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A Molecular Dynamics Study of Reovirus Attachment Protein o1
Reveals Conformational Changes in o1 Structure
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ABSTRACT Molecular dynamics simulations were performed using the recently determined crystal structure of the reovirus
attachment protein, o1. These studies were conducted to improve an understanding of two unique features of o1 structure: the
protonation state of Asp®*®, which is buried in the o1 trimer interface, and the flexibility of the protein at a defined region below
the receptor-binding head domain. Three copies of aspartic acids Asp®*® and Asp®*® cluster in a solvent-inaccessible and
hydrophobic region at the o1 trimer interface. These residues are hypothesized to mediate conformational changes in o1 during
viral attachment or cell entry. Our results indicate that protonation of Asp®*® is essential to the integrity of the trimeric structure
seen by x-ray crystallography, whereas deprotonation induces structural changes that destabilize the trimer interface. This
finding was confirmed by electrostatic calculations using the finite difference Poisson-Boltzmann method. Earlier studies show
that o1 can exist in retracted and extended conformations on the viral surface. Since protonated Asp®*® is necessary to form
a stable, extended trimer, our results suggest that protonation of Asp®*® may allow for a structural transition from a partially
detrimerized molecule to the fully formed trimer seen in the crystal structure. Additional studies were conducted to quantify the
previously observed flexibility of o1 at a defined region below the receptor-binding head domain. Increased mobility was
observed for three polar residues (Ser®®', Thr*®2, and Ser®®) located within an insertion between the second and third g-spiral
repeats of the crystallized portion of the o1 tail. These amino acids interact with water molecules of the solvent bulk and are
responsible for oscillating movement of the head of ~50° during 5 ns of simulations. This flexibility may facilitate viral at-
tachment and also function in cell entry and disassembly. These findings provide new insights about the confor-

mational dynamics of o1 that likely underlie the initiation of the reovirus infectious cycle.

INTRODUCTION

The initial step in viral infection is the attachment of the virus
to specific host molecules on the cell surface. This primary in-
teraction between the virus and its host is a critical deter-
minant of viral disease outcome and a potential target for
antiviral therapy. For mammalian reoviruses, this initial step
is mediated by the attachment of outer-capsid protein o1 to
junctional adhesion molecule 1 (JAM1) (Barton et al,
2001). Reoviruses form nonenveloped icosahedral particles
(Dryden et al., 1993) that contain a segmented double-
stranded RNA genome. They most often infect children and
can cause mild gastrointestinal or respiratory illnesses,
although most infections are asymptomatic (Tyler, 2001;
Tyler et al., 1986). Reovirus virions are ~850 A in diameter
and consist of two shells. Five structural proteins (A1,A2, A3,
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n2, and 02) form the inner shell (or ‘‘core’’), the crystal
structure of which has been determined (Reinisch et al., 2000).
The core is surrounded by an outer shell that contains the
three proteins (u1, o1, and o3) responsible for viral attach-
ment to the cell surface and penetration into the cytoplasm.
The recently reported crystal structures of o3 alone (Olland
et al., 2001) and in complex with w1 (Liemann et al., 2002)
provide insights into the molecular events essential for viral
entry.

The reovirus attachment protein, o1, is a long, fiber-like
molecule with head-and-tail morphology and several defined
regions of flexibility within its tail (Fraser et al., 1990). The
o1 tail partially inserts into the virion at the twelve vertices of
the icosahedral particle, whereas the o1 head projects away
from the virion surface (Dryden et al., 1993; Furlong et al.,
1988). All three major reovirus serotypes engage JAM1 (J. A.
Campbell and T. S. Dermody, unpublished observations)
likely via sequences located in the o1 head (Barton et al.,
2001). In addition, some reoviruses use carbohydrate-based
co-receptors for cellular attachment (Chappell et al., 2000).
The o1 protein undergoes a dramatic conformational change
from a retracted to an elongated form during viral disas-
sembly (Dryden et al., 1993; Furlong et al., 1988; Nibert
et al., 1995). The nature of this change is not known.

doi: 10.1529/biophys;.103.030825



3424

The crystal structure of a JAM1-binding fragment of o1
revealed an elongated trimer with two domains: a compact
head with a new B-barrel fold and a fibrous tail containing
a triple -spiral repeat (Chappell et al., 2002) (Fig. 1). The
fibrous tail is primarily responsible for o1 trimer formation
(Leone et al., 1991, 1992), and it contains a highly flexible
region that allows for significant movement between the tail
and head (Fraser et al., 1990). The largest contact area of the
head trimer interface is at the base of the B-barrel and
involves a cluster of conserved residues (Chappell et al.,
2002). This contact is unusual since it is centered on six
buried aspartic acid side chains in a solvent-excluded
environment. The nature of these interactions suggests that
the head minimally contributes to the overall oligomeric
stability of ol and perhaps even destabilizes the trimer.
Based on these observations, ol was proposed to be
a metastable structure capable of conformational changes
upon viral attachment or cell entry (Chappell et al., 2002).

In this study, we used molecular dynamics (MD)
simulations to investigate the conformational changes in o1
structure. MD simulations have been widely applied to
studies of dynamic features of macromolecules of biological
interest, including proteins, nucleic acids, and membranes
(Wang et al., 2001). Of particular interest for the current
study, MD simulations have provided insights into the dy-
namic events that influence functional properties of biomol-
ecules (Karplus and McCammon, 2002; Karplus and Petsko,
1990). Here, MD simulations were carried out to determine

the protonation state of one of the buried aspartic acid res-
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FIGURE 1 Ribbon tracing of the crystallized C-terminal fragment of
reovirus attachment protein o’1. Monomers A, B, and C of o1 are shown in
orange, cyan, and purple, respectively. Each monomer consists of a compact
head domain and a fibrous tail. The different protein regions are annotated.
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the influence of Asp**’ in deprotonated and protonated states
onthestability of the o1 trimer. Electrostatic calculations using
the finite difference Poisson-Boltzmann (FDPB) method
were performed at physiologic conditions to further assess
the biological relevance of the system in different protonation
states. The FDPB method, which provides an accurate de-
scription of the full range of electrostatic interactions
in macromolecules (Sharp and Honig, 1990), allowed us to
estimate both the pK, values of Asp>** and the electrostatic
free energies (AGg) of the trimerization process in different
protonation states at Asp>*.

Additional studies defined the extent of o1 flexibility in
solution and quantified the role of individual amino acids in
conferring flexibility to the structure in a region just below
the likely site of receptor engagement. Previous studies have
demonstrated that o1 possesses flexibility at several defined
regions within its long, fiber-like tail (Fraser et al., 1990).
Crystallographic analysis implicated residues 291-294 as
one region of flexibility, although the observed movement
was thought to be somewhat restricted by crystal-packing
contacts. The MD simulations allowed us to investigate the
conformational mobility associated with this o1 ‘‘hinge’’ in
a more physiologically relevant environment.

Our findings provide new insights about two unique
properties of ol that are likely to mediate conformational
movements, perhaps in response to receptor attachment or
acid-dependent disassembly. Viral attachment and internali-
zation are complex events that often depend on structural
transitions of viral capsid proteins. Most data have been
accumulated using enveloped viruses; however, little is
known about how nonenveloped viruses, like reovirus, enter
cells. Our study advances knowledge in this area by defining
the properties of two important design features of o1 that
likely serve as the basis for structural transitions required for
reovirus attachment and cell entry.

METHODS
MD simulations

The ol crystal structure solved at 2.6 A resolution, including the
crystallographic water molecules, was used as a starting model (Chappell
et al., 2002) (PDB code 1KKE) (in total 615 amino acids). Hydrogen atoms
were added with the Biopolymer module of the program suite SYBYL
(Tripos, St. Louis MO), and their position was geometrically optimized. Two
MD simulations were performed for 5 ns each to establish the correct
protonation state of Asp345 . In one simulation, Asp>** was protonated in all
three monomers, whereas in the other this residue was deprotonated. Both
trimers were immersed in a box with dimensions of 120 X 65 X 59 A3,
containing ~12,500 water molecules. Six and nine K" counterions were
added to the solvent bulk of the protein/water complexes to maintain
neutrality of the system. Water shells and counterions were first equilibrated
for 30 ps at 300 K. This was followed by 5 ns of MD simulations in the NPT
ensemble (constant temperature and pressure) using both sets of o1 trimers.
All-atom AMBER force field (Cornell et al., 1995) parameters were used for
the protein and the K" ions, whereas the TIP3P model (Jorgensen et al.,
1983) was employed to explicitly represent water molecules. The systems
were simulated in periodic boundary conditions. The van der Waals and
short-range electrostatic interactions were estimated within an 8 A cutoff,
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whereas the long-range electrostatic interactions were assessed by using the
particle mesh Ewald method (Essmann et al., 1995) with ~1 A charge grid
spacing interpolated by fourth-order B-spline and by setting the direct sum
tolerance to 10>, Bonds involving hydrogens were constrained by using the
SHAKE algorithm (Ryckaert et al., 1977) with a relative geometric tolerance
for coordinate resetting of 0.0001 A. Berendsen’s coupling algorithms were
employed to maintain constant temperature and pressure (Berendsen et al.,
1984) with the same scaling factor for both solvent and solutes and with the
time constant for heat bath coupling maintained at 1.0 ps. The pressure for the
isothermal-isobaric ensemble was regulated by using a pressure relaxation
time of 1.0 ps in Berendsen’s algorithm. The simulations of the solvated
protein models were performed using constant pressures of 1 atm and
constant temperature of 300 K. A time step of 1.5 fs was used in all
simulations, which were carried out by using the AMBER 6.0 program suite
(Case et al., 1999).

Electrostatic calculations

Electrostatic calculations were carried out using FDPB method as
implemented in the DELPHI program (Honig and Nicholls, 1995). This
method allows the solution of Poisson-Boltzmann equations in three
dimensions, using a nonlinear form incorporating two different dielectric
regions, ionic strength, and periodic and focusing boundary conditions
utilizing stripped optimum successive over-relaxation and surface charge
position. The coordinates of the trimers both fully protonated and fully
ionized at Asp>*®, and the correspondent monomers with essential hydrogen
atoms, were used as input for the calculations. The grid size was set to 65
points per dimension and the scale in grid/A to 0.52 resulting in a box fill of
98-100%. United atom charges derived from the AMBER force field
(Cornell et al., 1995) were used. The inner and outer dielectrics were set to 2
and 80, respectively. Ionic strength of the solvent was set to 0.145 M (i.e.,
the value at physiologic pH). Focusing boundary conditions were applied.
The electrostatic free energies Gg computed by DELPHI is equal to one-half
the sum of the charge of each atom times the potential at each atom position:
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In Eq. 1, ®;°*' is the external electrostatic potential and ®;°"" is the potential
arising from the particular grid mapping used. Since identical mappings
were employed, the difference between the energies of two calculations
erased this term.

The FDPB method also was used to calculate the pK,, of the Asp>*® both in
the trimer and in the monomer, following the procedure proposed by Honig
and co-workers (Yang et al., 1993). In this analysis, the ‘“intrinsic’’ pK, of a
single amino acid in a protein environment (pK,"™) was calculated according to

AAGS™
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In Eq. 2, pK,? is the standard pK, value of the titratable amino acid (e.g., 3.9
for the aspartic acid) and y is —1 and +1 for an acidic or basic group,
respectively. AAGE™ is the difference in electrostatic free energy of
interaction of Asp®*® with its protein environment in both deprotonated and
protonated form. The electrostatic free energies (Gg) for Asp** both
deprotonated and protonated either in water or in a protein environment were
calculated according to Eq. 1.

PKy" = pK, — )

RESULTS
The protonation state of Asp3*°

Two protocols of 5 ns each of MD simulations were
performed using the recently determined x-ray structure of
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the reovirus attachment protein, ol (Chappell et al., 2002)
(Fig. 1). One simulation was performed with protonated
Asp 345 (hereafter referred to as ASH>*), and the other was
carrled out with negatively charged, deprotonated Asp345
(hereafter referred to as ASP**). The analyses of the root
mean-square deviation (RMSD) values versus simulation
time for both studies are shown in Fig. 2. RMSD values were
calculated as the difference between the position of each
backbone atom in the crystal structure and in every sampled
configuration. The ol protein with ASH**® displayed
conformational movements within intervals of both 1-2 ns
and 3.5-4.5 ns (Fig. 2 A), indicating periodic dynamic
motions of the protein. In contrast, the simulation with
ASP** showed a remarkably different behavior of o'l (Fig. 2
B). In this case, the RMSD values increased during the entire
simulation, stabilizing after ~3.5 ns at ~4.5 A. Interestingly,
despite such different dynamic behaviors, both the o1 head
and tail are stable in either protonation state. Further
structural analyses demonstrated that, although the RMSD
of the ASH***-based trimer was mainly due to rigid-body
segmental motions of the o1 head with respect to the tail (see
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FIGURE 2 RMSD values of o1 backbone atoms. (A) RMSD values from
the minimized crystallographic structure of backbone atoms (black) of o1
simulated with protonated Asp>*’. The RMSD of the backbone atoms of o1
head (dark shaded), tail (light shaded), and ‘‘head + tail’’ (shaded) are also
shown, revealing that rigid-body segmental motions of the head with respect
to the tail may be responsible for the overall dynamic behavior. (B) RMSD
values from the minimized crystallographic structure of backbone atoms
(black) of ol simulated with deprotonated Asp345. The RMSD of the
backbone atoms of both the o1 head (dark shaded) and tail (light shaded) are
also shown.
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below), accumulation of negative electrostatic energy within
the Asp-rich region at the base of the o1 head was mainly
responsible for the RMSD profile of the ASP**-based
complex (see below).

We next evaluated the pK, values of Asp>** by means of
electrostatic calculations carried out using the FDPB method
and employing the procedure of Honig and co-workers
(Yang et al., 1993). In the o1 monomer, Asp*** displayed
a pK, very similar to that of an aspartic acid in water (pK, =
~3.9), whereas in the trimer, Asp>** displayed a pK, much
higher than that of an arginine (the most basic amino acid)
(pK, > 12.5).

Although the plots shown in Fig. 2 and the pK,
calculations clearly suggest that Asp>* is protonated in the
ol crystal structure, this feature of o1 was further confirmed
by analyzing the RMSD values versus simulation time of all
nonhydrogen atoms of Tyr’'?, Arg®'*, Asp®®, Asp™*®, and
Tyr**’, which are the amino acids in the immediate vicinity of
the solvent-excluded aspartate-rich region. As shown in Fig.
3 A, these residues were extremely stable with low RMSD
values (~0.5 A) when o1 was simulated with the neutral
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FIGURE 3 The protonation state of Asp>**. (A) RMSD values from the
minimized crystallographic structure of all nonhydrogen atoms of Tyr*'?,
Arg®™, Asp®®, Asp®*S, and Tyr**” during the simulation with protonated
(ASH**, black) and deprotonated (ASP**, shaded) Asp345. The dynamic
behavior of these residues is strongly dependent on the protonation state of
Asp*®. (B) Asp®® and Asp™® residues as they appear interlinked in the
trimer from a minimized snapshot at 5 ns of the MD simulation performed
with ASH*** (protonated Asp>*, lefr) and ASP** (deprotonated Asp®*®,
right). The hydrogen bond pattern (in red) that was observed in the crystal
structure is only preserved during the simulation of o1 with protonated
Asp>*® (ASH>, eft).
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aspartic acid (ASH345 , black). In contrast, the same atoms did
not reach a stable conformation when the protein was
simulated with the negatively charged aspartate (ASP**°,
shaded). Remarkably, the conformational mobility of these
residues persisted despite the fact that the RMSD of the
backbone atoms of the ASP**>-based trimer stabilized at
~4.5 A after 3.5 ns of simulation (Fig. 2 B). Interestingly, in
the case of ASH345-containing ol, the conformational
motion experienced by the protein within both the 1-2 ns
and 3.5-4.5 ns intervals (Fig. 2 A) did not affect the atoms at
the trimer interface. The ol trimer with ASH** was
conformationally far more stable than the trimer with
ASP** as also confirmed by inspection of two minimized
MD snapshots after 5 ns of simulations. As shown in Fig. 3 B,
the H-bond pattern between Asp345 and Asp346 was
maintained during the simulation with ASH?*® , but this
configuration was lost in the simulation with ASP**°. This H-
bond pattern avoids the accumulation of repelling negative
charges at the base of the head trimer interface and indeed is
the main reason for its conformational stability during the
simulation with ASH**. Accordingly, loss of this H-bond
pattern likely accounts for the mobility observed in the
ASP**_containing trimer. Moreover, Tyr’'? and Tyr*’,
which surround Asp345 , contribute to such an electrostatic
repulsion by means of the 7r-electron clouds of their aromatic
rings. Thus, our MD simulations and pK, calculations clearly
support the conclusion that Asp**® is protonated in the o'
crystal structure.

We next investigated how the different protonation states
of Asp** affect stability of the o1 trimer. For this analysis,
we performed FDPB-based calculations using both the
ASH?* and ASP** models to compute the electrostatic free
energies (AGg) of the trimer. FDPB-based calculations also
were carried out using trimers with intermediate protonation
states (one- and two-protonated Asp>*’ residues). The results
of these calculations are shown in Table 1. Trimer stability is
electrostatically substantially more favored in the fully
protonated state (ASH345 model). It is noteworthy that all
of the calculated AGE values are positive, suggesting that the
crystallized trimeric ol structure is incompatible with de-
protonated Asp>* side chains.

Further analyses focused on residues Tyr313, Arg314,
Asp345 s Asp346, and Tyr347, which are located at the base of
the o1 head and mediate intersubunit contacts between the
three chains of the o1 trimer. Moreover, the two tyrosine side
chains form hydrophobic layers that sandwich Asp®*°. The
interchain distances between two Ca of the same residue in
the different chains were monitored during 5 ns of MD
simulations. The average distances between the Ca carbons
of Tyr313, Arg314, Asp345, Asp346, and Tyr3 47 of chains A, B,
and C for both simulations are shown in Fig. 4 A. We found
that deprotonation of Asp>* resulted in increased distances
between the o1 chains at the base of their heads, reaching
deviations >4 A from the x-ray structure for the analyzed
residues. This movement allowed water molecules of the
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solvent bulk to access the Asp-rich region. In contrast, during
the MD simulations with ASH345, the interchain distances
did not show significant changes in comparison to those in
the crystal structure, allowing a solvent-excluded environ-
ment adjacent to the Asp-rich region to be maintained. This
finding was confirmed by analyzing the Connolly surface
(Connolly, 1983) of the residues at the base of the heads. Two
snapshots at the end of the MD simulations are shown in Fig.
4 B. These analyses indicate that during the simulation with
ASH** the tight H-bond pattern did not allow the heads to
separate, although this occurred during the simulation with
ASP**. We conclude that deprotonated Asp>* side chains
are incompatible with the stable trimeric structure seen in the
ol crystals. The Asp>* side chains must be protonated to
allow for tight contacts between the head domains, and thus
the trimeric o1 must be formed under conditions in which
Asp®® is protonated.

The molecular basis of o1 flexibility

The molecular basis of ol flexibility was defined by
analyzing the conformational movements of the protein
during the MD simulations. Results reported thus far indicate
that Asp>* is protonated in the ol crystal structure.
Therefore, we used the neutral aspartic acid structure of o'l
(ASH**®) for these studies. The plots shown in Fig. 2 A
indicate that both the head and tail domains of o1 are very
stable during 5 ns of MD simulations (RMSD = ~1 A),
whereas when analyzed together (plot ‘‘head + tail”’ of Fig.
2 A) the RMSD values of these domains show an oscillating
behavior. Therefore, rigid-body segmental motions of the
head with respect to the tail might be responsible for the
RMSD values observed in the simulations with the ASH***-
based trimer. To test this hypothesis, we first analyzed the
mean RMSD values of the backbone atoms within simulation
intervals in which the protein underwent significant confor-
mational changes (1.0-2.0 ns, Fig. 5 A; 2.0-3.0 ns, Fig. 5 B;
and 3.5-4.5 ns, Fig. 5 C). In this analysis, a segment
comprising residues 291-294 was found to be one of the
most flexible regions of the molecule. Amino acids Ser*”'—
Pro”** have been previously suggested to be important for o1
flexibility (Chappell et al., 2002). In particular, the crystal
structure did not show any intra- or intermolecular contacts
within the o1 trimer for these residues, whose conformations
were mostly determined by crystal-packing forces. These
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observations led to the suggestion that the observed
movement of the o1 head with respect to the base of the
tail of almost 23° was mainly due to these amino acids
(Chappell et al., 2002).

During the MD simulations, the side chains of Serzgl,
Thr**?, and Ser®” interacted mainly with the solvent bulk.
Furthermore, the observed high mean RMSD values for their
backbone atoms indicate that this region of ol is highly
flexible. To investigate how the flexibility of Ser*'-Ser*”?
influences the movement of the head with respect to the tail,
we defined the centers of mass (centroids) of the head, tail,
and head-tail junction. The axes of both the head and tail were
defined as the segments connecting the head centroid to the
head-tail centroid, and the tail centroid to the head-tail cen-
troid, respectively. We analyzed the oscillating movement of
the head by sampling the angle between the axis of the head
in the crystal structure and the axis of the head at every con-
formation throughout 5 ns of MD simulations. The move-
ment detected between the crystal structure conformation
(red in Fig. 6 A) and a conformation at 2.5 ns (green in Fig. 6
A) was ~10° to the right; the movement was ~40° to the left
when the crystal structure conformation was compared to
a conformation sampled at 4.0 ns (blue in Fig. 6 A). These
conformations at 2.5 ns and 4.0 ns were those displaying the
maximum displacement of the o1 head with respect to its
conformation in the crystal structure (Fig. 6 B). Therefore, the
ol head underwent an oscillating motion as wide as ~50°
during 5 ns of MD simulations (Fig. 6 C). These results
provide further support for the previously proposed confor-
mational mobility of the o1 head and suggest that the protein
is capable of much wider movement in an aqueous environment
than in the crystal (50° vs. 23°). In additional analyses, we
investigated the bending down movement of the o1 head,
sampling the angle between the head and tail axes throughout
5 ns of MD simulations. We found that the maximum angle
between the o1 head and tail axes is ~150°, as seen in
a conformation sampled at ~4.0 ns, whereas it had been
detected at —170° in the crystal structure (Fig. 6 C). These
results further suggest that ol undergoes substantial
conformational changes in an aqueous environment.

DISCUSSION

The structural changes that accompany reovirus attachment
and cell entry, and the transition from the virion to subvirion

TABLE 1 Differences in electrostatic free energies (Gg) between the monomers (mono) and the trimer (tri) in different
protonation states

Gg Gg AGg Gg Gg AGg Gg Gg AGg Gg Gg AGg
ASPyi  ASPono ASP ASH_A,; ASH_Apono ASH_A ASH_AB,; ASH_AB,ono. ASH_AB ASH;; ASHuono ASH
8627 8086 541 (321) 8501 8070 431 (255) 8379 8065 314 (186) 8287 8063 224 (133)

ASP and ASH are the models of o1 fully deprotonated and protonated, respectively. ASH_A is the model with protonated Asp**® of chain A. ASH_AB is the

model with protonated Asp>*®

parentheses in kcal/mol.

of chains A and B. The Gg values are calculated according to Eq. 1. The energy values are in kT. The AGg values are in

Biophysical Journal 86(6) 3423-3431
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FIGURE 4 Separation of the o1 head. (A) Average interchain distances
(AB, AC, BC) during 5 ns of MD simulations between Ca carbons of
Tyr’'?, Arg®'*, Asp®*, Asp™®, and Tyr** belonging to two different chains.
The average distances calculated during 5 ns of MD simulations with

protonated and deprotonated Asp345 are shown in black and shaded,

respectively. The average distances calculated during the MD simulations
using ol containing ASH>* (black) are similar to those observed in the
crystal structure. (B) The ol head after 5 ns of MD simulations. The
Connolly surface of the residues at the base of the head is shown (radius 1.4
A). The o1 heads appear to separate during the simulation with fully ionized
Asp345-containing ol. The Asp-rich region might trigger separation of the
ol heads.

intermediate and core particle, are poorly understood
(Dryden et al., 1993). The o1 protein likely plays a key
role in these events as it facilitates viral attachment and
undergoes major conformational changes during viral
disassembly (Dryden et al., 1993; Furlong et al., 1988).
During the disassembly process, proteolytic cleavage of
reovirus outer-capsid protein ¢3, which lies in close
proximity to ol on the virion surface (Nason et al., 2001;
Nibert et al., 1995), coincides with a change in ol from
aretracted to an extended conformation (Dryden et al., 1993;
Furlong et al., 1988; Nibert et al., 1995). It is likely that the
two properties of ol studied here help mediate these
conformational movements.

The role of Asp®*®

Mechanisms underlying the conformational changes in o1
during reovirus attachment and disassembly are unknown.
However, pH might be a driving force for these changes in o'l
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conformation (Sturzenbecker et al., 1987; Wetzel et al.,
1997), similar in some respects to the acid-dependent
changes in the influenza-virus hemagglutinin (Bullough
et al., 1994a,b). Therefore, it is possible that the protonation
state of Asp>* plays an important role in o'1-mediated events
during the initiation of reovirus replication. In the crystal
structure, the Asp>*” side chains cluster in a solvent-excluded
area at the head trimer interface. Each Asp** side chain in
the o1 monomer is within hydrogen-bond distance to its
symmetry-mate, and it is also close to the neighboring Asp>*®
residue in the same monomer (Chappell et al., 2002). No
counterion is present that might compensate for excess
negative charges at the center of the trimer. Interestingly, both
Asp>* and Asp>*® are absolutely conserved among prototype
strains of the three reovirus serotypes (Duncan et al., 1990;
Nibert et al., 1990). We present clear evidence to show that
o1 must be protonated at all three Asp>*” side chains to form
a stable trimer with the interactions seen in the crystal
structure. Introducing a charge at the Asp>* side chain leads
to destabilization of the trimer and separation of the head
domains. This result indicates that the trimeric structure of o1
seen in the crystal must have been formed under conditions
that allow Asp>* to be protonated. Conceivably, this process
could involve a low pH environment or perhaps interactions
with other proteins. Once assembled, the trimer is remarkably
stable and resistant to proteases even at neutral pH (Chappell
etal., 1998; Nibert et al., 1995), indicating that deprotonation
of Asp>* cannot occur once the trimer is formed. This latter
point is fully consistent with our observation that water
molecules could not reach the Asp>*® side chain from the
outside throughout 5 ns of MD simulations with the ASH***-
based trimer. Thus, the extended form of the o1 trimer seen in
the crystal structure appears to be the endpoint of a structural
transition rather than the starting point for one. This model is
in agreement with previous studies in which a more extended
conformer of ol is observed at later stages of viral
disassembly (Dryden et al., 1993; Furlong et al., 1988;
Nibert et al., 1995). It also provides an explanation for the
previously postulated o1 transition from a retracted to a more
extended state during the disassembly cascade (Dryden et al.,
1993; Furlong et al., 1988; Nibert et al., 1995).

What might the starting point for o1 look like? We think it
likely that such a state would involve a partially detrimerized
o1 protein, in which the head domains (and perhaps also the
B-spiral region) are separated from each other. We note that
the ol head is thought to be in close proximity to the o3
protein in the reovirus virion (Nason et al., 2001). Such an
arrangement is difficult to reconcile with a fully extended
structure of o'l in which the head protrudes ~380 A from the
capsid shell (Fraser et al., 1990; Furlong et al., 1988). Thus,
the head domain may be folded back onto the virion surface.
An event such as the engagement of a receptor, or a change in
pH, or a combination of both might destabilize this retracted
form of o1 and favor the formation of the trimer seen in the
crystal structure.
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FIGURE 5 RMSD values of all o1 amino acids. (A)
Average RMSD values of the backbone atoms of each
amino acid from the minimized crystallographic structure
within the simulation interval 1-2 ns. (B) Average RMSD
values of the backbone atoms of each amino acid from the
minimized crystallographic structure within the simulation
interval 2-3 ns. (C) Average RMSD values of the
backbone atoms of each amino acid from the minimized
crystallographic structure within the simulation interval
3.5-4.5 ns.
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The role of o1 flexibility

Our MD studies show that residues Ser’®'-Pro?** exhibit

a high degree of flexibility, allowing dramatic movements of
the o1 head with respect to the tail. In an aqueous environment,
the oscillating motion of the o1 head with respect to the tail
was as wide as 50° throughout 5 ns of MD simulations versus
23° observed in the crystal structure, where the flexibility was
constrained by crystal-packing forces (Chappell et al., 2002).
Flexibility of o1 at this region was previously observed in

250 260 270 280 230 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450

electron micrographs of full-length o1 (Fraser et al., 1990).
Rotary shadowing experiments clearly show that the full-
length ol trimer possesses several hinge regions, one of
which is located near the head and likely identical to the one
investigated here (Fraser et al., 1990). In the electron micro-
graphs, the trimeric o1 head bends from the trimer axis at
this hinge to a degree similar to that seen in our studies. In both
cases a similar maximal bending angle is observed, suggest-
ing that the trimeric head is not capable of bending more than
a certain degree (~150°). The head is anchored to the spiral
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by three tightly interacting monomeric units, and these inter-
actions probably limit the degree of conformational mobility
at this site.

Flexibility of o1 might be a fundamental requirement for
viral attachment to the surface of host cells, as previously
suggested for the adenovirus attachment protein, fiber, in
which flexibility plays an important role in receptor
selectivity and viral tropism (Chiu et al., 2001; Wu et al.,
2003). Reovirus particles are relatively large, and the long
fiber-like tail may be necessary to allow the head to reach its
receptor JAMI1, which contains two immunoglobulin-like
domains (Prota et al., 2003) and thus is located in close
proximity to the cell surface. Flexibility at a hinge region just
below the ol head might facilitate engagement of this
receptor by allowing the head to position itself properly for a
productive interaction. We note that the flexible insertion
between spiral repeats 2 and 3 of the crystallized o1 fragment
is shorter in T3D o1 than in the prototype strains of the other
two major reovirus serotypes (Chappell et al., 2002). Since
reovirus serotypes differ strikingly in the capacity to infect
discrete populations of cells in the murine central nervous
system (Tyler et al., 1986; Weiner et al., 1977, 1980), this
region of o1 may influence reovirus pathogenesis.

Results reported here demonstrate that MD simulations
within the molecular modeling framework are a powerful
complement to x-ray diffraction (Huse and Kuriyan, 2002).
Our findings support hypotheses that directly implicate
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FIGURE 6 The basis of ol flexibility. (A) The ol
crystal structure (red) and snapshots at 2.5 ns (green) and
4 ns (blue) from the ASH**-based MD simulation. (B)
Superimposition of two snapshots representative of the
overall protein dynamics onto the crystallographic struc-
ture of ol. The three-dimensional alignment was

50° accomplished by fitting the backbone atoms of amino

acids (255-288) of the ol tail. (C) Schematic represen-
tation of the three superimposed structures. Angle values
were defined by first estimating the centers of mass
(centroids) of the protein head, tail, and head-tail junction.
The axes of both head and tail were defined as the
segments connecting the head centroid to the head-tail
centroid, and from the tail centroid to the head-tail
centroid, respectively. The oscillating movement was
estimated as the angle between the head axis of two
different snapshots (maximum value of ~50° was
calculated between a snapshot at 2.5 ns and a snapshot
at 4 ns). The bending down movement of the head was
defined as the angle between the head and tail axes
(maximum calculated value ~150°).

a change in ol protonation during an early point in the
reovirus infectious cycle. Based on these studies, it is now
possible to design experiments to enhance an understanding
of the role of head trimer stability in reovirus attachment and
cell entry. Moreover, altering the flexibility of the hinge
region (by elongating or shortening it) might correlate with
changes in the efficiency of these early events in reovirus
replication. Thus, our MD studies provide an experimental
platform to define mechanisms underlying the conformational
dynamics of o1 during reovirus attachment and cell entry.
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