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Abstract We present an original approach based on full-
atom normal mode analysis (NMA) aimed to expand the
general framework of homology modeling. Using the rat
heme-free oxygenase 1 as a case system, we show how
NMA can be used to model different physiologically rele-
vant conformations of the same protein. Starting from a
unique heme-bound X-ray structure, and using two struc-
tural templates corresponding to a human and an incom-
plete rat heme-free structures, we generate models of the rat
unbound species with open and closed conformations. Less
than 100 lowest frequency modes of the target were suffi-
cient to obtain the heme-free conformations, the closest to
the templates. The rat HO-1 model built for the open form
shows features similar to the open form of the human
heme-free oxygenase, and the one built for the closed form
was similar to the incompletely resolved X-ray structure of
the same protein available in the Protein DataBank. In the
latter case, the use of NMA was particularly useful since it
allowed to build a complete structure and therefore to dis-
cuss on the reason of the structural differences between
open and closed forms. This study shows that the amount of
main chain flexibility provided by the normal modes can
lead to major improvements in homology modeling
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approaches. Such applications will allow the characteriza-
tion of alternative conformations of a target protein with
respect to the templates and/or the construction of good
quality 3D models based on existing templates with unre-
solved parts in their tertiary structure.
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Introduction

Normal mode analysis (NMA) is increasingly applied for
characterizing the specific large amplitude motions of mac-
romolecules (Brooks etal. 1995). These types of move-
ments represent highly collective displacements and
correspond to slow dynamic events such as domain motions
(Guilbert et al. 1996) or more complicated ones such as
those observed in multimeric proteins (Thomas et al. 1996;
Cui et al. 2004). These motions correspond to the lowest
frequency normal modes which describe displacements on
the potential energy surface along directions presenting the
wider curvatures. However, these motions are often diffi-
cult to characterize by standard molecular dynamics simu-
lations, and NMA represents an interesting alternative in
this field.

Despite the harmonic approximation that conditions
NMA, this method proved very powerful not only to char-
acterize the large amplitude motions in macromolecules but
also to isolate metastable or intermediate structures on the
potential energy surface (Mouawad and Perahia 1996; Cui
and Bahar 2006). At present although a limited number of
attempts have been undertaken to apply NMA in this direc-
tion; such applications addressed key structural biology
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questions like the study of protein folding (Wu et al. 2005),
refinement of crystallographic data (Chen etal. 2007),
fitting of a high-resolution structure into the cryo-electron
microscopy map (Tama et al. 2004), or the generation of
structures of relevant interest for dockings whether for
small ligands (Cavasotto et al. 2005; Floquet et al. 2006) or
protein partners (May and Zacharias 2005). It has also been
shown that the structural differences between homologous
proteins correspond to collective deformations along com-
binations of low frequency modes (Leo-Macias et al. 2005).
However, to our knowledge, no application of the NMA-
based techniques has been done in the general framework
of homology modeling—meaning the search of possible
alternative conformations of proteins based on structural
templates.

Normal mode analysis is based on the diagonalization of
the Hessian matrix (matrix of the second derivatives of the
potential energy function with respect to the mass weighted
coordinates) and takes full advantage of the topology of the
potential energy surface around a minimum energy point.
Since its size is 3 N x 3 N, with N the number of atoms, the
Hessian matrix can be extremely large for a macromole-
cule, in particular when one considers explicitly all the
atoms of the system. However, significant developments
have been achieved in this field allowing the characteriza-
tion of full-atom normal modes for large macromolecules.
Among the existing diagonalization approaches, we can
mention iterative methods giving exact results to a given
threshold such as that based on diagonalizations in a mixed
basis developed in our group (Perahia and Mouawad 1995)
and implemented within the CHARMM program (Brooks
et al. 1983). Other methods such as block normal mode
diagonalization (BNM) (Tama etal. 2000; Li and Cui
2002) or elastic network approaches (Eyal et al. 2006) that
use a lower number of degrees of freedom, although very
efficient, either ignore or underestimate the flexibility of the
side-chains, or do not consider them at all, and therefore
may not be appropriate for a fine structural modeling study.
Moreover, moderately high-frequency modes (those
beyond the third lower frequency ones) influence local
arrangements that are better described by a full-atom
NMA.

Homology modeling techniques are mainly used to con-
struct a hypothetical structure of a protein of interest (the
target) for which only the sequence is known based on the
structural features of one or several close parents (the tem-
plates). Their general procedure can be summarized as a
multi-step process involving: (1) the generation of a series
of possible main chain skeletons of the target based on
backbone overlaps between the templates; (2) multiple
minimization procedure involving side chains and loop
optimization; and (3) post-modeling processes aimed to
relax the 3D model (MD, minimization in vacuum or
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solvent, etc.) (Krieger et al. 2003; Eswar et al. 2003). The
application of homology modeling approaches has lead to
many successes in structural biology and medicinal chemis-
try, and allowed, in between others, to characterize possible
hit compounds for pharmaceutical targets with no 3D struc-
ture available in the Protein Data Bank. Still, in some cases,
homology modeling studies remain quite challenging. For
instance, the initial 3D models generated by homology
modeling approaches remain structurally very close to the
structure of the templates and rarely present large backbone
differences with respect to the templates. Indeed, since the
conformational space of the 3D model is directly dependent
on the conformational variability of the templates required
for the homology modeling process, the conformational
sampling remains quite limited. Another problem appears
when parts of the tertiary structure are missing in the tem-
plates. Generally, for generating the structure of these parts
of the protein, different hints are provided by experimental
or theoretical approaches (NMR data, secondary structure
predictions, etc.) and translated into structural restraints
during the homology modeling process (helical restraints,
distance restraints between atoms, etc.) (Krieger et al.
2003; Eswar et al. 2003). This latest point is of great deal of
interest since numerous protein structures deposited in the
Protein Data Bank have parts of the tertiary structure miss-
ing. Providing homology modeling techniques with a wider
conformational exploration of the backbone is an important
topic those days as it is already shown by the variety of
algorithms developed for the modeling of the loops (Fiser
and Sali 2003).

One interesting example from the literature is the under-
standing of the conformational variability of mammalian
heme oxygenases 1 (HO-1). Heme oxygenases 1 are small
(32 kDa) all alpha proteins that perform the first step of the
chemical degradation of the heme group; the initial step in
HO-1 molecular mechanism is the fixation of the heme
group to its binding site. The analysis of the crystal struc-
ture of heme-bound HO-1 shows that the heme-HO1 com-
plex is stabilized first by polar interactions between the
propionates of the heme and different residues of the apo-
protein (Argl83 from the G helix, Tyr134 of the F helix
and, in some structures, Lys18 of the A helix), second by a
coordination bond between the iron and the His25 from the
A helix (Fig. 1). At present two apo forms (heme-free) of
HO-1 are available in the Protein Data Bank. One of them
is the human heme-free HO-1, which presents an open con-
formation with the heme-binding site accessible (pdb code
1ni6) (Lad et al. 2003), the other is the heme-free rat HO-1,
which presents a closed conformation with a limited access
to the heme-binding pocket (pdb code lirm) (Sugishima
et al. 2002) (Fig. 2). Human and rat heme oxygenase 1 spe-
cies are closely related and share a sequence identity of
85%.
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Fig. 1 General structure of
mammalian heme oxygenase 1.
The backbone is represented in
ribbon and the important resi-
dues in the heme-binding site
and the heme group in ball and
stick. Example taken from the
rat species

Fig. 2 Overlap between the rat
apo (clear green) and human apo
(dark purple) heme oxygenases
1. The heme-binding site and its
closest helices are highlighted.
Note the missing N-terminal part
in the former

A closer inspection of the structures shows that at least
two helices are involved in the conformational transition
between open and closed form. On the one side, the B helix
switches from a position out of the binding site in the open
conformation to a position inside the binding site in the
closed conformation. Correlated to this movement is the
bending of the F helix which displaces part of the helix fur-
ther from the heme in the closed form than in the open one

Heme binding site

(note here that we refer to “open” and “closed” conforma-
tions taking into account the relative position of the B helix
with respect to the binding site). Unfortunately, the transi-
tion described by these two structures cannot well be under-
stood since in the crystallographic form of the closed
structure; the helix A is completely missing. The impor-
tance of this helix in the mechanism of the binding of
the heme raises therefore different questions on the exact
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structural variables involved for stabilizing one of the two
conformations: what is the overall conformation of the
complete closed form of the rat heme-free HO-1? What is
the possible involvement of the A-helix into the transition
between open and closed forms? Is the heme-free rat HO-1
actually able to adopt the same open structure as the human
one? What is the general mechanism for the transition
between the two structures? And why those experimentally
characterized structures are in different conformational
states? Because the transition between the two structures
are mainly involving the entire scaffold of the protein and
that the missing part of the closed form is a large region of
the tertiary structure, exploration of the low energy motions
could provide sufficient amount of information for accurate
structural modeling.

Here, we present an original approach based on full-
atom NMA to generate complete structural models of
heme-free forms of the rat HO-1. Starting from an initial
minimized structure of a rat heme-bound form where we
removed the heme, we displaced the structure following the
lowest frequency modes toward the X-ray structures of apo
proteins. In doing so, we generated a set of 3D models of
the rat HO-1 with forms as close as possible to (1) the
heme-free human HO-1 structure and (2) the heme-free rat
HO-1 one. In the latter case, our displaced structure con-
tains the A helix entirely. To evaluate how close both dis-
placed structures are to the structures of the corresponding
templates we computed the root mean square differences of
atomic positions (rms) between the respective structures.

Material and methods
Energy minimization and NMA

The initial structure considered in this work corresponds to
one of the X-ray structures available for the rat heme-bound
HO-1 [code PDB 1dve (Sugishima et al. 2000)]. This struc-
ture was first minimized after removal of the prosthetic
group. The force field used is the one corresponding to the
parameter set 22 of the CHARMM program (Brooks et al.
1983). The electrostatic interactions were computed with a
2r dependent dielectric constant, r being the distance
between the interacting atoms. The switch function was
used for the Van der Waals interactions, and a shift func-
tion for the electrostatic interactions. The cuton and cutoff
values used were 10 and 12 A, respectively. The energy
minimization was carried out by performing 10,000 steps
of conjugate gradient method followed by the ABNR
(adopted basis Newton Raphson) method up to a mean
energy gradient of 107> kcal/mol/A. Such a low gradient is
required for computing the normal modes in the full-atom
representation. The first 500 lowest frequency modes of this
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minimized structure were computed by using the DIMB
method (Perahia and Mouawad 1995) up to a convergence
of 0.06 for the eigenvectors.

Displacement along the modes with best-fit algorithm

The energy minimized structure was initially superimposed
to one of the template structures (closed or open form). The
atoms of the target were then displaced along the first low-
est frequency eigenvector until reaching a minimum value
for the rms difference with respect to the template consid-
ered. This was achieved by generating a grid of points cor-
responding to the structures displaced along the eigenvector
in both directions and with a spacing between successive
points of 0.05 A of rms variations. This structure was in
turn displaced along the second lowest frequency mode to
reach a new minimum for the rms difference with respect to
the template. This procedure was repeated until all the suc-
cessive modes ordered in increasing frequencies were con-
sidered for the displacements. Note that there is a
cumulative structural change over the multiple modes. We
found that the ordering of modes for the displacements has
a very minor effect on the final structure obtained.

Results and discussion

The main objective of this study is to use NMA-based
approaches to generate complete structures of the rat heme-
free HO-1 in both open and closed forms. The general
approach of this study is presented in Fig. 3.

Since no complete apo structure of rat is HO-1 is avail-
able in the Protein Data Bank (only an incomplete structure
of the rat heme-free form exists), the initial structure con-
sidered to initiate our work was the one generated from a
heme-bound structure of rat HO-1 (pdb code 1dve) (Sugi-
shima et al. 2000) from which the prosthetic group was
removed. To carry out the NMA calculations in the full-
atom force field, this structure was first minimized. Since
no explicit solvent molecules were considered, the resulting
minimized structure has obviously a more compact struc-
ture and presents structural deviations with all the other
HO-1 mammalian experimental structures reaching rms
differences as large as 1.7 A. However, the general fold of
the protein is not altered at all. Because the lowest fre-
quency modes depend to a large part on the topology of the
molecule, the structural changes due to the minimization
process should not modify importantly the general motions
of the protein. With respect to the structural templates, this
energy minimized structure presents rms deviations of 1.7
and 1.5 A with respect to the open and the closed form of
the heme-free HO-1, respectively. These deviations are
slightly larger than those generally observed between the
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Fig. 3 General procedure
undertaken for the generation of
open and closed models of the
rat heme oxygenase-1

Initial complete structure of rat heme bound HO-1

Calculations of 500 first modes

* Removal of heme .
 Minimization to 10 kcal/mol/A

Minimized structure of rat unbound HO-1

Template 1

Complete Human HO-1
heme-free open form

Complete rat HO-1
heme-free open form model

different experimental HO-1 structures which generally
range from 0.4 to 1.2 A approximately. As we will see later
on, the displacements along the modes will result to a sub-
stantial decrease of rms values.

Successive displacements along the low energy modes
toward the two structural templates were performed using
the best-fit algorithm. In a first instance, all the modes with
frequencies lower than 70 cm™!' have been selected for
these displacements (approximately 500 modes). The suc-
cessive displacements carried out on normal modes from
the lowest frequency modes to the higher ones show that

reach minimum rmsd with the templates

Template 2

AT

Partial rat HO-1
heme-free closed form

Displacements along
low energy modes to

Complete rat HO-1
heme-free closed form model

the resulting displaced structures get rapidly closer to the
structure of the templates considered (Fig. 4a). The rms val-
ues decrease from 1.6 to 0.5 A for the human and from 1.4
to 0.6 A for the rat form after 500 modes displacements.
This time, those values are in the range of rms values
observed between the experimental structures.

Two additional interesting observations result from this
part of the study. On the one side, the analysis of the per-
centage of displacement toward the structural templates
shows that in both cases almost 80% of the overall possible
displacement is obtained with only 100 modes (Fig. 4b).
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Fig. 4 a The rms deviations between displaced structures and the open
(light purple) and the closed (dark blue) templates. b Percentage of
contribution of modes regarding the maximum possible displacement.
In this figure, the modes are numbered in the order of increasing fre-
quencies

No significant improvement is observed for the remaining
modes. This highlights therefore that the lowest 100 modes
should suffice to provide heme-free rat HO-1 models of
good structural quality. On the other side, the same analysis
also shows that the exploration on only few modes like the
5 or 10 lowest frequency ones provide displacements which
account to less than 20% of the global displacement. This
result differs from the general application of NMA, where
only the very lowest modes are investigated. One of the
explanations for this observation is that the HO-1 is a small
protein and does not present clear domain motions for
which the very few lowest modes can be already enough for
exploring the motions of the protein. Another reason is the
extensive minimization that was performed and that com-
pacted the structure resulting in a shift of vibrational fre-
quencies to higher values and consequently the contribution
of normal modes to conformational changes is of lower
magnitudes. A more detailed observation of the rms varia-
tions shows also that they slightly differ depending on the
structure we try to match.

The individual contributions to the global displacement
of each mode were analyzed for the first 100 modes
(Fig. 5a, b). For the very low frequency modes (from mode
7 to mode 12), the numbers of favorable steps to get closer
to the templates are almost the same for both open and
closed conformations. Beyond that, behaviors are slightly
different depending on the structural templates selected.
Until the 30th mode, getting closer to the open structure
requires major displacements on modes 13 and 15 while
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Fig. 5 Individual contributions of normal modes to displacements to-
ward open (dark purple) and closed (light blue) templates. The height
of the bars corresponds to the number of steps performed along a given
mode. The different panels correspond to a the 20 first normal modes
and b the 100 first normal modes

getting closer to the closed form requires major displace-
ments on modes 16, 17, 20 and 22. For upper frequencies,
fewer modes are involved for important structural transi-
tions. Some isolated peaks show although that the profile of
the displacements toward the open and closed structures
remains different (Fig. 5b), e.g., mode 77 for the open struc-
ture and 79 for the closed one. The directions of motions
corresponding to modes 13, 15 and 22 leading to open and
closed structures are shown in Fig. 6. Although these
modes involve mainly the same regions of the protein
(heme-binding site and helices A, B and F), their directions
are quite different. In modes 13 and 15, the B helix mainly
moves away from the binding-site cavity while in mode 22
it moves closer by rotation around its center of mass block-
ing the entrance of the binding site. The A helix also
behaves differently depending on the mode of interest,
while accompanying the general motion of the B helix, its
motion is quite substantial in the modes 13 and 15 but not
in the mode 22. It appears therefore that different low
energy conformational paths are involved leading from the
open heme-bound form toward heme-free open and closed
forms.

We analyze here in more details the models built by using
the best-fit algorithm. In order to correct the structural dis-
tortions arising from NMA displacements and refine the
inter-residue interactions the models were energy mini-
mized. As expected a similar trend is observed for the rms
variations of the energy minimized structures comparatively



Eur Biophys J (2008) 37:1157-1165

1163

Fig. 6 Representation of the

normal modes involved in the
construction of either open or
closed models. a Modes 13, b
mode 15, ¢ mode 22

to simply displaced structures. The rms variations of the
minimized structures are presented in Table 1. For the
structures displaced toward the open conformation, one can
see that substantial variations exist between the structures
obtained after successive displacements on 5 and 10 modes.
The rms value drops from 1.8 to 1.2 A. This is explained by
the important contribution of modes 13 and 15 in the transi-
tion from the initial structure to the open form. Structures
generated after 20 and 50 modes also present appreciable
decrease of the rms relative to the open conformation. For
100 modes the rms deviation is about 0.7 A. Interestingly,
the main differences between the different structures con-
cern the part of the protein corresponding to the overall
heme-binding pocket. In particular, one can see (Fig. 6)
how the helix A gets further from the rest of the protein
core. For the structures obtained after displacements toward
the closed conformation, the general trend of the rms varia-
tions is similar to the one observed for the open one
(Table 1). Here also the rms values drop from 1.6 to 0.8 A
for 100 modes.

The analysis of the differences in potential energy
between the conformations generated by displacements
along the modes was performed. As one can see in Table 1,
the energy of the structures does not exceed 30 kcal/mol
with respect to the one initially minimized to compute the

Table 1 The rms values between the template and the minimized
structures after displacement along a given number of normal modes
and corresponding to the energy differences with respect to the energy
minimized structure for which the normal modes were computed

Number RMSD deviation AFE with minimized
of modes against template  structure (kcal/mol)
Open 0 1.8 0.0
conformation 5 15 —0.6
10 1.2 17.4
20 1.1 22.0
50 1.0 11.8
100 0.7 29.9
Closed 0 1.6 0.0
conformation 5 14 —0.75
10 1.3 10.64
20 1.1 —-2.8
50 1.0 4.4
100 0.8 —5.82

modes. Interestingly, different tendencies are observed
when the displacements take place toward the open confor-
mation or the closed one. When displacing the structure
toward the open conformation, the energy difference tends
to increase as the number of modes increases. Only the
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structure generated along 50 modes escapes this tendency
(+11.8 kcal/mol). This is attributed to the participation of
several modes between 20 and 50 having particular struc-
tural relevance. When displacements are performed toward
the closed conformation, the energy differences do not
exceed 11 kcal/mol and the general energetic pattern is not
correlated with the number of modes. While displacements
over 10 modes lead to an increase of the energy of approxi-
mately 10 kcal/mol, the structure generated after displace-
ments over 100 modes leads to a stabilization of 5.8 kcal/mol
with respect of the initial structure. Two major points
arise from these energetic considerations. On the one hand,
the alternative conformations of rat HO-1 generated along
the lowest frequency normal modes appear mainly stable
even when 100 modes are considered. On the other hand,
the rat HO-1 close-like structures are substantially more
stable than the open-like ones. This is therefore consistent
with the experimental observations showing that the crystal
structure of the rat HO-1 exhibits a closed-like form.
Obviously, only free-energy calculations would provide an
accurate estimation of the energetic profiles of the confor-
mational transitions between the different conformations of
the enzymes. Such calculations are now in progress. How-
ever, the structural models generated in this work allow us
to discuss on the origin of the stability of the different types
of conformations of the rat HO-1.

The NMA modeling of the two complete heme-free
models of the rat HO-1 provided us with the possibility for
getting a deeper insight into the structural characteristics of
the two open and closed forms. Most of the structural
differences between the two forms of rat HO-1 are located
in the binding site heme region and involve helices A, B
and F. While the open structure reveals a quite open heme-
binding site cavity, the entrance of this site is blocked in the
closed structure by the positioning of the A helix near the
F-helix, forming between them a hydrogen bond involving
the residues His25 and Tyr134 (Fig. 7). It is important to
note that both residues are involved in the polar interactions
observed in the fixation of the prosthetic group; His25 is
involved in the coordination bond with the iron atom and
Tyr134 interacts with one of the propionates of the heme to
stabilize its position in the active site (see Fig. 1). More-
over, in the open conformation these two residues are quite
distant (distance between the oxygen of the side chain of
Tyr134 and N, of the His25 is about 10 A). Among the
different structural factors that can stabilize the open form
against the closed one of the rat HO-1, we can mention the
implication of Glu29. This residue forms a strong hydrogen
bond with His25 in the open form, which has mainly an
ionic character, while in the closed form the residue His25
form a weaker hydrogen bond with Tyr134. Such a situa-
tion could point to the possibility for the open structure to
be more favored than the closed one.
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Fig. 7 Interactions between key residues of the A, B and F helices for
the rat free-heme open (a) and free-heme closed (b) energy minimized
structures

Conclusion

We show in this article how to build heme-free 3D models
of the rat HO-1 using normal modes computed for a unique
structure and guided by different templates of homologous
structures, one of them having missing parts in key physio-
logical regions. The structural best-fit algorithm based on
normal modes displacements that we presented here pro-
vides an improved way for taking into account the confor-
mational flexibility of the backbone scaffold of the target,
and represents therefore an interesting add-on for the gen-
eral framework of homology modeling. Moreover, the 3D
models of the rat HO-1 that this approach allowed us to
build were useful to get substantial insight into the stabiliz-
ing factors of the open and closed forms, and to character-
ize the collective motions which lead from one form to the
other. Obviously, the protein structures we obtained here
represent still a limited structural choice, and further analy-
sis may be required, like molecular dynamics simulations,
to better investigate the conformational preferences and the
transitions between the different forms. However, this first
approach already provided interesting structural informa-
tion missing from actual experimental knowledge.
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