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It is not always easy to align flexible compounds with each other or with their binding cleft on
a biological macromolecule, and the alignment of nine partly flexible molecules has now been
studied. These compounds are heme analogues having either two or three flexible propionate
side chains attached to a porphyrin core, and one compound is a close analogue of natural
heme. The noncovalent interactions of each compound were predicted using a new version of
the program Grid which can take account of the flexibility of the propionate side chains. The
Grid results were then analyzed by hierarchical principal component analysis, and this allowed
the molecules to be oriented with respect to each other. It also allowed each analogue to be
correctly aligned with the receptor cleft for heme in myoglobin, because the alignment of natural
heme in that cleft is already known. Factors influencing the predicted alignment are also
considered.

Introduction

The heme-binding pocket of myoglobin (Mb) interacts
very favorably with its natural prosthetic group (pro-
toporphyrin IX, 8,13-divinyl-3,7,12,17-tetramethyl-21H,-
23H-porphine-2,18-dipropionic acid), and these inter-
actions fall into two main classes: (i) the binding
between His F8 imidazole and the iron of heme; (ii) the
hydrophobic attraction between the nonpolar atoms of
the site and the π system and the alkyl groups of the
heme. Three edges of the porphyrin ring, containing
the apolar substituents, are plunged into the protein
and therefore are not well-exposed to the solvent. On
the contrary, the fourth edge, holding the two propionate
side chains, is directed toward the protein surface where
the carboxy oxygens can interact with water.
The multiple interactions which determine the pro-

toporphyrin IX binding to apomyoglobin have been
described in detail.1,2 They seem to suggest a specific
molecular recognition, but several experimental results
suggest that heme binding to globins may not be so
critically influenced by the detailed protein structure.
In the naturally occurring single-site hemoglobin

mutants Hb Milwaukee and Hb Bristol, Val E11, a
buried hydrophobic residue situated within van der
Waals contact of the heme, is replaced in the â-chains
by Glu and Asp, respectively,3,4 but this very drastic
alteration does not displace the heme. Varadarajan et
al.5 replaced Val E11 with Glu, Asp, and Arg in human
myoglobin, thus demonstrating again that globins are
able to tolerate such drastic changes without displace-
ment of ligand. The role of the distal histidine residue
has been studied by replacing His E7 in sperm whale
myoglobin with a number of different amino acid
residues and measuring ligand binding parameters.6-8

Each of the distal histidine substitutions resulted in a
decreased affinity for dioxygen,7 but the heme remained
in its cleft. In the case of hemoglobin, the heme iron of
Hb M Boston (HisR E7 f Tyr) and M. Saskatoon (His
âE7 f Tyr) is stabilized in the ferric state by substitu-
tion of the distal histidine with tyrosine in the heme
pockets of the R- and â-subunits.9,10 According to
Hargove et al.11 who measured the rate constants for
CO-heme binding to 35 recombinant apomyoglobins
with substitutions in the heme pocket, the heme was
never displaced.
The reaction of native hemoglobin with several pro-

toheme derivatives has been reported.12 Gibson and
Antonini13 showed that meso-, deutero-, and hemato-
hemes react at pH 9.1 with apohemoglobin. Rose and
Olson14 reported similar results at pH 7.2. Chu and
Bucci15 showed that dimethyl ester CO-heme reacts
with apohemoglobin at the same rate as CO-protoheme.
Single-crystal structure determination showed, in eryth-
rocruorin, a reversed heme orientation,16 and heme
rotational disorder has been detected by crystallography
in one other case.17 In solution, however, heme disorder
may be more readily characterized by 1H NMR spec-
troscopy. La Mar et al.18-20 showed that the initial
product of the reaction of apomyoglobin with hemin was
a mixture of two interconverting protein forms which
differ in the orientation of the heme by a 180° rotation
about the R,γ-meso axis. The dominant component
(about 90%) has the same orientation as observed by
X-ray crystallography although the oxygen affinity
differed significantly for the two heme orientations.21
Larger degrees of equilibrium disorder were found in
insect hemoglobin,22 fish myoglobin,23 and mammalian
myoglobin reconstituted with hemins chemically modi-
fied at the 2- and 4-positions.18 NMR studies revealed
that the reversed orientation was predominant in solu-
tion for the monomeric hemoglobins of Glycera di-
branchiata24 and Chironomus thummi thummi.25 Heme
insertion isomers of C. thummi thummi hemoglobin
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Cuore, Largo F. Vito 1, 00168 Roma, Italy. Phone: + 39 6 3057612.
Fax: + 39 6 3053598. E-mail: cristina@medea.ccr.rm.cnr.it.

† Present address: Research Group for Chemometrics, Department
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have been observed.26 Finally, Hauksson et al.27 showed
by 1H NMR experiments that each of a series of
synthetic hemins with different substitution patterns
of the propionate side chains can bind to sperm whale
apomyoglobin.
These experimental results all demonstrate that the

high affinity of hemes for globins is not due to excep-
tionally specific interactions between the macromolecule
and the ligand but that it can be maintained when the
structure of either partner is changed. This lack of
specificity may be a general feature of molecular rec-
ognition whenever several related ligands bind to a
receptor cleft.
For a better understanding of the molecular interac-

tions involved in the binding of heme and its analogues
to Mb, a molecular modeling study using the program
Grid28 has been carried out. The Grid program calcu-
lates intermolecular interaction energies between a
molecule and a series of probes each of which represents
a specific chemical group. The probes are characterized
by their steric, electrostatic, and hydrogen-bonding
properties and by their hybridization, and they have
been selected for the present work in order to mimic
chemical groups which are present in the receptor cleft
of myoglobin. There is a “flexibility” option in version
15 of Grid. When this option is turned on, the flexible
side chains of the target molecules can move in response
to he probe. They move toward the probe when there
is attraction and away from it when there is repulsion,
thus simulating the response of the target to a change
in its environment.
The results from Grid have been used as input data

for a hierarchical principal component analysis (Hi-
PCA)29,30 in order to align the individual heme ana-
logues with each other, and then, since one heme is a
close analogue of the naturally occurring protoporphyrin
IX, the whole set of hemes was aligned with the
myoglobin. The results were checked by comparison
with the observations of Hauksson et al. and suggest
that a Grid-Hi-PCA approach could be applied to other
systems involving the binding of partly flexible mol-
ecules to a receptor.

Methods

Procedure for Building the Targets. The nine different
modified hemes studied by Hauksson et al.27 were considered
as ligands of sperm whale apomyoglobin. To model these
compounds the coordinates of protoporphyrin IX in myoglobin
were obtained from the Protein Data Bank.31 All the unique
orientations obtained by a 90° rotation about the normal axis
to the heme plane (axis A in Figure 1) and a 180° rotation
about the R,γ-meso axis (axis B in Figure 1) were then
considered. The flexible side chains are shown in Figure 1 in
the conformations which were observed when heme was bound
to Mb in the X-ray structure.
To study exactly the same structures as described by

Hauksson et al., the vinyl groups of native heme were replaced
by methyl groups, and Sybyl (version 6.2)32 was then used for
structure manipulation of the modified protoporphyrin IX. The
nomenclature of Hauksson et al. was used for the different
molecules and binding modes, to facilitate the comparison of
our theoretical analysis with their observations.
The nine heme analogues studied by Hauksson et al. are

shown in Figure 2 with their propionate side chains drawn by
the Sybyl builder module. However, version 15 of Grid allows
the side chains to move, and the Grid calculations are therefore
independent of these initial propionate conformations.

To rotate the hemes about the R,γ-meso axis (B in Figure
1), two different procedures have been employed. In the first
method the FIT procedure of Sybyl was used. FIT is based
on the program BMFIT33 in which the quality of the fit is
represented by the root-mean-square deviation computed for
selected pairs of matched atoms. For each heme reported in
Figure 2, the rotated structure about the R,γ-meso axis was
obtained by appropriately superimposing the corresponding
N atoms of the porphyrin ring. (This type of R,γ-meso rotation
will be called “flipping”.) The hemes were thus realigned
according to their pyrrole nitrogens, but none of the other
porphyrin atoms were perfectly superposed by this procedure,
and the iron atom was always badly displaced. The iron of
the flipped heme was therefore moved back to its original
position with respect to His F8, while the other porphyrin
atoms were left in their new positions. After this procedure
the flipped molecule was a hybrid, with an unmoved iron,
superposed nitrogens, and the other atoms in new places.
A second method for rotating the hemes about the R,γ-meso

axis was therefore devised, in which the flipped molecules were
built by moving the side chains to appropriate new positions
and reattaching them to the ring. This has the advantage of
preserving the curvature of the porphyrin and maintaining
the iron in its original position, so that the core of each
molecule is perfectly superposed.
A total of 52 structures as sketched in Figure 3 were

prepared, and all the following computations were carried out
in duplicate using each rotation method, so that the impor-
tance of exactly aligning the porphyrin cores could be assessed.
Grid Calculations on the 52 Targets. The coordinates

of each structure in Figure 3 were carefully checked, and
appropriate parameters for the Grid force field were assigned
to each atom in each molecule. Ferrous iron was used, and it
was assumed that all carboxy groups were fully ionized, so
that hemes with two propionate side chains were electrically
neutral while hemes with three propionates were monoanions.
In the program Grid, a three-dimensional grid surrounds

the target which would be one of the hemes in its original or
in one of its rotated orientations. The interaction energy
between a probe and each atom of the target was then
calculated for each Grid point, and this calculation generated
one Grid map. In version 15 of Grid the atoms of the flexible
propionate side chains are free to move when the flexibility
option is turned on, and their position then always corresponds
to the position of lowest interaction energy with the probe at
the current grid point.
By contouring the Grid map at various energy levels, one

can display favorable interaction areas between the molecule
and the probe. Figures 4 and 5 show these Grid contour maps
for the N3+ cationic amino group probe in the absence and

Figure 1. Structure of native protoporphyrin IX. The normal
to the porphyrin ring plane (A axis) and the R,γ-meso axis (B
axis) are shown. The eight potential sites for the substituents
are labeled as a-h.
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presence of the flexibility option. Without flexibility of the side
chains (Figure 4), there are several weak minima, which are
due to hydrogen bond formation between N3+ and the im-
movable lone pairs on one or other of the carboxy oxygens.
On the contrary, in the presence of flexibility (Figure 5), there
is a single deeper minimum, since the carboxy groups can move
and both can form hydrogen bonds simultaneously. Because
of flexibility, therefore, the orientation of the chains does not
depend on their initial positions, and the interaction region is
symmetrically oriented with respect to the porphyrin ring. In
the presence of flexibility, the model is more realistic since
the atoms of the chains can move toward or away from the
probe, depending on their physical and chemical properties
and covalent bonding.
A list of possible probes was prepared (Table 1) correspond-

ing to the functional groups near the heme-binding pocket of

myoglobin. All the amino acids having one or more atoms
within 12 Å of the heme iron were considered. This table
reveals the large number of hydrophobic residues in the cleft
but also reflects the presence of polar amino acids and, of
course, the polar backbone of the protein. A short list of 10
representative probes was then prepared (Table 2) including
the hydrophobic (DRY) probe, and these 10 were used for the
computations. The interaction energy between each of the 52
heme structures and each of the 10 probes of Table 2 was
computed, giving 520 Grid maps. The Grid program allows
one to carry out this calculation in a single step, and a Grid
spacing of 1.0 Å was used which ensures a good spatial
resolution within a reasonable computational time. The
flexibility option was turned on.
Statistical Analysis. Each Grid map contained 24 025

Grid points, and interaction energies were calculated at each
Grid point giving, with 520 Grid maps, a very large array of
data. Principal component analysis (PCA)29 is a statistical
projection technique which permits features in such data to
be identified as principal components, while still retaining
much of the information in the original data array. Hi-PCA30

provides a good method for handling variables in blocks and
has the additional advantage of operating on two levels. On

Figure 2. Nine different modified hemes. The numbering of Hauksson27 is used.

Table 1. List of Amino Acid Residues of Sperm Whale Mb
That Have at Least One Atom within 12 Å of the Iron Atom
of Hemea

residue
no. of residues
within 12 Å probes

Leu 9 O N1 C3
Ile 9 O N1 C3
Phe 5 O N1 C1d
Ala 3 O N1 C3
Val 2 O N1 C3
Pro 2 O C3
Gly 3 O N1
Tyr 2 O N1 OH
Thr 4 O N1 O1
Ser 2 O N1 O1
Gln 1 O N1 N2
His 3 O N1 N:d N1
Lys 5 O N1 N3+
Glu 2 O N1 O:: CO2-
Asp 2 O N1 O:: CO2-
Arg 1 O N1 N2d N1d

a The probes which could simulate these residues are indicated.
The carboxylate groups of Asp and Glu could be represented by
either O:: or the multiatom CO2- probe.

Table 2. List of 10 Selected Probes Used for the
Computationsa

VDRW Q HD HA

1, C3 methyl C3 group 1.95 0.0 0 0
2, OH phenolic hydroxyl group 1.65 -0.15 1 1
3, O1 aliphatic hydroxyl group 1.65 -0.1 1 2
4, N3+ sp3 cationic NH3 group 1.75 0.66 0 3
5, O:: carboxy oxygen atom 1.60 -0.45 0 2
6, N2d sp2 cationic NH2 group 1.70 0.66 2 0
7, N1d sp2 cationic NH group 1.65 0.66 1 0
8, N:d sp2 N with one lone pair 1.65 0.0 0 1
9, N1 amide NH group 1.65 -0.08 1 0
10, DRY hydrophobic probe 1.70 0.0 2 2

a The van der Waals radius (VDRW), charge (Q), and number
of hydrogen bonds donated (HD) and accepted (HA) are shown for
each probe.
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the lower level each block of data may be treated separately
taking account of the number of variables and the variance in
each individual block. On the higher level the blocks may be
related one to the other while still retaining the independent
information for each variable. Therefore Hi-PCA allows at one
level to assess the importance of each Grid point for each probe,
while the relative performance of the individual probes can
be determined at the other level.
On both levels plots, loading plots, and score plots provide

tools for the analysis of the data set. In the score plot of the
upper level it is possible to see how the different molecules
are related to each other and to detect misalignments, while
the relative importance of each block (i.e., each probe) is
revealed by the corresponding upper loading plot.
The output of the Grid calculations on the 52 hemes was

therefore analyzed by Hi-PCA. Each probe formed one de-
scriptor block, and each column, in a block, corresponds to a
specific position in the 3D-space. A few principal components
were found describing the differences among the different
heme orientations. The Euclidean distances in Hi-PCA space
from heme2 (the reference compound most similar to proto-
porphyrin IX) to each of the other hemes were calculated
(Figure 6), and for each of the eight remaining structures the
closest conformation in Hi-PCA space was selected as the
predicted binding orientation. This procedure may be com-
pared with other recent approaches,34 but it is a novel method
of aligning and orienting flexible molecules.

Grid Calculations on the Pocket. The program Grid is
particularly suitable for the study of proteins35 and was used
in order to investigate the heme-binding pocket of myoglobin
after the natural ligand (protoporphyrin IX) had been removed.
The hydrophobic probe (called DRY) and the carboxy oxygen
probe (O::) were employed, and Grid maps were prepared with
the flexibility option of Grid turned off and turned on.
The results are displayed as contour maps showing regions

of the empty pocket where the apolar edges of the porphyrin
ring, and where the side-chain carboxylate groups, would make
favorable interactions (Figures 7-10).
Molecular Mechanics Calculations. The heme struc-

tures holding two propionate side chains were bound, each in
its predicted orientation, to apomyoglobin. The complexes
were minimized using AMBER all-atom force field36 as imple-
mented in the MSI software package37 till an rms gradient of
0.01 kcal/mol Å.

Results and Discussion

Statistical Results. Hierarchical PCA models were
calculated separately for each of the two alignment
methods. Both procedures suggested that the neutral
hydrogen bond-donating probes (OH, O1, and N1 of
Table 2) were the most important for each computed
component.38 Using the second alignment procedure for

Figure 3. 52 target structures for Grid calculations. The r and f labels indicate the structures obtained by rotation about the
normal axis and flipping about the R,γ-meso axis. The numbers 1, 2, and 3 represent rotations of 90°, 180°, and 270°, respectively.
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the hemes and the first four Hi-PCA components, which
explained totally 80% of the variance (28%, 28%, 12%,
12%), the distance plot shown in Figure 6 was obtained.
The first alignment gave a similar plot, showing that

the choice of alignment method was not a critical factor,
but we preferred the second procedure because the
curvature of the heme was correctly maintained. The
distances in Figure 6 are measured in Hi-PCA space,
and heme2, which represents the propionate pattern of
native heme in its observed alignment to myoglobin, is
placed at the center of the plot. For each of the eight
synthetic hemes, the conformation nearest to the center

in Hi-PCA space is most similar to heme2 and therefore
represents the predicted orientation which should bind
preferentially to apomyoglobin.
Eight orientations of heme3 have been considered and

eight orientations of heme4. When these possibilities
are combined, one has 64 orientation possibilities for
these two molecules alone. When the eight orientations
of heme5, the four orientations of heme6, the eight
orientations of heme7, the four orientations of heme8,
the four orientations of heme9, and the four orientations
of heme10 are all considered, there would be 1 030 576
possible ways of aligning the molecules with each other.
It would be virtually impossible to consider all of these
combinations when one is trying to compare the binding
properties of the molecules to myoglobin. However, the
present analysis allows the odds to be dramatically
improved.
Inspection of Figure 6 shows that heme3 and heme3f

are much better than the remaining six orientations of
this molecule; similarly heme4 and 4f are also good, and
two good orientations can be identified for each of the
other compounds giving a reduced number of only 256
possible alignments. More detailed inspection of Figure
6 shows that heme3f is closer to the center than heme3.
The difference is small, but comparison with the obser-
vations of Hauksson et al. shows that in every case the
closest orientation (in the Hi-PCA space of Figure 6)
corresponds to an observed mode of binding. In other
words one unique alignment of the compounds has been
correctly predicted in the present example.
Grid Contour Maps of the Myoglobin Pocket. A

Grid contour map at -0.8 kcal/mol was calculated
(Figure 7) from the apomyoglobin structure for the
hydrophobic (DRY) probe without the flexibility option.
The map shows four main areas of interaction (A, B, C,
D) which are due to the several hydrophobic side chains
of the pocket. These four regions are occupied when
protoporphyrin IX binds to apomyoglobin, by the more
hydrophobic parts of the protoporphyrin molecule (Fig-
ure 8). The hydrophobic contours from apomyoglobin
cover much of the porphyrin ring and its hydrocarbon
side chains but avoid the iron and its nitrogens and the
two polar carboxyl groups, as would be expected.
Somewhat different results are obtained when the

flexibility option is activated in version 15 of Grid. This
option allows the flexible side chains of the protein to
move in response to the probe, and it may be seen
(Figure 9) that areas C and D are then enhanced. On
the other hand, area A is diminished because polar side
chains such as His 97 and His 93 can move into this
region, and the overall contrast between the hydrophilic
and hydrophobic regions is even more clearly displayed.
The interaction energy between a carboxy oxygen

probe (O::) and the empty pocket was also calculated.
In Figure 10 a contour map at -12.5 kcal/mol with the
flexibility option is shown. This map was prepared from
apomyoglobin, but the figure shows the heme molecule
superimposed on the contours generated by the empty
pocket. The strongest energy of interaction between the
O:: probe and the amino acids of the pocket is related
to the formation of hydrogen bonds donated by the ND1
hydrogen of His 64, NH1 of Arg 45, and OG1 of Thr 67.
All nine molecules, each in its predicted orientation,

were superimposed on the contours calculated from

Figure 4. Grid contour map for heme2 at -5.0 kcal/mol with
the N3+ probe. Heme2 is the molecule with the same propi-
onate pattern as native heme. For this computation the
position of the side chains was fixed, and the interaction area
is therefore localized around the carboxylate groups. A Grid
spacing of 0.5 Å was used. The contour maps are displayed
using Sybyl.

Figure 5. Grid contour map at -15.0 kcal/mol for the N3+
probe with heme2. The side chains were treated as being
flexible for this computation. The interaction area is therefore
symmetrically placed with respect to the two side chains, and
a much stronger interaction is predicted. See text.
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apomyoglobin. The heme structures were obtained by
molecular mechanics calculations (two propionates) or
by dihedral torsions of the chains (three propionates).
In every case it may be seen that the hydrophobic
contours cover much of the hydrophobic surface of the
ligand but that the carboxy oxygens can protrude
outside the hydrophobic region of the protein. Moreover
the superimposition of each molecule with the carboxy
oxygen contours demonstrates that the heme oxygens
can always be located in a favorable place. These

results suggest why the predicted orientations are
compatible with the observations of Hauksson et al. It
is because the hydrophobic parts of the hemes tend to
go to hydrophobic regions in the myoglobin cleft and the
polar parts generally tend to avoid those regions, while
the carboxy groups prefer regions where carboxy binding
is specifically predicted by Grid.

Conclusions
The present work addresses three important ques-

tions which can arise when a set of partly flexible

Figure 6. Distance plot between heme2 and the rest of the 51 molecules. The distances are calculated on the first four components.

Figure 7. Grid contour maps at -0.8 kcal/mol for the DRY
probe at the empty myoglobin heme pocket. The side chains
of the amino acids were fixed.

Figure 8. Native heme superimposed on the grid contour map
of Figure 7.
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molecules are being compared with each other as
possible ligands for a biological macromolecule: (1) How
can one take account of molecular flexibility? (2) How
can one align the molecules with each other? (3) How
can one align the set of molecules with their macromo-
lecular binding cleft?
In the case of the nine heme analogues studied

experimentally by Hauksson et al., it has been shown
that Grid maps can be analyzed by Hi-PCA in order to
answer all three questions. Of course this particular
example may turn out to be a special case, but the
findings suggest that the Grid-Hi-PCA approach may
be of more general applicability.
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