
of this, an approach that is currently gaining momen-
tum is to incorporate both quantum mechanical (QM)
and molecular mechanical modeling of the molecule,
with the QM modeling focused on the metal ion, and
the MM modeling on the rest of the molecule [176,177].
Using such an approach it should be possible in princi-
ple to develop truly universal force fields for metal-con-
taining systems, and moreover to examine systems
which involve a fundamental rearrangement in the elec-
tronic distribution as would occur, for example, on a
change of spin state or oxidation state of the metal ion,
or if chemicals are made or broken [177]; or where
electronic effects such as polarization are likely to be
important [178]. The methodology is still very much in
the development stage, and a number of issues such as
how to treat the QM/MM boundary, the size of the
QM-treated region on the overall results, and the effect
of long-range interactions on the electron distribution
in the QM region, still have to be addressed [178].

Pertinent to the subject matter of this review, the
corrin core of CNCbI has been modeled [179] using the
INDO/1 procedure while the peripheral substituents
were modeled using MM methods (Tripos Force Field
[180], Tripos Associates, St. Louis, MO); the approach
adopted allows for charge transfer between the quan-
tum mechanically and classically treated fragments and
gives a structure that is in good agreement with that
determined in the solid state [181].

Maseras [182] performed QM/MM calculations with
a program constructed from GAUSSIAN 92/DFT [183]
for the QM calculations and MM3(92) [143] for the
MM part on picket-fence porphyrin dioxygen complex
Fe(T,;,PP)(1-MeHIm)(O,). The modeled structure
agreed well with the X-ray structure. By comparing the
results with a porphyrin lacking the picket-fence arms,
it was shown that the amide groups of the picket-fence
stabilize the dioxygen complex by some 20 kJ mol ~!
because of an O---H(N) interaction. The same group
[184] have recently extended their investigations to the
4-coordinate Fe(porphine) system, the S5-coordinate
Fe(HIm)(porphine) system, and 6-coordinate Fe(-
HIm)(O,)(porphine). Structural parameters from the
parts of the molecule modeled by QM methods are
generally in good agreement with the experimental ob-
servations, but discrepancies from the MM-modeled
portions can be quite large since the authors have used
the default MM3 parameters rather than the parame-
ters that have been developed by other groups specifi-
cally for modeling porphyrins with the Allinger force
field.

The aim of MM methods is to find minima on the
potential energy hypersurface, corresponding to situa-
tions where the forces on each atom are balanced.
Various algorithms are available for searching confor-
mational space for these stationary points [185,186].

Among the most commonly used are the steepest de-
scent, conjugate gradient and the Newton—Raphson
block diagonal methods, although a combination of
these may be employed; thus, a conjugate algorithm
may be switched to a Newton—Raphson procedure as
convergence approaches, since the latter tends to con-
verge faster near the convergence point. These mini-
mization algorithms often locate local energy minima
on the potential energy surface. It is therefore necessary
to adopt other procedures to search conformational
space more effectively. Even so, since the number of
stable conformations increases rapidly with molecular
complexity, it is virtually an impossible task to find all
conformations, and one is usually left with no option
but to sample conformational space.

Search procedures include exhaustive grid search
methods, in which, for example, every single rotatable
bond is rotated through a full 360° in some step incre-
ment. The method is clearly restricted to only the very
smallest molecules and even amongst these, often only
to rotations about a single bond or a limited number of
bonds if there is reason to believe that the molecular
structure is particularly sensitive to rotations about
such bonds. Very different in their philosophy are
random search methods. In these procedures the cur-
rent structure is saved, randomly changed, and then
fully energy-minimized. By repeating the procedure
many times, it is hoped that a significant portion of
conformational space, and certainly conformational
space near an energy minimum discovered by some
other procedure, can be explored. Examples of this
approach include the RIPS (random incremental pulse
search) algorithm [I187] and the Metropolis Monte
Carlo algorithm [188].

Molecular dynamics methods [189] seek to reproduce
the dynamic behavior of molecular systems by describ-
ing the change in position of the atoms with time. The
future positions and velocities of atoms are predicted
based on their current positions and velocities by solv-
ing the classical equations of motion. The first quantity
evaluated is the force acting on each atom (the negative
gradient of the potential energy); the acceleration is
then evaluated by dividing by the mass. The change in
velocity of each atom is the integral of the acceleration,
and the change in position of each atom is the integral
of the velocity. The leapfrog algorithm [190] is often
used to solve these equations. The extent of the motion
can be controlled by varying the temperature at which
the simulation is performed. It is quite common to
perform simulations by first heating the molecule from
a low temperature to an artificially high temperature
(between 600 and 1000 K is common), and then per-
forming the run phase of the simulation at this temper-
ature. The high temperatures facilitate the surmounting
of potential energy barriers. Samples are taken at ran-
dom or fixed intervals, fully energy-minimized, com-
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pared and sorted; new conformations are stored. This
procedure is sometimes referred to as a quenched dy-
namics simulation. Alternatively, after the run phase
the system is slowly cooled, and finally fully energy-
minimized; this is a simulated annealing (SA) procedure
[191]. Experimental information may be incorporated
into an MD simulation as a set of restraints, thus
limiting the extent of conformational space that has to
be searched to those regions that satisfy the experimen-
tal observations. An example of this is the adding of
dummy bonds between protons to restrain (usually with
simple parabolic functions) the proton—proton distance
at values commensurate with nOe strengths obtained
from 2D NMR experiments [192,193].

2.2. Modeling porphyrins

Standard force fields originally developed for investi-
gating the structure of organic compounds have been
profitably applied to investigating the structure of metal
free porphyrins and related compounds. Thus, Bruice
and co-workers [194,195] used MM and quenched
molecular dynamics simulations at 600 K with the
CHARMM force field [150] to explore the structure of
bridged metal-free cofacial tetraphenylporphyrin
dimers. Vergeldt and co-workers [196] used the same
force field, together with a distance-dependent dielectric
constant to simulate the screening effect of solvent
water, to explore the structure of metal-free tetrakis(N-
methylpyridyl) porphyrins. Connolly’s group [197] used
the version of the MM2 force field [142] known as
MM+ in the HYPERCHEM suite of programs (Hyper-
cube Inc., Gainesville, FL) to explore the structure of a
number of meso tetra-alkyl and tetra-aryl porphyrins,
and to correlate the structure with their photophysical
and redox properties. Others have used MM + for
similar purposes; Trull and co-workers [198] investi-
gated the structure of a series of nitrobenzyl mono- and
diesters of meso-porphyrin, whilst Lament et al. [199]
used it to explore the structure of rosarin, a nonaro-
matic hexapyrrolic expanded porphyrin. Battersby and
co-workers [200,201] have used the MM2 force field to
investigate the structure of potential intermediates in
the biosynthesis of uroporphyrinogen III. Bonar—Law
and Sanders [202] used both MM?2 and the AMBER
force field [147] to explore the structure of porphyrins
capped by a cyclic dilactone of cholic acid. Casiraghi
and his group have used the CVFF force field [203]
(Biosym Technologies, San Diego, CA) to explore the
structure of meso-glycosylated porphyrins [204].
Ravikanth [205-208] used the AMBER force field to
study the structure of a series of novel ‘basket-handle’
porphyrins (porphyrins containing a short chain of
variable length either across or along the porphyrin
periphery). The SYBYL force field [180] has been used
to investigate the structure of compounds based on a
substituted protoporphyrin IX nucleus [209].

One of the first attempts to model metalloporphyrins
was by Abraham and co-workers [210] who used the
program MODELS [211] augmented with non-bonded
potentials for H, C, N and O [212,213] to investigate
the structure of a number of Co(IIl) porphyrins bis-lig-
ated with pyridine, 1-methylimidazole, 4-methylpipe-
ridine and isoquinoline. The program allowed for the
relaxation of a limited number of structural parameters,
and both the porphyrin and the planar aromatic ligands
were treated as rigid, planar structures. Electrostatic
contributions to the energy were obtained from partial
atomic charges, apportioned using the CHARGE3 pro-
gram [214].

A number of groups have extended the parameter set
of standard MM force fields to study metallopor-
phyrins. For example, Angelucci et al. [215] extended
the CVFF force field, whilst Scott [216] modified some
bond stretching, angle bending and torsional parame-
ters of the standard MM2 force field [140,141] and
added parameters for Ni(Il) to investigate the structure
of F,3, the Ni-containing cofactor of S-methyl coen-
zyme M reductase enzyme of methanogenic bacteria.

Munro and co-workers [162] used a modified version
of Allinger’s MM2(87) [140,141] force field to analyze
the factors that affected metalloporphyrin conforma-
tions. All M-L bonds were treated by a bonded for-
malism, with all dipoles involving the metal ion set to
zero. The standard MM2 dipole parameters were re-
tained for the porphyrin, as were the SCF B-MO
calculations for the extended delocalized B electron
system. The force field parameters for all interactions
not involving the metal ion were the default MM?2
parameters; those for potentials involving the metal ion
were developed by attempting to reproduce as accu-
rately as possible the crystal structures of six por-
phyrins, with cations of very different sizes (P(V), S=0
Ni(Il), S=1 Fe(l), Zn(Il) and Pb(Il)), and hence
porphyrin cores showing a very wide range of ruffling.
In addition, ten imidazole ferric porphyrin complexes
were used to derive parameters for low spin Fe(III).
Factors investigated included (i) the effect of the size of
the metal ion coordinated by the porphyrin on the
structure of the porphyrin core; (ii) the effect of the
orientation of planar axial ligands on the porphyrin
core; and (iii) the effect of the orientation of meso-
phenyl substituents on the structure of TPP derivatives.
We shall refer to this force field as the Munro force
field [162,164,165].

In a remarkable sustained effort, Shelnutt and co-
workers have made extensive use of MM calculations
to probe the effect of peripheral substituents of the
porphyrin ring on the conformation of the porphyrin
core. Their force field, which we shall refer to as the
Shelnutt force field [63], is based on a normal coordi-
nate analysis of NiOEP [217-219] and the crystal struc-
ture of NIiOEP [220], from which parameters for the
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DREIDING force field [221] were determined. They
usually ignore electrostatic contributions to the strain
energy, as they found that inclusion of partial charges
had no significant effect on the calculated structures
[222]. However, the inclusion of partial charges and the
use of the softer exponential-6 potential for H atoms
instead of the Lennard—Jones 12-6 potential of the
DREIDING force field gives more accurate relative
conformational energies [223,224].

The UFF force field of Rappé and co-workers [169]
has been used to investigate the structure of possible
intermediates in the P450 catalytic cycle [225]. Pispisa
and colleagues ([226] and references therein) have devel-
oped their own MM program, and the interested reader
is referred to the original papers for a fuller description.
The program uses a potential function similar to that of
MM2 [140] and a minimization algorithm based on the
rotational isomeric state model of Mattice and Suter
[227]. The program has been used to explore the struc-
ture of protoporphyrin—polypeptide—naphthalene com-
pounds, and to rationalize the observed photophysics
of these systems.

2.3. Modeling corrins

The potential functions and formalism of the MM2
force field [140,141] together with a parameter set
derived specifically to reproduce the solid state struc-
tures of the cobalt corrinoids [228,229], have been used
to explore the structure of these molecules. The non-
bonded parameters used for Co(III) were similar to
those used for Fe(IIl) in the modeling of the iron
porphyrins [162,164—166] and not dissimilar to those
used in the UFF [169]. The MM2 van der Waals
parameters were used for all other atoms. A survey was
conducted of appropriate corrin structures deposited in
the Cambridge Structural Database (CSD) and the
mean values of the bond lengths, bond angles and
dihedral angles was determined [228]. Atoms were then
divided into classes, and the mean and standard devia-
tion of class-equivalent bond lengths and bond angles
was found. Differences between classes were checked
for statistical significance and the number of classes was
reduced as far as possible. The metal-ligand interaction
was treated within a covalent-bonded formalism, with
bond dipole moments set to zero.

The derivation of the force field parameters was done
by initially setting the strain-free values of the bond
lengths and bond angles to the crystallographically
observed mean values and setting the initial values of
the force constants to those used in MM?2 [139,140] for
analogous situations, the Munro force field [162,166],
or parameters used by a number of investigators for the
modeling of a variety of Co(III) compounds [131,230—
240]. The crystal structure of CNCDbI [241] was used as
the test structure. After each energy minimization, a

random number generator was used to change the
coordinates of every atom to check conformational
space in the neighborhood of the converged structure.
The values of the structural parameters obtained were
compared with the values from the statistical survey,
and the force field parameters were adjusted on a
trial-and-error basis until an acceptable fit to the aver-
age crystallographic values was obtained. With the final
force field parameters [228], the bond lengths, bond
angles and dihedrals were reproduced with root mean
square differences (r.m.s.d.) of 0.01 A, 2.4° and 4.2°,
respectively, of the crystallographic means; this is well
within their experimental standard deviations, and
within the accepted criteria for a good fit [169,228,242].

More recently [229], the force field has been re-devel-
oped for use by codes such as MM+ which utilize a
Urey—Bradley formalism (1,3-van der Waals interac-
tions are used to model the coordination sphere of a
metal ion) rather than the more traditional formalism
of MM2 where L-M-L’ angles and L-L'-M-L’ tor-
sions are handled like any other angles and torsions.
The results from the two approaches are comparable.

It must be appreciated that approaches such as this
will at best reproduce an average cobalt corrin struc-
ture. If a direct comparison is made between such a
structure and the solid state structure of any specific
cobalamin, differences will almost invariably be found,
especially in the more flexible parts of the molecule.
Moreover, such MM simulations are often performed
on the isolated molecule, so the influence of the envi-
ronment, be it the solid state, or the solvent, may well
have an effect on the structure. A comparison between
some modeled structures and the corresponding crystal
structure is shown in Fig. 4.

The validity of the force field has been thoroughly
assessed. As mentioned (see above), the crystal struc-
tures used to develop the force field were satisfactorily
reproduced. The force field was used to predict the
structure of cyano-13-epicobalamin, where the e side
chain at C13 has been epimerized from the lower to the
upper face of the corrin ring. The structure predicted by
the force field [228] was very similar to the known
crystal structure [243] which had not been used during
the derivation of the force field; the validity of the
predicted structure was confirmed when a new determi-
nation of the structure was carried out [244]. Epimer-
ization of the d side chain at C8 of CNCbl leads to
cyano-8-epicobalamin, the structure of which was un-
known at that stage; this was therefore predicted by
MM methods. The compound was subsequently pre-
pared, crystallized and the structure determined by
X-ray diffraction [245]. Again, a very satisfactory agree-
ment was found between the observed and the pre-
dicted structure (Fig. 5).

An alternative way of testing a force field’s validity is
to verify other experimental observations. For example,
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Fig. 4. An overlay of MM-modeled structures of A: CH;Cbl, B: CNCbl, and C: AdoCbl (solid line) and the corresponding crystal structures
(broken line). The modeled structures are consensus structures from MD/SA calculations (see text).

Fig. 5. A comparison of the MM prediction of the structures of cyanocobalamins epimerized at C8 and C13 (solid lines) compared to the crystal

structures (broken lines).

cross-peaks in the 2D NMR spectrum of AdoCbl had
been observed [246] which were inconsistent with the
orientation of the adenosyl ligand observed in the solid
state, where the adenine ring system, virtually parallel
to the corrin ring, is over the southern quadrant (Fig. 6)
of the molecule when viewed from above [120]. A
two-state model was proposed [246] in which the Ado
ligand flips between the southern conformation and an
eastern conformation in which the Ado ligand has been
rotated by some 50° in a counterclockwise direction.
The strain energy profile for rotating the Ado ligand by
a full 360° relative to the corrin ring was determined by
MM methods and four energy minima were found (Fig.
7). The global minimum finds the Ado ligand in the
southern conformation; surmounting a small energy
barrier leads to the eastern conformation. Two larger
barriers lead to the northern conformation and to the
western conformation, respectively. Thus, the popula-
tion of both a southern and an eastern conformation by
AdoCbl in solution at room temperature appears very
feasible indeed. It was subsequently shown [247] that at
60 °C the northern and western conformations are also
visited by AdoCbl in solution.

Finke and co-workers [170] have used MM and the
UFF [169] to model the structures of MeCbl, AdoCbl,
R- and S-DHPrCbl and AdePrCbl, and found the
results comparable to those reported by Marques and
Brown using MM?2 [228].

3. Applications of molecular mechanics methods
3.1. Structure predictions: porphyrins

3.1.1. The non-planar distortion of porphyrins

Munro et al.’s parameterization of the MM2(87)
force field for metalloporphyrins [152,164,165] yielded a
force field that was able to quite accurately reproduce
the moderate non-planar distortion in a number of

Fig. 6. The solid state structure of AdoCbl [120]. The 5'-deoxyadeno-
syl ligand is positioned over the southern quadrant of the molecule,
overlaying ring C.
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Fig. 7. The strain energy profile for rotation of the adenosyl ligand
relative to the corrin ring. The four minimum energy conformations
found (from left to right) are referred to as the western, southern,
eastern and northern conformations, respectively. The southern con-
formation is similar to the conformation found in the solid state (see
Fig. 6).

porphyrins (Fig. 8) by merely varying the equilibrium
M-N bond length and the stretching force constant.
However, to adequately model the severe out-of-plane
distortion in a porphyrin such as [P(TPP)(OH),]*,
which contains very small P(V), or a domed porphyrin
such as [Pb(TPrP)], which contains very large Pb(II),
required modification of torsions involving the metal
ion and the porphyrin ring and, in the case of Pb(Il), a
change in the equilibrium N-Pb-N bond angle to de-
scribed what is essentially a square pyramidal structure.
The size of the metal ion is clearly an important factor
in determining the extent of porphyrin non-planar dis-
tortion. Thus, the P(V) complex is in a severe ruf (i.c.
S,) conformation; the complexes of S=0 low spin
Ni(IT) are either ruffled or planar; the S=1 Fe(Il)
complex is moderately ruffled; Zn(II) is planar; and
Pb(II) is domed (C,,). Some differences between crys-
tallographically observed and modeled C-C bond
lengths (up to 0.05 /OX) in the porphyrin core were
attributed to the application of the standard MM?2(87)
heterocycle force constants and the SCF MO treatment
of less complex B-electron systems to the tetrapyrrole
system of the metalloporphyrins.

The preponderance of a sad core geometry in
[M(TPP)] complexes has been noted [35]. An MM
investigation [162] subsequently showed that significant
sad ruffling of the porphyrin core occurs when at least
one of the phenyl dihedral angles is < 55°, since such a
conformation minimizes the repulsive non-bonded in-
teractions between the tilted phenyl substituents and
the porphyrin pyrrolic units. A careful evaluation of the
energy differences between planar, sad and ruf confor-
mations has shown that, at least for modest distortions
from planarity, these conformations are all close in
energy. This suggests that, particularly in highly substi-

tuted porphyrins, core deformation is an efficient stere-
ochemical response to steric crowding. It should be
noted, however, that the porphyrin moiety is suffi-
ciently pliable that even in the case of a highly substi-
tuted porphyrin such as H,DAP, out-of-plane
distortion is not the only mechanism available for steric
strain relief. Thus [248], an X-ray crystallographic in-
vestigation of the structure of H,DAP shows it to be
planar with an elongation along the 5,15 axis.
Although the extension to the MM2(87) force field
developed by Munro and co-workers [162] reproduced
M-N and C-C-C, C-N-C and N-C-C angles rather
well (to within 0.01 A and 2°, respectively), C—C and
C-N bond lengths were not well reproduced, often
differing by as much as 0.07 A from the crystallograph-
ically observed values. The reason was traced to the
SCF B-electron MO calculations that are part of the
MM2(87) force field for delocalized electron systems. In
a revision of the MM2(87) force field parameters for
porphyrins, the same group [165] conducted a thorough
statistical survey of iron porphyrins available at that
time in the CSD (120 structures), and used the mean
crystallographic values for the strain-free bond lengths
for bonds in the porphyrin core, abandoning the SCF
MO calculations entirely. The force field parameters
were then refined by modeling two structures each of
penta- and hexa-coordinate high- and low-spin ferrous
and ferric porphyrins, intermediate spin (S = 1) penta-
and hexa-coordinate ferric porphyrins, and intermedi-
ate spin tetra-coordinate ferric porphyrins. With these
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Fig. 8. A comparison of the crystallographic (left) and the MM
energy-minimized structures obtained by a modified version of
MM2(87) with parameters for modeling metalloporphyrins (right).
The central ion from top to bottom is P(V), S=0 NiIl), S=1
Fe(Il), Zn(II) and Pb(1I). See Ref. [162] for references to the crystal
structures.
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revised parameters, all bond lengths were reproduced to
better than 0.015 A, and angles and torsions to better
than 1.5 and 4°, respectively. The force field was then
used to examine the structure of [FeTPP] using
quenched dynamics techniques and the algorithm of
Gerber et al. for ring systems [249]. Both the planar and
the S, ruffled core of [FeTPP] were discovered, with the
planar conformation only very marginally more stable
(by 0.03 kcal mol~") than the ruffled conformation.

A further refinement to these force field parameters
was made specifically for the modeling of six-coordi-
nate low-spin imidazole and pyridine complexes of
ferric porphyrins [164]. Bond lengths of four ferric
tetramesityl porphyrin complexes containing either pyr-
idine or imidazole as axial ligands, including the excep-
tionally ruffled [Fe(TMP)(1,2-Me,Im),]* complex, were
reproduced to better than 0.010 A; bond angles were
reproduced to better than 0.5°; and torsional angles to
better than 2°. This study showed, inter alia, that the
occurrence of the ruf conformation of the porphyrin
core in six coordinate complexes hinges on the relative
perpendicular orientation of the axial ligands, and
confirmed that the sad conformation in ferric meso-te-
traaryl porphyrins is primarily determined by the steric
interaction between the meso aryl substituents and the
porphyrin core. However, Walker and co-workers [250],
who used the same force field to investigate the struc-
ture of [Fe(TPP)(4-CNPy),]*, argue that there is an
electronic effect as well in controlling the ruffling. The
origin is likely to be the partial delocalization of d,,
unpaired electron spin into the a,,(n) porphyrin orbital,
which is made possible by the twisting of the nitrogen
p. out of the mean porphyrin plane, attendant on S,
ruffling of the porphyrin core.

The response of a porphyrin to steric crowding has
been extensively explored in the work of Shelnutt and
colleagues. They began a long and impressive study of
the structure of metalloporphyrins in which MM meth-
ods have played an important role by validating the
force field calculations against the known structure of
highly ruffled NiOPTPP [220]. Good agreement was
found, with the force field somewhat overestimating the
degree of non-planar distortion of the porphyrin.
(However, the standard DREIDING force field was
unable to correctly predict the structure of a highly
substituted free base porphyrin, DPP [251].) They then
examined the structure of Ni(II) porphine, NiOEP,
NiTPP, and a series of Ni(II) octaalkyl(aryl)tetra-
phenylporphyrins (NiOMTPP; NiOETPP; NiEPTPP;
NiTC;TPP; NiTC,TPP; NiTC,TPP; NiDPP) and found
that out-of-plane distortion of a porphyrin in response
to the steric pressure of the substituents on its periphery
causes the core size to decrease. NIOMTPP, NiOETPP,
NiOPTPP, NiDPP, NiTC,TPP and NiTC,TPP all
adopt a sad conformation, whereas NiTC;TPP is pre-
dicted to be planar. Some of these results have been

verified subsequently by crystallography. For example,
CuTCTPP is planar whereas NiOETPP, NiOPTPP
and NiTC,TPP all have a sad conformation [252].
When it was demonstrated that the force field was
capable of reproducing even subtle features of por-
phyrin structures, such as the decrease in core size with
an increase in non-planar distortion, these workers
could then investigate the relationship between core size
and the frequency of the structure-sensitive resonance
Raman lines. More recent MM calculations on [NiTPP]
[253] indicate that the lowest energy conformation is a
ruf conformation, and the sad and planar conforma-
tions are 1.70 and 1.78 kcal mol ~! higher in energy,
respectively.

The reasons why some peripheral substituents favor a
ruf conformation whereas others favor a sad conforma-
tion were explored [251]. X-ray crystallography shows
that DPP exists in a very non-planar sad conformation,
whereas NiTC;TPtP exists as a very non-planar ruf
conformer. These observations are in good agreement
with the calculated structures of NiDPP and
NiTCsTPtP (the DREIDING force field produced an
unrealistic structure for the free base DPP itself). The
similarity of the X-ray structure of DPP and the calcu-
lated structure of NiDPP confirms that the ruffling of
the porphyrins is a consequence of the steric interac-
tions between the peripheral substituents, although the
size of the metal ion does have an effect as well; thus,
the Zn(II) analogs are calculated to be somewhat less
ruffled than the Ni(I) complexes. meso Phenyl groups
cause a porphyrin to undergo a sad deformation be-
cause of a steric clash between the phenyl substituent
and the neighboring pyrrole rings. On the other hand,
an alkyl substituent in the meso position favors a ruf
conformation. The hydrogen atoms on the o carbon of
the alkyl substituent force the alkyl group out of the
plane; this moves the meso carbon out of the plane and
triggers the ruf deformation. The difference in energy
between planar NiDPP and the sad form was estimated
to be 25 kcal mol~!; that between planar and ruf
NiTC;TPrP is 24 kcal mol ~!. Low temperature NMR
studies demonstrate the preponderance of the ruffled
conformations in solution. Calculations of the structure
of NiTC;TMP and NiTC;TEP show these compounds
to have a ruf conformation.

The structure of highly substituted octaalkylte-
traphenylporphyrins has been investigated [254]. MM
calculations show that MII)OETPP remains suffi-
ciently flexible to show a small, but significant, decrease
in out-of-plane distortion as the size of M(II) increases;
a result confirmed by crystallographic analysis. The
identity of the metal ion was changed in the calcula-
tions by varying the equilibrium M-N bond length
(whilst maintaining constant the stretching force con-
stant and the depth of the Lennard-Jones 12-6 well)
until the M—N bond lengths of selected planar metal-
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loporphyrins were reproduced. As M(I)OETPP has a
saddle shape, each of the alkyl groups can have a
pseudo axial or a pseudo equatorial orientation relative
to the porphyrin ring; because of the inherent flexibility
of the alkyl side chains, and the demonstration that not
all conformations of these side chains lead to structures
of similar energy, calculations were based on the alkyl
side chains placed in the orientations observed in the
solid state (i.e. an all pseudo-axial conformation is
observed, although this is not the lowest energy confor-
mation predicted by the force field). It was subse-
quently found [254] that if the force field is augmented
to take in electrostatic effects, then the all pseudo-axial
conformation is indeed the lowest energy conformation.
The agreement between the predicted structures and the
solid state structures (where available, viz.,
Co(IOETPP and Cu(I)OETPP) was very good. For
example, the agreement between the calculated and
observed M-N distance, the core size, and the
C,—N-C, angle was better than 0.01 A, 0.015 A and
1.2°, respectively. Importantly, the MM aspects of this
study elucidated how a porphyrin can expand to ac-
commodate a larger metal ion. Thus, the C,—N-C,
angle and C,—C,—C, angles open up and the core size
increases to accommodate a larger metal ion. Further-
more, the C,-C,, and Cz-Cy bond distances can in-
crease by up to 0.01 A as M(II) changes from Ni(II) to
Zn(11).

The highly substituted porphyrin Cu(TCsT(3,4,5-
OMeP)P is completely planar (the Ni(II) analog is only
moderately non-planar, as shown by X-ray crystallog-
raphy [163]); this result, observed crystallographically,
was correctly predicted by MM calculations using the
Shelnutt force field [163]. By closing the C;~C~CH, by
some 13° compared to the OEP analogy, the porphyrin
is able to move the methylene and aryl substituents
apart, obviating the requirement for the extensive ruffl-
ing seen in other dodecasubstituted porphyrins.

Resonance Raman observations of structure-sensitive
lines and calculations using the Shelnutt force field
[255] showed that larger metal ions tend to favor planar
porphyrin conformations whereas smaller metal ions
induce non-planar distortions, in effect allowing the
macrocycle to fold around the metal ion and shorten
M-N bond lengths. Increasing the metal radius dis-
places the non-planar/planar equilibrium of [MOEP]s
in solution towards the latter (Ni(Il) < Co(Il) <
Cu(Il) < Zn(IT)). Even the moderate steric crowding
induced by introducing a nitro group in the 5 position
of metal-OEPs is sufficient to significantly shift the
equilibrium towards the ruffled form. Based on the
resonance Raman data, a Boltzmann distribution calcu-
lation shows that the energy differences between the
planar and non-planar MOEPs and 5-NO,-MOEPs are
very small (AE = (non-planar — planar) = — 0.29 for
M = Ni(II); 0.82 for Co(II); and > 1.37 kcal mol ~! for

Cu(II)-based on a detection limit of 10% and the failure
to observe the non-planar conformation—in [MOEP];
and —0.99 for M =Ni(Il); —0.17 for Co(Il); and
> 1.37 kcal mol~' for Cu(Il) in [5-NO,-MOEP]). The
degree of out-of-plane distortion increases as the num-
ber of meso nitro substituents increases [223]; thus, MM
calculations show that the projection of the Ni(II)-N
bond length onto the mean porphyrin plane, changes
from 1.946 A in NiOEP to 1.957 A in 5- -NO,-NiOEP,
to 1.960 and 1.964 A in 5,10- and 5,15- (NO,),—NiOEP,
respectively, to 1.937 A in 5,10,15-(NO,),— NiOEP, and
to 1.917 A in 5,10,15,20-(NO,),~NiOEP.

Metal derivatives of TC,TPP (Ni, Co, Cu) are sad-
dle-shaped and although the porphyrin core expands
with increasing metal size, there is little change in the
extent of porphyrin distortion [256]; thus, the trans
N-M-N angles extending across the porphyrin ring,
and a measure of the porphyrin saddling, are 165.6,
167.6 and 168.5°, respectively, for MTC,TPP; M =
Ni(II), Co(II), Cu(Il). For NiTC,TPP complexes (n =
5, 6, 7), the porphyrin macrocycle becomes
progressively more non-planar as the steric crowding in
the periphery increases (trans N-M-N = 180.0, 165.6
and 161.6° for n =15, 6, 7, respectively).

Use was made of a combination of proton NMR
spectroscopy and MM calculations to investigate the
solution structure of several Co(II) dodecasubstituted
porphyrins [224]. The MM calculations showed that the
lowest energy conformations of CoOETPP and
CoOPTPP, for example, have all ethyl and propyl
substituents in quasi-axial orientations (as found in the
solid state) such that the alkyl substituents form the
walls of a cavity or groove over the porphyrin core. By
comparison of the proton paramagnetic shifts measured
for these Co(II) porphyrins with the dipolar shifts
calculated using geometric factors obtained either from
the crystallographic structures (where available) or
from the MM energy-minimized structures, these au-
thors showed that the solution structure of these com-
plexes is similar to the crystallographic or MM
energy-minimized structures. Porphyrins such as
CoOETPP and CoOPTPP that have well-defined cavi-
ties in the solid state retain them in solution; conse-
quently, as shown by variable temperature proton
NMR spectroscopy, such porphyrins form less stable B
complexes with a planar molecule such as 1,3,5-trini-
trobenzene than do planar porphyrins such as CoTPP
or other less severely distorted porphyrins.

When porphyrins are substituted with flexible
groups, as in H,DAP, the relative orientations of these
groups can lead to many conformations very close in
energy to each other as demonstrated [248] for ZnDAP.
Discovering the global minimum in such cases is not a
trivial matter and requires considerable effort and the
extensive use of, for example, grid-search and/or dy-
namics simulations.
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Symmetrical porphyrin substitution with sp® C
groups at the meso positions usually results in a ruf
distortion of the porphyrin. It has been shown by MM
calculations using the Shelnutt force field (with some
parameter modifications from earlier versions for con-
sistency with the DREIDING 1II force field and incor-
porating an exponential-6 van der Waals term for H
atoms) and, in some instances, X-ray diffraction crys-
tallography [36], that increasing out-of-plane distortion
(as measured by the C,—~N-N-C, dihedral) occurs as
the bulk of the meso substituents increases from methyl
through to, for example, adamantyl in a series of Ni(II)
porphyrins. The MM results were in good agreement
with the solid state structures.

Jentzen and Shelnutt [41] have developed a method
for classifying and quantifying the in-plane and out-of-
plane deformations of the porphyrin macrocycle com-
monly observed in hemoproteins. Their normal
coordinate structural decomposition (NSD) method fits
any observed distortion to a linear combination of the
six lowest-frequency out-of-plane distortion modes of
the porphyrin core and, in most cases, this adequately
quantifies the porphyrin distortion (Fig. 2). (The distor-
tions can be more accurately simulated by extending
the distortion modes to include the second-lowest fre-
quency normal coordinate for all symmetries [257].)
The origin of the steric strain responsible for the heme
distortions in the tetraheme cytochrome c; of sulfate-re-
ducing bacteria was explored using the NSD method
after energy-minimizing the heme and amino acid
residues immediately attached to the two Cys residues
that bridged the iron porphyrin and the protein [258].
They found that the heme distortion is largely con-
trolled by a short peptide segment consisting of the two
bridging Cys residues, the amino acids between them,
and the proximal His ligand. A similar investigation has
been conducted on the structure of nickel cytochrome ¢
[259]. For further examples of applications of this NSD
method, the interested reader is referred to a recent
review [137].

3.1.2. Metal complexes and ligand interactions

There has been considerable interest in the relative
orientation of axial ligands in bis-ligated complexes of
metalloporphyrins and the effect this has on the struc-
ture of porphyrins, since it has been suggested that
some bis-histidine multiheme cytochromes such as cy-
tochrome c¢; from Desulfovibrio vulgaris are able to
fine-tune the redox potential and electronic properties
of each heme group by maintaining unique axial ligand
orientations, and thus porphyrin conformations [260—
263].

The structure of [Co(TFP)]*, [Co(TCIP)]* and
[Co(TMP)]* coordinated in both axial positions by
pyridine, I-methylimidazole, 4-methylpiperidine and
isoquinoline was investigated [210] using the program

MODELS [211], which allows for relaxation of only a
limited number of structural parameters. Both the por-
phyrin and the axial ligands were treated as planar
molecules. By rotating the ligands relative to the por-
phyrin and performing a series of single point calcula-
tions, it was shows that two orientations of the ligand
(staggered and eclipsed, Fig. 9) are possible. In agree-
ment with NMR data [210], it was found that for TFP
and TPP the preferred orientation of the planar aro-
matic ligands was the staggered orientation, but in-
creasing the steric bulk of the meso substituents in TCIP
and TMP resulted in the eclipsed conformation being
favored.

Munro et al. [162] demonstrated, using a modified
version of MM2(87) and the Munro force field (see
above) that frans axial imidazole ligands whose planes
are approximately perpendicular to each other and
bisect the cis N-Fe-N angles of the metalloporphyrin
core, induce a ruf conformation. The extent of the
ruffling increases with the shortening of the Fe-N,,
bond length by the van der Waals contacts between the
porphyrin core and the axial ligand.

Two crystalline forms of [Fe(TMP)(5-MeHIm),]CIlO,
have been observed [264]. In the first form, the two
imidazole ligands are virtually parallel to each other
and lie close to an N, ,—Fe-N,.,;, vector; the core is
slightly S, ruffled. In the second form, the imidazole
ligands are virtually perpendicular to each other and
each lies close to a C,,,,,,—Fe-C vector. As a conse-
quence, the porphyrin is markedly S, ruffled. MM
calculations show that steric interaction between the
axial ligands and the meso substituents destabilize the
mutually parallel structure by 2.6 kcal mol ~!, yet this
form is always that observed by ESR spectroscopy in
frozen solution samples. There therefore appears to be
competition between this steric factor and an electronic
stabilization (2.8-3.7 kcal mol~") of the rhombically
(Jahn—Teller) distorted electronic ground state of the
mutually parallel structure.

Marques et al. [265] adapted parameters from the
Munro force field to the version of MM2 used in the

meso

Fig. 9. The staggered and eclipsed conformations of a planar aro-
matic ligand relative to the porphyrin core. The dihedral angle ¢ is
used to quantify the orientation of the ligand.
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HYPERCHEM suite of programs (Hypercube, Inc.,
Gainesville, FL) and known as MM + to examine the
structure of complexes formed between the heme oc-
tapeptide N-acetylmicroperoxidase-8§ and quinine, 9-
epiquine and chloroquine, as it is widely believed that
ferriprotoporphyrin IX is the target for antimalarials
[266]. It was shown that coordination of the 9-alkoxide
group to Fe(Ill) is possible for both quinine and 9-
epiquine, with the quinoline ring system virtually paral-
lel to the porphyrin plane. The energy-minimized
structure for the interaction of a chloroquine molecule
with the heme peptide has a B complex formed between
the quinoline and the porphyrin rings.

New parameters [267] have been added to the Munro
force field for the modeling of low spin Fe(II) por-
phyrins carrying two axial primary amine ligands. MM
calculations show that the most stable conformations
have the a-carbons of the axial ligands directly over,
and the o-CH, and NH, protons staggered about, the
Fe-N,,,,» bonds. There is a low barrier to rotation of
the axial ligand ( < 0.5 kcal mol~!) and deviations of
the solid state structures of [Fe(TPP)(BzNH,),] and
[Fe(TPP)(1-BuNH,),] from the MM-calculated global
minima are shown to be a consequence of packing in
the crystal.

The Munro force field [162,164,165] was used by
Momot and Walker [268] to investigate the rate of axial
ligand rotation in [Fe(TMP)(1,2-Me,Im),]* and
[Fe(TPP)(1-Melm),]*. A variety of NMR experiments
showed that the rotational energy barrier for the axial
ligands in [Fe(TMP)(2-MeHIm),]* is 12.0-14.1 kcal
mol ~! and AS*=0.7-9.8 cal K~ ! mol~!. Using both
a dihedral drive method and Monte Carlo single mini-
mum analysis with subsequent geometry optimization,
it was shown that the preferred mode of rotation for
the imidazole ligands in [Fe(TMP)(1,2-Me,Im),]* is
synchronous rotation of mutually perpendicular lig-
ands, and that the enthalpy barrier to such rotation is
about 11.5 kcal mol~', in very reasonable agreement
with the experimental result for [Fe(TMP)(2-
MeHIm),]*. For the unhindered ligands in [Fe(TPP)(1-
Melm),]*, enthalpy barriers to synchronous and
asynchronous rotation were found to be 0.8 and 1.3
kcal mol —!, respectively. The rate of rotation is thus
about 102 s~ !, which is very fast on the NMR time
scale, again consistent with the NMR experimental
observations. The authors concluded that MM methods
are potentially useful and adequate for studying the
rotation of axial ligands in six-coordinate porphyrin
complexes.

Highly substituted porphyrins such as [Co(T’‘BuP)]™
and [Co(OETPP)]* are very non-planar (see below)
and they fold such that the peripheral substituents form
cavities on the porphyrin faces. Planar axial ligands
such as pyridines and imidazoles are expected to oc-
cupy these cavities. Thus MM calculations on com-

plexes of the type [Co(OETPP)(L,)]*, L = an imidazole
or a pyridine, were predicted [269,270], using the Shel-
nutt force field, to have the ligand planes mutually
perpendicular and parallel to the N,,.,,,~Co-N,,o,,p, Vec-
tor, whereas in [Co(T'BuP)(L,)]*, the ligands, also
mutually perpendicular to each other, lie along the
C,eso—C0—C,,.., vectors. The MM predictions were
confirmed by NMR observations [269] and the initial
predictions were borne out by X-ray structure determi-
nations [271].

The Shelnutt force field has been used as part of an
investigation into the effect of axial coordination by
pyrrolidine and piperidine in NiTPP complexes [272].
The ligands are relatively free to rotate so the different
conformations coexist in solution, as confirmed by their
resonance Raman spectra. Five coordinate complexes
are slightly domed. If the plane of the axial ligand
bisects Ni-N,,,,;, bonds, the porphyrin is ruffled; when
it is aligned with the Ni-N,,,,, bond, a saddling defor-
mation occurs. Adding a second ligand causes the
doming to disappear, and the distortion of the por-
phyrin depends on whether the ligand planes are paral-
lel or perpendicular to each other. In all cases,
differences in energy between the identified conforma-
tions are small and the authors suggest that the orienta-
tion of axial ligands in, for example, the c-type
cytochromes, play only a small role in eliciting the
non-planarity of the porphyrin observed in many of
these hemoproteins.

Whilst MM methods are clearly useful for investigat-
ing the influence of axial ligands on the conformation
of the porphyrin core, perhaps a word of caution is
appropriate. In an attempt to investigate a proposed
mechanism for P,s,-catalyzed hydroxylation of alkanes,
Yoshizawa and co-workers used the UFF force field to
predict structures of intermediates which involve bind-
ing of both the oxygen of the oxyferryl group and the
alkane reactant to Fe(IV) on the distal face of the
porphyrin [225]. This required the loss of the proximal
thiolate ligand and the distortion of the porphyrin into
(at least in the view of the present authors) an unlikely
and unprecedented highly strained conformation in or-
der to accommodate near octahedral geometry at the
metal. We suggest that the UFF force field is not, and
has never been shown to be, sufficiently well-parameter-
ized to reliably reproduce porphyrin structures.

3.1.3. Metal-free porphyrins and related compounds
Bruice and co-workers [194] explored the relationship
between the 'H-NMR and electronic spectral properties
of cofacial metal-free porphyrin dimers and the distance
between the porphyrin planes, using MM to determine
the inter-porphyrin separation of a series of symmetri-
cal and unsymmetrical quadruply three- (m-C,H,CH,-
N(R)CH,-m-C4H,) and five-atom (m-C;H,~CH,O-C-
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(O)-OCH,—m-C¢H,) aza-bridged TPP derivatives. The
structures determined from molecular dynamics simula-
tions with the CHARMm force field were shown to be
very similar to those predicted by semi-empirical meth-
ods and, in one particular case where R =3-N-
methylpyridyl, in agreement with the solution structure
determined from the ROESY spectrum [195]. The mini-
mum energy structures found entail the folding of the
linker arms such that the two porphyrins are in a
screwed down conformation. The size and shape of the
cavity between the two porphyrin rings depends on the
nature of R in the linker. Where R is large (such as
P-toluenesulfonamide or m-pyridinesulfonamide), the
interplanar distance of the porphyrin cores are shorter
than in the case of small groups such as cyanamide.
The hybridization of the bridging N is also a critical
factor; the greater the sp® character, the more flexible
the geometry, and the shorter the interplanar distance.
Molecular dynamics simulations show, as expected,
that the flexibility of the structure depends on the
number of linkages between the two porphyrins [195].
As part of this study, the authors explored the interac-
tion energy between two porphyrins as a function of the
interplanar distance and the dihedral angle ¢ =
N,—Ct,—Ct,—N,. The resulting three-dimensional energy
surface had an energy minimum at ¢ =26° and an
inter-planar distance of 4.6 A; if the meso phenyl
substituents were excluded, then a fully eclipsed confor-
mation (¢ =0°) is marginally favored, with an inter-
planar distance of 3.5 A, close to twice the van der
Waals radius of carbon, and in agreement with crystal-
lographic evidence.

The ground state structure of terakis(N-methyl-
pyridyl)porphyrins has been explored using the
CHARMM force field [196]. The fluorescence lifetimes
of H,T(n-N-MPy)P, n=2, 3, 4, in solution and when
adsorbed onto a solid surface, can be explained by the
barrier to rotation of the meso pyridinium groups rela-
tive to the porphyrin core, which MM calculations
show is greatest when n = 2.

Connolly and co-workers [197] used MM calcula-
tions to determine the ground state structure of a series
of meso-substituted tetra-alkyl and tetra-aryl free base
porphyrins, and were able to rationalize the observed
trends in the red shifts of the absorption and fluores-
cence bands, as well as the quantum yields, on the
extent of mixing between the substituent m electron
system with that of the porphyrin (as deduced from the
dihedral angle between these entities) and on the degree
of non-planarity of the porphyrin ring.

A series of isomeric (ortho-, meta- and para-) ni-
trobenzyl mono- and diesters of meso-porphyrin have
been synthesized [198] and their structures investigated
by MM and semiempirical MO methods (using the
AMI1 model). The nitrobenzyl groups are linked
through one or both propionate side chains of the

porphyrin. In the energy-minimized structure, discov-
ered by MM and molecular dynamics methods, each
benzyl group lies approximately parallel to the por-
phyrin ring, but significant structural differences exist
between the ortho-, meta- and para-complexes. The
authors consider the implication of these structural
differences for the photoinduced electron transfer effi-
ciency of these complexes.

Battersby and co-workers [200] used the MM2 force
field to estimate the potential energy barrier to the
interconversion of two putative atropisomers of a mi-
nor product obtained during the synthesis of a spiro-
lactone related to the spiro-intermediate along the
biosynthetic pathway to uroporphyrinogen III synthe-
sis. Since the calculated energy barriers were modest
(< 8 kcal mol —'), the two isomers should interconvert
rapidly at room temperature. This led to a re-investiga-
tion of the nature of this minor product and to its
eventual elucidation as a dimeric species.

Casiraghi et al. [204] investigated the structure of a
5,15-bis-phenyl, 10,20-bis-glycosylated porphyrin (5,15-
[bis(4-flurophenyl)]-10,20-[bis(1,2,4-tri- O-benzyl-D-ara-
bino-tetritol-1-yl]porphyrin) using the CVFF force field.
In agreement with 2D NMR data, the metal-free por-
phyrin was shown to exist in a sad conformation.

The structure of some metal-free porphyrins dis-
torted by strapping neighboring meso o-phenoxy
groups either with cis or trans linkages has been investi-
gated using the AMBER force field [205]. When the
two short linkages are cis to each other, the porphyrin
adopts a sad conformation; trans linkages lead to the
ruf conformation. The assumption was made that intro-
duction of Fe(IIl) did not lead to a substantial change
in conformation, and the spectral properties (electronic,
IR, NMR) of these metalloporphyrins and their =-
cation radicals were compared to the properties of
[FeTPP]* to show the effect of porphyrin distortion
from planarity. In a related study [206], the structure of
similar metal-free porphyrins, and porphyrins where the
distortion from planarity was induced by strapping
across opposite meso phenyl substituents, was explored.
The influence of non-planarity on the triplet state char-
acteristics of these free base porphyrins and their Zn(II)
analogs (where it was again assumed that introduction
of the metal ion does not significantly perturb the
porphyrin structure) was investigated by ESR spec-
troscopy. The population and decay of the triplet sub-
levels is dependent on the non-planarity of the
porphyrin core. Moreover, distortion in these basket
handle porphyrins results in a red shift of the fluores-
cence emission bands, low quantum yields, high inter-
system crossing rates, and markedly shorter first excited
singlet state lifetimes [207]. The distorting effect of the
basket handles is augmented by substitution of H by Br
at the B-pyrrole positions.
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Bonar-Law and Sanders [202] used the MM?2 and
AMBER force fields to explore the structures of novel
porphyrins capped with a cyclic dilactone of cholic acid
(a 7,24-cyclo[2]cholate). The structures were then used
to help with calculations of porphyrin-induced NMR
shifts using the approach of Abraham [273].

Cheng et al. [166] modified the parameters of the
Munro force field for the modeling of porphyrin
diacids, making some adjustments to a number of
torsional parameters. The parametrization was based
on the crystal structures of three diacids, [H,OEP}**,
[H,TPPP**+ and [H,TMPJ**. The calculations indicated
that distortion from planarity decreases as the steric
bulk of the peripheral substituents increases:
[H,TPyP** ~ [H,TPP]** > [H,T-2,6-(OH),PP* ™ ~
[H,T-2,6-F,PPP+ > [H,T-2,6-CLLPPP+ ~ [H,TMP]*.
Depending on the relative orientations of the meso
tetraaryl substituents, pairs of inversion related minima
with D,,-saddled and C,,-stepped core conformations
were found on grid-searching the structures of
[H,porphine]**, [H,OEP}**+, [H,TPP}** and [H,T-2,6-
CLPP)? . The strain energy barrier to inversion of the
lowest energy D,,-saddled conformation increases from
0.45 kcal mol~"' in [H,porphine]** to 1.9 kcal mol !
in [H,T-2,6-CLL,PPJ* *. The stability of the D, -saddled
isomer relative to the C,,-stepped isomer increased
from — 0.8 kcal mol~! for [H,porphine]** to — 1.8
kcal mol~! in [H,T-2,6-CL,PP]**.

The structure of a heavily substituted rosarin (an
expanded porphyrin), 4,9,13,18,22,17-hexaethyl-5,8,14,
17,23,26-hexamethyl-2,11,20-triphenylrosarin, was in-
vestigated using the MM+ force field prior to semi-
empirical MO calculations which, within the accuracy
of the INDO/S method, correctly predicted the absorp-
tion spectrum of this compound [199].

Panday and co-workers [209] have recently synthe-
sized a spirochlorin—chlorin dimer with a fixed distance
between the two chlorins as a model for the special pair
of the photosynthetic reaction center. The structure of
the dimer was explored using the SYBYL force field
and it was shown that the single pyrrole overlap of the
two chlorins closely matches that found crystallograph-
ically in the reaction center.

3.1.4. The best-fit metal ion in a porphyrin

Scott and co-workers [216] used the MM2 force field
and Hancock’s approach [274] to evaluate the effect of
reduction of Ni(IT)-containing porphyrin-type macrocy-
cles. They found that reduction at B-pyrrole positions
causes an increase in the size of the macrocycle core but
no change in its flexibility (ability to undergo S, ruffl-
ing), but reduction at methine positions results in a
decrease in core size, and an increase in flexibility.
Flexibility was assessed by the steepness of the strain
energy versus Ni—-N bond length response curve. The
reduction at two neighboring methine carbons in F,s,

the Ni(Il)-containing cofactor of the S-methyl coen-
zyme M reductase enzyme system of methanogenic
bacteria, results in a very flexible macrocycle, indeed
the most flexible of those investigated (porphyrin, chlo-
rin, isobacteriochlorin, pyrrocorphin, hexahydropor-
phyrin). This provides the F,;, system with the
flexibility needed to accommodate both high spin 6-co-
ordinate Ni(II) and low spin 4-coordinate square-pla-
nar Ni(II), and rationalizes the relatively high affinity
of the system for axial ligands. Moreover, since Ni(I) is
larger than Ni(II), it is speculated that the flexibility of
the macrocycle might aid in a physiological redox role
for F,3,. Interestingly, F,;, does not have a larger core
than more oxidized (hydro)porphyrins; hence core ex-
pansion is not the reason for F,;,’s increased affinity
for axial ligands.

Crystallographic data for a variety of metallopor-
phyrins indicate that a planar porphyrin core will occur
with M-N bond lengths of between 1.96 and 2.08 A
[162]. The best-fit size of a metal ion in a planar
porphyrin core was determined by varying the equi-
librium M-N bond length, /,, between these limits,
whilst maintaining a constant value for the M-N
stretching force constant, and plotting the total strain
energy as a function of /,. This gave a parabolic re-
sponse curve with a minimum at 2.035 A, in agreement
with a suggestion [275] that the ideal M—N bond length
for coordination is the porphyrin ring is between 2.01
and 2.04 A.

3.1.5. The change in spin state of Fe(Il)

An important aspect of the cooperativity model of
hemoglobin [276] entails Fe(Il) rising out of the mean
porphyrin plane on deoxygenation. Is this a conse-
quence of high spin Fe(II) attempting to escape the
constraints of the macrocycle? Munro et al. [162] ex-
plored the importance of steric factors in the absence of
axial ligands by modeling [Fe(porphine)]. Starting with
a planar structure and parameters appropriate for low
spin Fe(II), energy minimization led to a planar struc-
ture with a porphyrin cavity (N,—-N;) of 3.985 A.
Changing parameters to those appropriate for low spin
Fe(IT) lead to a minimized structure with an expanded
cavity (4.156 A) with the metal virtually in the plane of
the four pyrrole Ns. When the starting structure had
the metal ion slightly above the mean porphyrin plane,
the energy-minimized structure was C,, domed with a
fold along the N,—Fe-N, vector; pyrroles 2 and 4 were
virtually in the mean porphyrin plane, whilst pyrroles 1
and 3 were below the plane. The metal-Ct distance was
0.32 A, and the porphyrin cavity was 4.103 A. The
domed structure was found to be only 1.3 kcal mol ~!
more stable than the planar structure. Thus, at the
expense of a very modest energy penalty, the porphyrin
core is quite capable of expanding to accommodate an
increase in ionic radius as Fe(II) changes from low spin
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to high spin on oxygenation. Evidently, the drive to a
domed structure is not steric, but electronic, as this will
maximize orbital overlap between the metal and the N
donor of the proximal His ligand.

3.1.6. N-substituted porphyrins

The flexibility of the Shelnutt force field was demon-
strated with an investigation of the structure of four of
the eight possible regional isomers of protoporphyrin IX
dimethyl ester substituted with phenyl at each of the
four N-pyrrole positions [277]. Interest in these com-
pounds stems from the fact that N-substitution of the
ferric porphyrin in cytochrome P,s, on reaction with
various xenobiotics causes enzyme inactivation, and
N-substituted porphyrins inhibit the enzyme ferrochele-
tase. It was found that the only parameter that needed
to be adjusted to accurately model Zn(IT)(CI)-N-
phenyltetraphenylporphyrin was the Zn—N(substituted)
equilibrium bond length, which had to be increased by
nearly 1 A. The structures of the four N-substituted
protoporphyrin IX derivatives, in which the phenyl is on
the distal side of the porphyrin, revealed that an asym-
metric distortion results from addition of the phenyl
substituent. In particular, the tilting of the substituted
pyrrole ring leads to a decrease in the extent of the
porphyrin B conjugation; this could be correlated with
shifts in the structure-sensitive lines of the resonance
Raman spectrum.

3.1.7. Interaction with substrates

Two complexes of deuterohemin, deutero-
hemin—2(18)-glycyl-L-histidine methyl ester (DH-GH)
and deuterohemin—2,18-bis(glycyl-L-histidine) dimethyl
ester (DH—(GH),) were synthesized by condensation of
glycyl-L-histidine methyl ester on the propanoic acid
side chains of deuterohemin [278]. The structures of the
complexes were investigated using the CVFF force field
[203], extended [215] for the study of iron porphyrins.
DH-Gh is a catalyst for the oxidation of phenols by
H,0O,. The reactions are stercoselective, suggesting an
interaction of the substrate with chiral His on the
proximal face of the porphyrin. Molecular dynamics
and SA calculations were used to test this possibility (see
below) and minimum energy structures were found
where the substrate does indeed interact with the chiral
center of the porphyrin, rationalizing the experimental
observations.

3.1.8. Dimeric porphyrins

The dimeric porphyrin, [Fe(OEP)L,O, crystallizes in
two polymorphs [279]; in both, surprisingly, the por-
phyrin rings are in a near-eclipsed conformation (the
N-Fe-Fe'-N' dihedrals are 17.0 and 16.8°, respectively,
in the crystalline forms). MM calculations using the
Shelnutt force field accurately reproduced the structural
features, including the average displacement of the ferric

ions from their respective mean porphyrin planes, the
average porphyrin—porphyrin separation and the inter-
planar angles between the porphyrins. Importantly, the
MM calculations reproduce the eclipsed conformation.
By changing the orientation of the peripheral ethyl
groups, the N-Fe-Fe’'-N’ dihedral could be increased to
31.6°, thus showing that the eclipsed conformation is
largely a response to the steric dictates of the porphyrin
substituents.

3.1.9. Crystal structure effects

The effect of crystal packing forces and n—m interac-
tions on the structure of CuOEP and NiOEP has been
investigated [222]. Only very minor effects were found.
The differences between the crystallographically-ob-
served and calculated structures (where calculations
were performed on an isolated molecule and therefore
necessarily exclude crystal packing and m—mn effects)
were insignificant, with the exception of NiOEP in
which the ethyl substituents were placed in the orienta-
tion observed in the tetragonal crystalline form of
NiOEP. Whereas calculations predicted a perfectly pla-
nar porphyrin (N,C-CN, = 0.0°), the crystal structure is
non-planar distorted (31.8°). The ruff distortion mode is
considered to be a ‘soft’ mode, and it was suggested that
packing forces were sufficient to allow crystallization in
an energetically unfavorable conformation. A further
effect of the solid state was a reversal in the trend of
M-N bond lengths with respect to the stacking axis in
the crystal. For example, in the triclinic B form of
NiOEP, the Ni-N bond lengths are 1.946 and 1.958 A,
with the shorter and longer lengths, respectively, parallel
and perpendicular to the stacking axis. The calculation
predicts lengths of 1.951 and 1.954 A where the mar-
ginally longer distance corresponds to the stacking axis.

3.1.10. ‘Designer’ porphyrins

In principle, once a reliable force field has been
developed, it can be used as a useful tool in directing
synthetic endeavors towards compounds with desired
properties. An example of this is the design and synthe-
sis by Shelnutt and co-workers [280] of a Ni(II)-lipo-
porphyrin, NiLipoP  (octakis((methoxy—carbonyl)-
methyl)-meso-tetrakis(((eicosanyloxy)carbonyl)phenyl)-
porphyrin) with a ruffled porphyrin head (to minimize
n—m aggregation in aqueous solution) and 20-carbon
long nonpolar tails to anchor the species into stearic
acid films. The head group can be modified for binding
to target molecules or to have specific photochemical or
photoelectrochemical activity. Molecular dynamics sim-
ulations, including solvent water molecules, were used
to rationalize the experimental observations on the
NiLipoP-stearic acid films; the model has a non-planar
porphyrin protruding from the film, correctly orientated
for target molecule binding, and with no m interaction
with neighboring porphyrins.
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3.2. Structure predictions: cobalt corrinoids

The development of a reliable force field for the
modeling of the cobalt corrinoids by Marques and
co-workers [228] led to the exploration of a variety of
questions concerning the structure of these complexes.
Some of the highlights of this work are reviewed briefly
below, principally to indicate to the reader the scope to
which MM methods have been put; for a more exten-
sive review see Ref. [281].

3.2.1. Alkylcobalamins

The standard force field parameter set used for mod-
eling the cobalt corrinoids was extended with the devel-
opment of parameters for modeling the Co—C bond
length and the Co—C-C bond angle [282]. The accessi-
ble conformations of methyl-, adenosyl-, benzyl- and
neopentylcobalamin were explored and a set of proba-
ble conformations for each complex was determined. A
Boltzmann distribution was applied to these conforma-
tions to obtain a population-weighted value of the
Co-C bond length and Co—C-X bond angle (X=C,
H). It was found that the steric demands of the four
alkyl ligands increased in the order Me < Bz~ Ado <
Np, as could be gauged from the Co-C bond length
and Co—C—X bond angle. An inverse relationship be-
tween the Co—C bond dissociation energy and the steric
strain on the alkyl moiety was demonstrated; thus,
when an alkyl ligand is bound to Co(IIl) in an alkyl-
cobalamin, the steric strain on the ligand leads to an
elongation of the Co—C bond length and the distortion
of the Co—C—X bond angle. Calculations show that this

A

strain is relieved, or partially relieved, as the transition
state is approached and this therefore suggests that
labilization of the Co-C bond, a key feature of the
AdoCbl-dependent enzymatic reactions, could be
achieved by the distortion of the Co—C—C bond angle
[283-286] or the stretching of the Co—C bond by the
protein, possibly by an upward flexing of the corrin
ring [287-290].

In a recent extension of this work [291], the feasibility
of such a mechanochemical triggering mechanism was
explored. This mechanism envisions enzymatic com-
pression of the long (2.23 A) axial Co-N bond of
AdoCbl and a consequent increase in the steric interac-
tions of the bulky bzm ligand with the underside of the
corrin; this in turn would increase the latter’s upward
fold, in turn causing elongation of the Co—C bond
and/or opening of the Co—C—C angle. Both MM and
semi-empirical MO calculations were used. It was
found that both in CH;Cbl and AdoCbl, compression
of the axial Co—N bond does indeed cause an increase
in the upward fold of the corrin ring; moreover, the
extent of the induced fold is smaller if bzm is replaced
by imidazole. In AdoCbl, both the Co—C bond length
and the Co—C—-C bond angle respond by increasing, but
the effect is estimated to contribute at most some 3 kcal
mol ~! towards enzymatic catalysis of Co—C bond ho-
molysis, far short of the ca. 14 kcal mol ~! required.
Thus, what might be termed ground state mechano-
chemical-triggering, seems to be unlikely as a complete
explanation for Co—C bond homolysis (Fig. 10A).
However, there is a second possibility; that of transition
state mechanochemical-triggering (Fig. 10B) [291]. In

RC

RC

Fig. 10. Mechanochemical-triggering can be effected by (A) destabilization of the ground state of a cobalamin or (B) stabilization of the transition

state.
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this scenario, the transition state is stabilized electroni-
cally by increased orbital overlap between the axial
ligand and the metal as the enzyme sterically com-
presses the axial Co-N bond. The Co-C bond was
stretched to simulate the approach to the transition
state; this was found to result in an upward folding of
the corrin ring, a slight decrease in the axial Co-N
bond length, a slight displacement of the metal atom
from the plane of the equatorial nitrogens towards the
lower axial ligand, and a decrease in strain energy
amounting to about § kcal mol ~! for both AdoCbl and
Ado(Im)Cbl (in which the proximal bzm ligand was
replaced by imidazole, to simulate the displacement of
bzm by His in the Class I enzymes—see above). In such
modeled transition states, compression of the axial
Co-N bond to just below 2.0 A (the distance found to
provide maximal stabilization of the transition state by
increased orbital overlap—see below) required about 4
kcal mol ! for AdoCbl, and about 2.5 kcal mol ~! for
Ado(Im)Cbl. ZINDO/1 calculations [292,293] showed
that maximal electronic stabilization of the transition
state by about 10 kcal mol~! occurred at an axial
Co-N bond distance of 1.96 A for both AdoCbl and
Ado(Im)Cbl. The net result is that this type of transi-
tion state mechanochemical triggering can provide 14
kcal mol ~' of transition state stabilization for AdoCbl,
and about 15.5 kcal mol~! for the Ado(Im)Cbl;
enough to completely explain the observed enzymatic
catalysis.

Finke and co-workers [170] have also used MM
methods (with the UFF) to investigate the feasibility of
an axial-base-driven, sterically-induced corrin fold to
account for Co—C bond homolysis. They found that
decreasing the Co—N axial bond of AdoCbl from 4.5 to
1.44 A does indeed cause elongation of the Co—C bond
and an opening of the Co-C-C angle, but they con-
cluded this could account for, at most, about 1/3 the
effect needed to explain the observed acceleration of
Co—C bond homolysis in the enzyme. They suggest that
a combination of effects may be required to explain the
catalysis, including an enzyme-induced upward folding
of the corrin ring, and a coupling of Co—C bond
cleavage to substrate or cystein S—-H bond cleavage and
Ado-H bond formation steps.

3.2.2. The corrin side chains and homolysis of the
Co—C bond

The Co—C bond in the base-on alkylcobalamins is
2-3 orders of magnitude more labile towards thermoly-
sis than in the base-off alkylcobalamins [294-296].
Since the difference in reactivity was found to be largely
due to differences in the entropy of activation, this led
to the hypothesis that the thermal motions of the
upwardly-projecting acetamide side chains play an im-
portant role in the entropic activation of alkylcobal-
amin homolysis. In this hypothesis, these motions are

restricted by the alkyl ligand and the restrictions are
relieved—or partially relieved—on approaching the
transition state as Co(II) and the alkyl radical begin to
separate. In those species in which the bzm is either
missing (the cobinamides) or not coordinated (the base-
off cobalamins), the flattening of the flexible corrin ring
would reduce the restriction on the acetamide side
chain mobility, increase the ground state entropy and,
compared to base-on species, diminish the relative en-
tropy increase as the transition state is approached.

In order to test this hypothesis, a series of neopentyl-
cobalamins with different groups in the ¢ side amide
were synthesized and the kinetics of the thermolysis
studied [297]. Whilst AH* remained largely constant for
the process, AS* increased with the bulk of the ¢ side
chain substituent. MM calculations showed that the
Co-C bond length, and the Co-C-C and Co-C-H
bond angles, were not altered significantly either by
rotation of the ¢ side chain through 360° about the
C7—C37 bond or by increasing the bulk of the ¢ side
chain substituent. This is in agreement with the obser-
vation that AH* remains essentially constant for the
series of compounds. The total strain for rotation of the
¢ side chain about the C7-C37 bond increases
monotonically with the steric bulk of the ¢ side chain
substituent, and decreases with Co-C distance as the
metal and alkyl radical begin to separate on approach-
ing the transition state. Thus, as the bulk of the side
chain increases, fewer and fewer conformations are
available to it, and the ground state entropy decreases.
Based on these results, it was deduced that up to 40%
of the decrease in AG for thermolysis of AdoCbl
brought about by enzyme catalysis could be accounted
for by enzyme-induced restriction of the motion of the
acetamide side chains in the ground state, and the
partial relief of these restrictions in the transition state
[297,298].

It is interesting to note (Fig. 11) that in the reported
crystal structure of methylmalonyl coenzyme A mutase
[94] the acetamide side chains are located in relatively
open pockets of the protein, and are not hydrogen
bonded to protein residues (only the e propionamide
side chain is hydrogen bonded, to the amino proton of
Asp 611). Relatively free motion appears possible,
which might be curtailed by a conformational change
of the protein.

3.2.3. Compounds that do not crystallize:
Ado-13-epiChl

The use of MM with a reliable force field may be the
only viable way of exploring the structure of com-
pounds that stubbornly refuse to crystallize. Thus, the
structure of Ado-13-epiCbl, a coenzymatically-active
structural analog of AdoCbl in which the e side chain
has been epimerized from the o face of the corrin ring,
fails to crystallize; its structure was examined by MM
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Fig. 11. The acetamide side chains of AdoCbl in methylmalonyl
coenzyme A mutase. A: Cartoon diagram of the o chain of the
protein showing the location of base-off AdoCbl. His 610 is the o
ligand of Co(III) and the nucleotide loop is buried in a cleft. In the
stereoviews B—D the amino acid residues within 7 A of the high-
lighted side chain are shown in bold lines. B: The a side chain is
located in a pocket bound by the adenine moiety of the coordinated
Ado ligand and four amino acid residues (Glu 370 to Leu 374) of a
random loop of the protein. C: The f side chain and a number of
residues (Leu 336, Gly 333, Trp 334, Ala 371, Ile 372, Leu 657, Val
687 and Pro 707) form a pocket in which the g side chain is located.
D: The c¢ side chain is bound by the adenine moiety, and by Arg 207,
His 122, Phe 117, Ala 116, Ala 139 and Leu 119.

methods [299]. In this species, the western conformation
was found to be the global minimum (Fig. 12), but
three other conformations (a northern, a northeastern
and an eastern conformation) are close in energy. The
southern conformation is destabilized by some 6 kcal
mol ! relative to the western conformation, with the e
side chain (which occupies a pseudo equatorial posi-
tion) and the adenine moiety moving away from each
other, and causing an opening of the Co-C-C bond
angle. There are many more nOe NMR crosspeaks
between Ado and non-Ado protons in the 13-epimer
than in AdoCbl itself, which attests to the considerable
conformational flexibility of this compound in solution.
The crosspeaks and the interproton distances measured
from the MM structures suggest that all four conforma-
tions are populated in solution. Since 13-epi-AdoCbl is
coenzymatically-active and the southern conformation
is apparently inaccessible, this raises questions about
the active conformation of AdoCbl when bound to the
protein in the AdoCbl-dependent enzymes. In this re-
gard, it may be noted that in methylmalonyl coenzyme
A mutase [94] the Ado ligand is in a northern
conformation.

3.2.4. MM and directed synthesis: (x-ribo)AdoCbl

MM methods can be used to explore the probable
stability of novel compounds before embarking on a
time-consuming synthetic endeavor. Thus, the probable
structure of a new analog of coenzyme B, in which the
configuration of the N-glycosidic bond in the Ado
ligand is inverted, (a-ribo)AdoCbl, was predicted com-
putationally [300]; only thereafter was a synthesis at-
tempted. This was successfully completed, the
compound crystallized, and the structure determined by
diffraction methods. There was good agreement be-
tween the crystal structure and the MM-predicted
structure, except for the disorder observed in the
adenine moiety in the solid state (Fig. 13).

3.3. MD simulations: hemes and hemoproteins

Molecular dynamics methods [189,301,302] attempt
to reproduce the dynamic behavior of molecular sys-
tems by computing a dynamics trajectory. The future
positions and velocities of atoms are predicted based on
their current positions and velocities by solving the
classical equations of motion. A variety of algorithms,
such as the leap-frog algorithm [190,303] is used to
solve the equations. By varying the temperature at
which the simulation is performed, the extent of the
motion can be controlled. It is quite common to per-
form simulations by first heating the molecule from a
low temperature to an artificially high temperature (600
to 1000 K is usual), and then performing the run phase
of the simulation at this temperature. The high temper-
atures facilitate the surmounting of potential energy
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Fig. 12. The western conformation of Ado-13-epiCbl predicted by
MM methods. The view is from C10 towards the C1-C19 bridge. The
availability of a reliable force field makes MM methods viable means
of exploring the structure of molecules that fail to crystallize.

crystal structure

Fig. 13. A comparison of the crystal structure of (a-ribo)AdoCbl and
the MM-predicted structure.

barriers. In a quenched dynamics simulation, samples
of the conformation are taken at random or fixed
intervals, fully energy-minimized, compared and sorted,
and new conformations are stored. Alternatively, in a
SA procedure [191], the system is slowly cooled after
the run phase, and then fully energy-minimized. In
order to limit the extent of conformational space that
has to be searched, restraints may be applied to an MD
simulation, in effect limiting the search to those regions
of conformation space that satisfy some experimental
observations. An example of this is the adding of
dummy bonds or restraints (usually using simple
parabolic functions) between protons to limit the pro-
ton—proton distance to particular values based on nOe
observations from 2D NMR experiments [304]. The
nOe crosspeaks are classified as strong, medium, weak
or very weak depending on the mixing time at which
they first appear in the ROESY spectrum and an
appropriate force constant used for each class of nOe.
H-H distance criteria commensurate with the observed
strength of the nOe have been defined [305].

3.3.1. Molecular dynamics simulations of hemes and
hemoproteins
Molecular dynamics simulations of biological macro-

molecules provide insight into the internal motions of
these molecules, including domain—domain and
residue—residue interactions, and the structure of inter-
nal water molecules. They also allow the investigator to
explore the effect of such factors as point mutations,
and binding of substrates and inhibitors on the dynam-
ics of the macromolecule. As such, MD simulations
may allow, in favorable circumstances, for a better
understanding of biological function. It must be appre-
ciated, however, that with present computer resources
simulations are only possible up to an order of a
nanosecond and processes that take longer than this
either cannot be studied or can only be studied under
non-equilibrium conditions. Various procedures may be
employed to cut down the amount of computer time
required; these include the use of united atom force
fields, and cut-offs such that pair-wise interactions at
greater than some given distance (10 A is often used)
are set to zero. This does not significantly alter the
order of magnitude of dynamics processes currently
amenable to investigation.

Commonly-used force fields usually do not have
parameters for handling metal ions. Hence, before
meaningful results can be obtained, an adequate
parameterization is mandatory, as described above in
the modeling of metalloporphyrins and corrins. Con-
straints are often applied either to accord with experi-
mental data such as nOes, or to ensure the integrity of
the simulations by constraining for example bond
lengths to reasonable values (an instance of this is the
widely-used SHAKE algorithm [306]). Some recent ex-
amples of the use of MD simulations in the chemistry
of hemes and hemoproteins are considered below; the
examples chosen are illustrative, rather than
comprehensive.

3.3.2. Porphyrins and hemoprotein model compounds
Kollman and co-workers [307,308] have used MD
simulations to investigate the differential binding of CO
and O, by capped ferrous porphyrins. The calculations
were performed with the AMBER force field and
parameters for the ferrous porphyrin were determined
empirically to model four known crystal structures of
appropriate compounds [308]. The charges on the
atoms were determined by an IEHT procedure for the
porphyrin core, the metal and the CO or O, ligand,
and, following AMI [309,310] geometry optimization,
by ab initio calculations at the STO3G level of theory
using GAUSSIAN for the straps and pickets of the heme
system. Charge neutrality was maintained by distribut-
ing excess charge to the protons of the porphyrin core.
These calculations highlighted the importance of distal
steric effects in discriminating in favor of bent coordi-
nation of O, as opposed to linear coordination of CO.
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Quenched dynamics calculations involve the storing
of structures during a dynamics run, sorting and identi-
fying the lower energy structures, and then energy-min-
imizing. Such an approach is useful in exploring
conformational space and in increasing the probability
that a discovered minimum energy structure is the
global minimum. An example of this is found in the
study of Bruice and co-workers [194] on bridged cofa-
cial metal-free tetraphenylporphyrin dimers using the
CHARMM force field [150]. These workers were inter-
ested in finding an empirical correlation between the
band width of electronic transitions of the porphyrin,
and 'H-74NMR signals of the pyrrolic N-H and other
protons, with the interplanar distance of aza-bridged
cofacial porphyrins. The strategy adopted was to per-
form long (100 ps) MD simulations at 600 K (after
appropriate heating and equilibration phases); 2000
structures were collected during each dynamics run, the
two lowest energy structures sought and energy-mini-
mized. Reasonable agreement between the structures
reached by this approach and known crystal structures
of such compounds (inter-planar distances were repro-
duced to within 0.5 A) increase confidence in the results
obtained.

Dynamics simulations may be useful in exploring
assumptions about molecular structure, and guiding
synthesis endeavors. Frank and co-workers [311] have
investigated the dynamics behavior of porphyrin—qui-
none complexes (Fig. 14) as a model for photo-induced
electron transfer systems using the CFF91 force field;
the force field is reported to reproduce well the crystal
structures of such systems. It was assumed that the
quinone moiety remains rigidly parallel to the por-
phyrin ring. However, the MD results showed that
there is considerable motion in the porphyrin cap, and
the plane of the quinone moiety tilts relative to the
porphyrin, with the angle ¢ (Fig. 14), which should be
close to 90° if the ring systems are co-planar, oscillating
by about 120°, in a bimodal distribution with maxima
at about 40 and 150°. Thus, there are two major
populations; the first has one of the two carbonyls
pointing downwards towards, and the other upwards
away from the porphyrin.

quinone
....... alkyl

aryl

porphyrin

Fig. 14. A schematic representation of a porphyrin—quinone donor—
acceptor system investigated as a photosynthesis model system. Al-
kyl = tetramethylene; aryl = phenyl, naphthyl, biphenylene. After
Frank et al. [311].

There are limitations to molecular dynamics meth-
ods, of course. If one is interested in studying the
interaction between molecules that are not covalently
linked, the dynamics simulation may cause the
molecules to fly apart, and no useful information is
obtained. This limitation was found when studying the
interaction between the antimalarial drug chloroquine
and an iron porphyrin [265]. The way the problem was
addressed was to generate a large number of initial
structures, optimize each, group into equivalent struc-
tures, and sort. The structure with the lowest energy is
then assumed to be a representative structure of the
adduct between the two molecules. Essentially the same
strategy has been used to investigate the interaction
between the L and D isomers of tyrosine and a catalyst
for its oxidation by H,0,, a chelated deuterohemin-gly-
cyl-L-histidine complex [278] in an endeavor to explain
the unexpected stereoselectivity of the oxidation
reaction.

Miyamoto and co-workers [312] have used short
(5-10 ps) MD simulations with the ESFF force field
and the program MXDORTO [313] to investigate the
interaction of Mg, Co and Fe porphyrins encapsulated
in Y-type zeolites with the zeolite framework. The
interest in this system stemmed from the possible use of
porphyrins trapped in a host lattice as oxidation cata-
lysts, the rationale being that the host lattice will pro-
tect the porphyrin from the reactions that can lead to
its destruction. The zeolite structure will not allow two
porphyrins to be close to each other; the system should
therefore be protected against oxidative dimerization.
They showed that provided the zeolite framework con-
tains exchanged cations (such as sodium in NaY zeo-
lite) to shield the metal from the framework oxygen
atoms, the metal should be available for interaction
with reactants.

3.3.3. The microperoxidases

Proteolytic digestion of cytochrome ¢ leads to the
formation of small hemepeptides, called microperoxi-
dases, which retain the proximal His ligand of the
parent protein (Fig. 15). The sixth (axial) coordination
site is occupied by a water molecule [314,315]. These
compounds have been extensively studied as models for
the hemoproteins and in particular those hemoproteins
that contain His as a proximal ligand [316,317]. To
date, none of the microperoxidases have been success-
fully crystallized, but a number of groups have exam-
ined the structure by MD methods.

Ranghino and co-workers [318] began from the crys-
tal structure of cytochrome ¢, and edited the protein to
obtain MP-11, and energy-minimized using the CVFF
force field and parameters listed in the paper for model-
ing the iron porphyrin. Details of the derivation of the
parameters are not given, but the parameters appear to
reproduce the essential features of ferric porphyrins
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Fig. 15. The hemepeptides from cytochrome c¢. Microperoxidase-8
(MP-8) contains the residues Cys through Glu; MP-11 contains the
residues shown. The residue numbering is based on the numbering of
the parent protein.

reasonably well. Solvent was not included, but a dis-
tance-dependent dielectric constant was used. Molecu-
lar dynamics simulations were performed on this
minimized structure, and a dimeric structure obtained
from energy-minimizing random orientations of the two
hemepeptides. The dimeric structure, studied to explore
the nature of the aggregation MP-11 is known to
undergo (see Ref. [319], and references therein), was
embedded in a 9 A layer of solvent water. The MD
simulation of the monomer showed that the peptide is
very flexible and generally randomly-coiled, except for
the segment between the two Cys residues covalently
linked to the porphyrin; this segment makes a half-heli-
cal turn and is held by an intra-chain hydrogen bond.
The peptide is confined to the proximal face of the
porphyrin and does not interact with the distal environ-
ment; hence, the N-terminus (on Valll) and the side
chain of Lys13 cannot act as ligands trans to Hisl8. In
agreement with suggestions in the literature (see Ref.
[319], and references therein), the formation of low-spin
MP-11 that accompanies dimerization and higher ag-
gregation must arise from inter-molecular coordination
of the sixth coordination site of Fe(Ill). Although the
MD modeling failed to show conclusive evidence for
Fe—Lys intermolecular coordination, the Lys of one
molecule does approach the Fe of the second quite
closely. It is now known [319] that aggregation is due to
intermolecular coordination either by the terminal
amino group or the Lys side chain, since chemical
blocking of these residues leads to a monomeric MP-11.

The solution structure of MP-11 has been addressed
in detail by Melchionna and co-workers [320]. The
starting structure in this study was also the parent
cytochrome ¢, which was edited appropriately, and
imidazole was coordinated in the sixth (axial) ligand
position of the metal. Molecular dynamics simulations

(100 ps) were conducted both in vacuo and in solvent
water by using the uncharged (D) and charged (C)
versions of the GROMOS force field [321]; in the latter
simulation, water molecules were represented by a sim-
ple point charge (SPC) model. Interestingly, it was
found that the presence of solvent led to a mean
structure of MP-11 more closely related to the structure
of the native protein. As expected, and as previously
demonstrated by Ranghino et al. [318] (see above), the
peptide showed greatest flexibility towards the end of
the chain, away from the constraints imposed by the
Cys linkages to the porphyrin. The portion of the
protein between the Cys residues retains the semi-heli-
cal arrangement of the parent protein. Many hydrogen
bonds between the side chains of the amino acid
residues and the peptide backbone were identified and
are probably responsible for maintaining the peptide
chain localized on the proximal side of the porphyrin.
As expected, the extent of hydrogen bonding within the
peptide is significantly decreased in the presence of
solvent.

In a follow-up study the same group used MD
simulations to study the structure of MP-8 and MP-11
in aqueous and in a 4:1 MeOH:H,O solvent system
[322], where, for the latter system, a proton on water
was replaced by a methyl group. It was found that in
pure water solvent MP-11 has a conformation which is
closer to the conformation of this fragment in the
native protein; in mixed solvent the backbone is more
stretched out with larger vibrational amplitudes of the
atoms and the torsional angles of the peptide backbone.
The aggregation of MP-11 and MP-8, studied by using
two monomer units during the simulations, is consistent
with a head-to-tail alignment and a stacked conforma-
tion, respectively. The hydrogen bonding network in
the hemepeptides was examined in detail and in addi-
tion to intra-chain and chain-solvent hydrogen bonds,
interactions were also discovered involving the heme
propionates and the imidazole ring of the proximal His
ligand.

3.3.4. Hemoglobin and myoglobin

Hemoglobin (Hb) and myoglobin (Mb), the oxygen
carrier and storage proteins, respectively, of higher
animals are amongst the best-studied of all proteins
[10]; hence, it is not surprising to find that these
proteins have been the subject of MD simulations. One
of the limitations of MM methods is that bond break-
ing and bond making events are not readily studied
because the force field parameters for the bonded and
unbonded species are usually different. There are cir-
cumstances where this limitation can be circumvented.
Thus, the structural changes that accompany the
photodissociation of CO from ferrous Hb have been
examined [323] using a relatively simple force field [324]
that neglects electrostatic terms, although it does in-
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clude a function for hydrogen bonding. The
photodissociation process was simulated by interrupt-
ing a dynamics trajectory of the carbonyl complex of
the a-chain of Hb and changing the potential function
for the Fe—C bond to one in which there is no attractive
interaction. Simultaneously, the parameters for Fe-N
were changed from those that reproduce a six-coordi-
nate heme with Fe in the plane to those that produce a
domed five-coordinate iron porphyrin, as is seen in the
structure of deoxyHb. To assess the effect of the
protein, the study was repeated on the protein-free
system, Fe(I)PPIX bonded to imidazole and CO. The
half-life for the displacement of Fe from the mean
porphyrin plane was in the 50-150 fs range for the
protein and the isolated ferrous porphyrin, a result in
agreement with the experimental observation that Fe is
displaced from the porphyrin plane within 350 fs in
both hemoglobin and a free heme complex in solution.
Nowak [325] has used molecular dynamics simula-
tions to study the structural consequences of changes to
the proximal ligand (His in the native protein) in hu-
man deoxyMb. His93(F8) was replaced by glycine, and
the imidazole ring of the native ligand replaced by a
series of substituted imidazoles and by pyridine. Hence,
the covalent link between the proximal ligand and the
protein is missing in these simulations. MD simulations
were performed with MOIL [326], which uses features
of the AMBER/OPLS and the CHARMm force field;
default parameters in MOIL and the MOIL parameters
of Czarnecka [327] were used for the porphyrin and for
the new ligands, respectively. Despite the absence of the
covalent link between the prosthetic group and the
protein, the structure remains stable during the time
course of the simulations (100 ps), and not very differ-
ent to that of the wild type. The proximal ligand is
found to be relatively flexible, and to adopt a range of
conformations relative to the porphyrin ring. Surpris-
ingly, many of the ligands adopt an eclipsed conforma-
tion relative to the porphyrin ring (i.e. the projection of
the planar axial ligand onto the porphyrin plane
eclipses, or nearly eclipses, a N,o,n-Fe-N,,, vector).
This is contrary to the known steric properties of
porphyrins [162] and is clearly a consequence of the
interaction of the proximal ligand with the protein
environment; details are not given in the paper.
Kinetic data show there is an ca. 100 kJ mol !
barrier to the separation of an iron porphyrin and a
protein such as Hb, HRP and CCP (see Ref. [315], and
references therein). Edholm et al. [328] have used MD
simulations with the GROMOS force field [321] on
myoglobin embedded in a periodic box of SPC water to
study the release of the porphyrin. Since the time
required for a spontaneous release is many orders of
magnitude slower than can feasibly be studied at
present using MD techniques, the authors resorted to a
non-equilibrium study by applying a force to the por-

phyrin which eventually leads to its release within the
timeframe of the simulations (hundreds of ps). An
analysis of the time required for a given force to free
the heme from the protein led to a prediction of an
energy barrier of the correct order of magnitude. It was
shown that the barrier is largely entropic, not enthalpic.
Monitoring of the structural changes accompanying the
release of the heme from the protein showed significant
movement in the heme pocket, including the entering of
Arg70 and some five water molecules into the pocket.

The structure of the distal environment of the heme
pocket in carbonmonoxy myoglobin (MbCO) has been
investigated with four independent 90 ps MD trajecto-
ries using the AMBER force field augmented with
parameters for the heme group [329]. The trajectories
revealed both an open and a closed heme pocket struc-
ture where, in the former, the distal histidine is dis-
placed from the heme pocket. In the closed structures,
the protonated N atom of the distal histidine, whether
N; or N, points into the heme pocket. This is in
contrast to the neutron diffraction structure, but is
consistent with the v stretching frequency of MbCO
in solution.

3.3.5. The peroxidases

The catalases and peroxidases, or hydroperoxidases,
are ferric hemoproteins that are oxidized by H,O, to
form compound I; this is a ferryl compound, Fe(IV) =
O, with the other oxidizing equivalent located either on
the porphyrin ring or on a protein residue. Compound
I is either reduced by H,0, itself (H,O, disproportiona-
tion, the catalase reaction), or, by two one-electron
transfers steps via compound II, by a substrate or a
variety of redox partners (the peroxidase reaction) [19—
21,330-332]. Crystal structures of beef liver catalase
[333] and catalase HPII from Escherichia coli [25] and
of several peroxidases (cytochrome ¢ peroxidase (CCP)
[334,335]; pea ascorbate peroxidase [336]; Coprinus
cinereus peroxidase [337]; Arthromices ramosus perox-
idase [338]; lignin peroxidase [339-341]; peanut perox-
idase [342]; horseradish peroxidase [343]; manganese
peroxidase [344], including the crystal structure of a
complex between the electron transfer partners, CCP
and cytochrome ¢ [345]), are available. The peroxidase
hemoproteins contain either His or Cys as an axial
ligand. Where the proximal ligand is His, it is hydrogen
bonded to an invariant Arg residue, and confers on the
proximal ligand some imidazolate character which is
important in stabilizing the higher oxidation state of
the metal required during the catalytic cycle. Invariant
distal His and Arg residues are important in the mecha-
nism that leads to the formation of compound I
[346,347]. A system of four water molecules are hydro-
gen bonded to residues in the distal pocket and are
thought to be important in holding the distal residues
in the correct orientation required for the initial interac-
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tion with H,O, that leads to the formation of com-
pound I [335]. Two Ca®™* ions are required to maintain
the structural integrity of the fungal and plant peroxi-
dases [330,348-350].

MD calculations using the AMBER force field [147]
have been performed [351,352] on structures beginning
from the coordinates of CCP and lignin peroxides
(LIP), including the crystallographically-discovered wa-
ter molecules, and immersed in a 10 A shell of TIP3P
water molecules [353]. The porphyrin parameters used
were those available for the modeling of these moieties
[215,354-356]. Initial testing of the force field parame-
ters showed that the structure of the heme active site
was maintained very close to that observed crystallo-
graphically, which is consistent with available NMR
evidence that the structure of these proteins in solution
and in the solid state is very similar. For both proteins,
the hydrogen bonding network between the ordered
water molecules near the active site and protein residues
was conserved during dynamics trajectories up to 160
ps (Fig. 16). The MD simulations confirmed the reten-
tion of a hydrophilic character in the distal environ-
ment, probably an important feature in the mechanism
of the hydroperoxidase reactions, involving high oxida-
tion states and charged intermediates. The presence of a
water molecule (Fig. 16) throughout the dynamics tra-
jectory, hydrogen bonded to the conserved proximal
Asp235 residue, which in turn is hydrogen bonded to
the proximal His175 ligand, is in accord with the sug-

T W348

o His181

W535 .

Asp235 ?3

Fig. 16. The ordered water molecules and the hydrogen bonding
network near the active site of CCP, conserved during molecular
dynamics trajectories of up to 160 ps. (After Banci et al. [351]).

gestion that imparting imidazolate character to the
proximal His may be an important feature in the mech-
anism of these proteins.

3.3.6. Cytochromes

The cytochromes ¢ are electron transfer hemo-
proteins containing a c-type heme group, covalently
linked from the periphery of the ring through Cys
residues to the protein [357,358]. His and Met are the
axial ligands of iron; the metal cycles between the + 2
and + 3 oxidation states as the protein relays electrons.
Several MD simulations have been carried out. Simula-
tions in bulk water have provided useful structural and
dynamic information [359]. Other simulations have ad-
dressed the reorganization associated with electron
transfer and showed that, in support of the concept of
an entatic state, the reorganization energy in the
protein is lower than for a naked heme in aqueous
solution [360,361].

The structures of proteins from different organisms
and in different oxidation states have been determined
by both X-ray diffraction methods in the solid state and
NMR methods in solution [362]. The significance of
structural changes that appear to accompany a change
in oxidation state, and apparent differences between the
solid state and the solution structure is the cause of
some debate [357]. In particular, the role of a water
molecule (W166) in modulating the electron-withdraw-
ing power of the axial Met ligand as it moves from 6.6
to 5.1 A from the metal center on oxidation in yeast
iso-1 cytochrome ¢ as deduced from the solid state
structures [363,364] has been disputed; it has been
suggested [365] that this is a characteristic feature of all
eukaryotic cytochromes ¢. However, NMR studies on
horse heart cytochrome ¢ suggest that the position of
W166 remains largely unchanged on oxidation of the
protein [366].

Banci and co-workers [351] have simulated the dy-
namics trajectory of the reduced and oxidized forms of
yeast iso-1 cytochrome ¢ immersed in solvent with long
(600 ps) trajectories using the AMBER force field for
the protein, and the previously derived parameters for
the iron porphyrin. The charges on the porphyrin
atoms were derived from ab initio calculations using a
6-31G* basis set for all atoms except the metal (which
has handled with pseudo-potentials). They found, when
starting from the coordinates of the oxidized and re-
duced forms, that W116 remains stable at ca. 7.8 A
from the metal in the oxidized protein, and migrated to
this position in the reduced protein. The latter migra-
tion is accompanied by a shift in the position of the side
chain of Tyr67, which creates a channel to the active
site accessible by solvent molecules. Thus the MD
simulations are in agreement with the NMR observa-
tions, and highlight some of the difficulties of deducing
the structure and function of proteins from the solid
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state structures; this is a caveat which, since the elucida-
tion of the cooperativity mechanism of hemoglobin
largely as a consequence of the solid state results, has
not always been appreciated.

Simonson and Perahia [388] have performed a 1 ns
MD simulation of yeast ferri-cytochrome ¢ in TIP3P
water [353] with the CHARMm/PARAmI9 force field
[150] to study the dielectric properties of the entire
protein using linear response and thermodynamic per-
turbation theory. They calculated the relaxation free
energies in response to a single test charge located on
each successive C, atom of the protein backbone.
Protein and solvent contributions were found to be
coupled and anti-correlated, so that the total relaxation
free energy is smaller than either. The total relaxation
free energy (due to electronic and dipolar contributions)
increases smoothly by a factor of 2 as the test charge is
moved from the protein center to its surface. Impor-
tantly, the prosthetic group is located in a region where
relaxation is minimal, in agreement with the function of
cytochrome ¢ as an electron transfer protein, which
necessarily requires that the reorganization energy that
accompanies electron transfer to and from the metal
ion is as small as possible.

Cytochrome b5 participates in electron transfer in
stearyl-CoA desaturation, and in the reduction of
methemoglobin and cytochrome P450 [389]. There are
two hydrophobic cores in the molecule, one of which
binds the iron porphyrin. There is interest in the struc-
ture of the apoprotein since this is synthesized on the
endoplasmic reticulum, whilst insertion of the iron por-
phyrin moiety occurs only later, in the mitochondria.
There is considerable NMR information about the
structure of rat apocytochrome b5, but not of the
bovine protein, and a crystal structure of bovine cy-
tochrome bs, but not of the rat protein. The structure
of solvated rat and bovine apocytochrome b5 has been
investigated [390] by MD methods using the potential
function of Levitt [324,391-393] and the program EN-
CAD [366]. The initial structure used was the crystal
structure of the bovine protein with the heme removed.
For the rat protein, six mutations were made, with the
side chains of the new amino acids placed in approxi-
mately the same position as in the bovine protein.
Work was first performed under conditions that simu-
lated pH 2 (where the heme group is removed in vitro)
for 200 ps by protonating the side chains of appropriate
amino acids, and then under conditions that simulated
pH 6.9 (1400 ps). The bovine protein simulation gave
some inconsistencies with the experimental data on the
rat protein—especially in the regions containing the
variant amino acids—whereas simulations of the latter
were in good agreement with the NMR data but
showed marked differences to the crystal structure of
the former. The hydrophobic core that normally con-
tains the heme group (core 1) in the rat protein showed

conformational heterogeneity, increased mobility, and
some loss of secondary structure. The other hydropho-
bic core (core 2) maintained a native-like structure.
Thus the MD work complements the NMR results,
providing information about core 1 that has proved
difficult to obtain by experimental methods. Moreover,
the work provides a prediction of the solution structure
of bovine apocytochrome bs; not yet available
experimentally.

The cytochromes P450 are a family of heme mono-
oxygenases that catalyze the insertion of an oxygen
atom into a C—H bond of the substrate, which may be
a drug, a steroid, or a xenobiotic. Hydroxylation in-
creases solubility and allows for removal of the xenobi-
otic from the cell [367]. Amongst the most widely
studied P450s is the camphor hydroxylase (P450,,,)
from Pseudomonas putida. Crystal structures are avail-
able for the substrate-free and substrate-bound forms
[368,369]. As might be expected for a mono-oxygenase,
the heme is well-shielded from the solvent and a com-
parison of the substrate-bound and substrate-free struc-
tures revealed no obvious pathway for substrate access
to the active site. The protein must therefore be highly
flexible and gate-opening motions must clearly be cru-
cial during turnover. These sorts of questions can be
probed by MD simulations.

Paulsen and Ornstein [370] used DISCOVER to model
P450,,, in a 175 ps MD simulation at 300 K; an
all-atom model was used with the default parameters of
the force field and the parameters of Giammona [371]
for modeling the iron porphyrin. The 13 segments of
a-helix and 5 segments of B-sheet were well preserved
with the exception of one helix that alternated between
an o- and a 3,,-helix. Two kinks in the crystal structure
occur in two separate helices. These regions showed
high mobility during the simulation. The kink in one of
these helices, helix I, occurs at the oxygen binding site,
and it is suggested that this may have functional impli-
cations. In particular, it was observed that Phe87 might
adopt an alternate conformation resulting in a marked
increase in the volume of the substrate-binding site. The
protein may therefore accommodate significantly larger
substrates than might have been anticipated from an
examination of the crystal structure.

In a later study by the same authors [372], the
structure of P450BM-3 from Bacillus megaterium was
investigated. The protein catalyzes the oxidation of C14
to C20 fatty acids and contains an N-terminal heme-
binding domain and a C-terminal reductase domain.
The heme domain has been crystallized [373] and each
asymmetric unit cell was found to contain two enzyme
molecules which differ in their conformation about the
substrate binding pocket, with molecule 1 having a
more closed and less accessible substrate binding pocket
than molecule 2. Since this difference could be a conse-
quence of lattice forces, it was unclear whether the two
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conformations are significantly populated in solution.
This question was therefore investigated by separate
200 ps MD simulations of the two molecules embedded
in solvent water. The differences in structures between
the two molecules were preserved during the simula-
tions, and the differences in the substrate binding sites
of the two molecules diverge rather than converge. In
particular, the mouth of the substrate-binding pocket
was found to be highly mobile, which may be an
important factor in allowing this enzyme to bind sub-
strates of varying sizes. This point would not be readily
apparent from an examination of the crystal structure
alone.

These studies did not provide a clear answer about
the substrate access channel in P450_,. Wade and
co-workers [374] used crystallographically determined
temperature factors and thermal motion pathway anal-
ysis to identify possible access channels in the protein.
At the same time, MD simulations using the
CHARMmM all-atom force field were performed in the
protein embedded in TIP3P water. A force was applied
to the protein-bound camphor molecule. If the cam-
phor molecule did not move a given distance in a given
time window, an alternative, randomly-chosen direction
to the force was explored until the molecule reached the
surface of the protein. The most likely pathway ob-
tained from the thermal motion analysis could not be
located by the MD simulation, but a pathway through
a small opening above the active site which had previ-
ously been proposed as the substrate access channel
from crystallographic data [368] was located by both
methods. Good correspondence between the two meth-
ods was also found for an alternative pathway located
along the F—G helices, the E-helix, and the E—F loop.

The cytochromes P450 provide an interesting exam-
ple of the use of modeling as an adjunct to traditional
methods of exploring structure. The crystal structures
of four isozymes of bacterial origin (P450.,y,, P450,,,,
P450BM-3, and P450eryF) have been reported, but the
structures of enzymes of mammalian forms have not
yet been determined. Loew and co-workers [375] have
developed protocols for the modeling of P450 struc-
tures; these are based on the known structure of the
four P450s from bacterial sources. They include an
improved procedure for sequence alignment of these
proteins, the construction of the backbone either by
copying the backbone coordinates in structurally con-
served regions from the templates or by a loop search
procedure for the unconserved regions, the generating
of initial side chain conformations utilizing SA/Monte
Carlo methods [376], and energy minimization of all
but the backbone of the structurally conserved regions
using the AMBER force field. Using the algorithm
developed by Sippl [377], the interaction energy of each
residue with the rest of the protein is then calculated
based on a mean-field potential derived from known

protein structures. Regions of high steric strain indicate
either bad steric contact or misalignment, and the local
structure is modified to correct the repulsive energy.
Finally, an examination of the local hydrogen bonding
network is made to add structurally-important water
molecules. A set of rigorous criteria is then used to
assess the quality of the model. The protocols were
used to construct a model of rabbit liver microsomal
P450 isozyme 2B4 and unconstrained MD simulations
were performed with AMBER and parameters specifi-
cally developed for the heme moiety [378]. The model
was found to be stable during these simulations and
was used to identify the likely substrate access channel,
the substrate binding site, and probable regions on the
surface for binding with redox partners. A model of the
human cytochrome P450 3A4 protein based on the
known structure of the four bacterial P450s has been
reported [379]. Although final energy minimization was
performed in the presence of solvent, no MD simula-
tion appears to have been attempted.

In addition to questions of structure, MD simula-
tions may be useful to predict the oxidation products
from P450-catalyzed oxidations. Some of the work in
this area has been reviewed [380].

3.4. MD simulations: the solution structure of cobalt
corrinoids

The solution structures of methylcobalamin
(CH,4Cbl), methylcobinamide (CH;Cbi"), adenosyl-
cobalamin (AdoCbl), adenosylcobinamide (AdoCbi™),
cyanocobalamin (CNCbl) and methyl-(3,5,6-trimethyl-
benzimidazolyl)cobamide (CH;-[Me;Bzm]Cba*), an
analog of base-off methylcobalamin in which the N3
position of the base is methylated, have been studied by
molecular dynamics simulations [305,381,382]. Typi-
cally between 90 and 120 crosspeaks, not including
those due to geminal hydrogens, could be resolved and
assigned at the longest mixing time in the ROESY
spectrum of each cobalt corrinoid. The assignments of
the pro-chiral protons were made on a trial-and-error
basis until the minimum number of violations of dis-
tance criteria was obtained during long (50-300 ps)
simulations at 300 K. Any ambiguities in nOe assign-
ments and strengths were also resolved during these
simulations. After completion of this procedure, at
most 10% (and often < 5%) of H-H distances violated
the distance criteria; this demonstrated that the MD-
simulated structures were in good agreement with the
experimental observations.

The consensus structure of each compound was
found by a MD/SA annealing procedure, repeated 25
times for dynamics runs between 5 and 50 ps. After
each simulation, the structure was energy minimized.
Because AdoCbl exists in both a southern and an
eastern conformation in solution at room temperature
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Fig. 17. The annealed structures overlaid at the N donor atoms of the
corrin ring (top), the consensus structures (middle), and, for A, B and
C (bottom), a comparison of the consensus structures (solid line) and
the known crystal structures (broken line). A, MeCbl; B, CNCbl; C,
AdoCbl (southern conformation); D, MeCbi*; E, CH;{Me;-
Bzm]Cba™; and F, AdoCbi™ (southern conformation). Although 25
annealed structures were generated for each species, for clarity less
are shown in some cases.

(see above), nOes arise that are due only to the south-
ern conformation and to the eastern conformation,
respectively. If the modeling is performed with all these
nOes in position, the system responds by annealing into
a compromise conformation between the southern and
eastern conformations [382]; this is a clear misrepresen-
tation of the structure of the molecule in solution. This
problem was overcome by utilizing a two-state MD/SA
procedure in which the nOes that arise from the eastern
conformation only, and those that arise from the south-
ern conformation only respectively, are omitted; this

gives rise to annealed structures in, respectively, the
southern and eastern conformations. The annealed
structures were overlaid at the corrin N atoms and their
coordinates averaged; energy minimization gave the
average, or consensus structure. The overlaid structures
and the consensus structures are illustrated in Fig. 17.

The consensus structures of CNCbl, CH;Cbl and the
southern conformation of AdoCbl are similar to the
respective crystal structures, except for the disposition
of the f'side chain and the aminopropanol moiety of the
nucleotide loop (Fig. 17). In most crystal structures,
when the molecule is viewed from above in its standard
orientation (Fig. 3), the C57-058 carbonyl group
points in a southeasterly direction, such that an exten-
sion of the C57-0O58 vector would intersect an exten-
sion of the Co—Cl15 vector. This is referred to as the
‘inward’ conformation [161]. During MD simulations,
the nucleotide loop spans a range of conformations
from the ‘inward’ conformation to an ‘outward’ confor-
mation, where the C57-058 vector points away from
the molecule in a southwesterly direction. Most struc-
tures anneal in this ‘outward’ conformation. At least
one structure is known, 10-CI-H,OCDbl (in which the
C10 H of aquacobalamin has been replaced by Cl),
where the molecule has crystallized in the ‘outward’
conformation [161]. The fold of the corrin ring (the
angle between the mean planes through N21, C4, C5,
C6, N22, C9, C10, and N24, C16, C15, C14, N23, C11,
C10, respectively [118]) of the consensus structures
agree well with those observed in the solid state: CNCbl
(18.5° in the modeled structure [305]; 18.0° in the
crystal structure (unpublished observations, C.
Kratky)); CH;Cbl (modeled, 16.8° [305]; solid state,
15.2° [383]); AdoCbl (modeled southern conformation,
13.5° [382]; solid state 13.3—14.8° [120,384]).

As mentioned, one of the advantages of a reliable
MM force field is the ability to study the structures of
compounds that fail to crystallize. Despite many at-
tempts in many laboratories, neither an alkylcobi-
namide (a cobalt corrinoid containing an alkyl ligand in
the upper or B coordination site, and in which the
nucleotide loop has been chemically removed) or a
base-off Cbl in which Bzm coordination of blocked
(e.g. by methylation in the Me;BzmCbas) has yet to be
crystallized. The structures of two alkylcobinamides
(methylcobinamide, CH,Cbi*; adenosylcobinamide,
AdoCbi*) and one Me;BzmCba (methyl-(3,5,6-
trimethyl-benzimidazolyl)cobamide,
CH;-[Me;Bzm]Cba ™) have been studied [305,382]. The
annealed structures and the consensus structure are
shown in Fig. 17D-F.

The corrin fold angles are smaller than in the cobal-
amins. CH;Cbi* has a fold angle of 13.1° (the average
of the 25 annealed structures was 12.3°, with 9.5° min
and 16.0° max); the southern conformation of
AdoCbi* has a fold angle of 9.9° (average of the 25
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structures, 13.9°, 3.3° min, 13.8° max); whilst
CH;-[Me;Bzm]Cba™ has a fold angle of 9.2° (average
8.5°, 3.4° min, 11.8° max) [305,382]. There is crystallo-
graphic evidence [305] that the corrin fold angle is
greater in the cobalamins than in the cobinamides.
Since the absence of the base in the o position of a
cobalamin allows for a more planar structure, this
suggests that base-on cobalamins are under steric
strain. These observations lend support to suggestions
[289,294-296,385-387] that the corrin fold may be an
important factor in explaining why alkylcobalamins are
more reactive towards Co—C bond homolysis than
alkylcobinamides. The flexing of the corrin may have
implications for the mechanism of enzymatic activation
of Co—C bond activation [287-290] (see Section 3.2.1).

4. Summary

Despite its limitations, MM remains a computation-
ally-efficient and (provided sufficient care is taken in
the derivation of the appropriate force field parameters)
reliable method for exploring the structures of even
relatively complex molecules such as the porphyrins
and the corrins. The quality force fields available for
both these classes of molecules make MM techniques
very valuable tools in research endeavors in these areas.

5. Nomenclature

AdePrCbl adeninylpropylcobalamin
AdoCbl 5’-deoxyadenosylcobalamin (coen-
zyme B,,)
Bzm 5,6-dimethylbenzimidazole, the base
in intact cobalamins
BzNH, benzylamine
1-BuNH, 1-butylamine
Cbi cobinamide
Cbl cobalamin
CCP cytochrome ¢ peroxidase
CH,;Cbl methylcobalamin
CH;- methyl-(3,5,6-
[Me;Bzm]- trimethylbenzimidazolyl)cobamide
Cba*
CNCbl cyanocobalamin (vitamin B,,)
CSD Cambridge Structural Database
Ct centroid of the porphyrin in the
mean porphyrin plane
DAP 3,5,7,13,15,17-hexaethyl-2,8,12,18-
tetramethylporphyrin
deoxyMb deoxymyoglobin
R- and S- R- and S-dihydroxypropylcobalamin
DHPrCbl
DPP 2,3,5,7,8,10,12,13,15,17,18,20-

dodecaphenylporphyrin

Fe(II)PPIX
[Fe(OEP)],0

H,T(n-N-
MPy)P
Hb

HRP
IEHT

Mb
MbCO
MD
MeCbl
1-Melm
2-MeHIm
1,2-Me,Im
MM
NPhPPDME

nOe
OEP
OETPP
OMTPP
OPTPP
ROESY
SA

SPC
T‘BuP
TC,TPP
TC,TEP
TC,;TMP

TC,TPtP

TCsT(3,4,5-
OMe)P

TFP
TCIP
T-2,6-(OH),-
PP
T-2,6-(X),PP
TMP

TPP
TPrP

ferrous protoporphyrin IX
(u-oxo)bis[(octaethylporphinato)-
iron(I1I)]
tetrakis(n-N-methylpyridyl)porphyrin;
n=2 3,4

hemoglobin

horseradish peroxidase

iterative extended Hiickel theory
myoglobin

carbonmonoxy myoglobin

molecular dynamics

methyl cobalamin

I-methylimidazole

2-methylimidazole
1,2-dimethylimidazole

molecular mechanics
N-phenylprotoporphyrin IX dimethyl
ester

nuclear Overhauser enhancement
octaethylporphyrin
2,3,7,8,12,13,17,18-octaethyl-
5,10,15,20-tetraphenylporphyrin
2,3,7,8,12,13,17,18-octamethyl-
5,10,15,20-tetraphenylporphyrin
2,3,7,8,12,13,17,18-octapropyl-
5,10,15,20-tetraphenylporphyrin
rotating-frame Overhauser enhance-
ment spectroscopy

simulated annealing

simple point charge
5,10,15,20-tetra(z-butyl)porphyrin
(n=35,6,7); 2,3,7,8,12,13,17,18-tetra-
cyclo(pent, hex, hept)enyl-5,10,15,20-
tetraphenylporphyrin
2,3,7,8,12,13,17,18-tetracyclopentenyl-
5,10,15,20-tetraethylporphyrin
2,3,7,8,12,13,17,18-tetracyclopentenyl-
5,10,15,20-tetramethylporphyrin
2,3,7,8,12,13,17,18-tetracyclopentenyl-
5,10,15,20-tetrapentylporphyrin
2,3,7,8,12,13,17,18-tetracyclopentenyl-
5,10,15,20-tetrakis(3,4,5-trimethoxyl)-
phenylporphyrin
5,10,15,20-tetra(ortho-difluoro)-
phenylporphyrin
5,10,15,20-tetra(ortho-dichloro)-
phenylporphyrin
5,10,15,20-tetra(2,6-dihydroxy)-
phenylporphyrin
5,10,15,20-tetra(2,6-dihalo)-
phenylporphyrin; X = fluoro, chloro
5,10,15,20-tetramesitylporphyrin
5,10,15,20-tetraphenylporphyrin
5,10,15,20-tetra-n-propylporphyrin
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