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Mammalian orthoreoviruses use glycans and junctional adhesion molecule A (JAM-A) as attachment receptors. We determined
the structure of serotype 1 reovirus attachment protein �1 alone and in complex with JAM-A. Comparison with the structure of
serotype 3 reovirus �1 bound to JAM-A reveals that both �1 proteins engage JAM-A with similar affinities and via conserved
binding epitopes. Thus, �1–JAM-A interactions are unlikely to explain the differences in pathogenesis displayed by these reovi-
rus serotypes.

Engagement of receptors by viruses initiates infection and
influences cell and tissue tropism in the host. While struc-

tures of viral ligands bound to receptors are known for some
viruses, the binding mode is often based on an exemplary se-
rotype, making it difficult to link serotype-specific differences
in tropism with differences in receptor recognition. Mamma-
lian orthoreoviruses (reoviruses) are a useful model for such
studies, as the serotypes display striking differences in neural
tropism yet engage the same protein receptor, the tight-junc-
tion component junctional adhesion molecule A (JAM-A) (1,
2). In addition, serotype 1 (T1) reovirus uses the glycan portion
of GM2 as a receptor (3), whereas serotype 3 (T3) reovirus
engages a range of sialylated glycans (4–7).

The crystal structure of the trimeric reovirus attachment
protein �1 bound to the membrane-distal immunoglobulin-
like D1 domain of JAM-A identified a JAM-A-binding site on
the lower part of the T3 �1 head domain (8). As the sequences
of the T1 and T3 �1 proteins are not well conserved (9), we
determined the structure of the T1 �1 head in complex with
JAM-A at 3.2 Å resolution to identify possible differences in
JAM-A receptor recognition among the reovirus serotypes. We
also determined the structure of the unliganded T1 �1 head at
2.2 Å resolution to determine whether JAM-A induces struc-
tural changes in T1 �1.

To determine the structure of the unliganded T1 �1 head
(amino acids 308 to 470), we crystallized a construct with a His tag
and a trimeric version of the coiled-coil domain of the yeast tran-
scription factor GCN4 (general control nonderepressible 4) (3, 10,
11). The tag was removed for surface plasmon resonance (SPR)
experiments. After tag removal, eight non-�1 amino acids remain
at the N terminus as a result of the construct design. These amino
acids are distant from the JAM-A-binding site. For complex for-
mation with JAM-A D1 (8), we used a different T1 �1 construct in
which amino acids 308 to 470 were cloned into the pET-15b vec-
tor, yielding only two additional amino acids at the N terminus. A
complex consisting of T1 �1 and JAM-A D1 was formed from T1
�1 purified by JAM-A affinity chromatography. Clarified super-
natant containing T1 �1 was loaded onto a GSTrap column (GE
Healthcare) containing glutathione S-transferase-tagged JAM-A
D1 (8). On-column incubation with thrombin released the �1–

JAM-A complex, which was concentrated to 3.6 mg/ml. Crystals
were obtained in 0.1 M morpholineethanesulfonic acid (MES; pH
6.9)–17.1% polyethylene glycol 20000 and flash-frozen with 20%
methylpentanediol as a cryoprotectant. Data were collected at the
PX III beamline of the Swiss Light Source and processed with XDS
(12). The structure was solved by molecular replacement with
Phaser (13) by using homology-truncated T3 �1 and JAM-A
(3EOY). Refinement was completed with Phenix (14) and Buster
(15). Models were built with Coot (16). Data collection and re-
finement statistics are provided in Table 1. Structural figures were
prepared with PyMOL (17).

The T1 �1 head is a symmetric trimer with intermolecular
contacts that are essentially identical to those observed in the T3
�1 head (9). Each T1 �1 monomer engages JAM-A D1 (Fig. 1) in
a manner similar to that observed in the T3 �1 head–JAM-A D1
complex (8). In both complexes, JAM-A is bound at the lower
edge of the �-barrel forming the �1 head, with several contacts
involving the 310 helix in the D-E loop. JAM-A also forms contacts
with residues in the body domain located beneath the head (Fig.
1A). The combined contact areas for the complexes are similar in
size, 1,644 Å2 for T1 (Fig. 1D) and 1,622 Å2 for T3 (8). However,
the hydrogen bonding network encompasses the entire contact
area on T1 �1, whereas hydrogen bonds are restricted to the con-
tact area on the T3 �1 head, dividing the contact area into two
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parts (Table 2). Contacts formed by residues in the highly con-
served 310 helix of T1 �1 are nearly identical to those in the T3
�1–JAM-A complex. An additional hydrogen bond exists between
T1 residue Gln396 and the main-chain nitrogen atom of Arg59 in
JAM-A. This interaction cannot be formed by the equivalent res-
idue of T3 �1, which is a leucine. Interactions surrounding the 310

helix are also similar in both complexes. The side chain of T1
residue Glu401 is shifted upward and interacts with JAM-A Tyr75
in addition to Asn76 and Lys78. The lower contact area is more
polar in T1, where Arg312 and Arg329 contact the JAM-A F-G
loop. Arg329 is replaced by an asparagine in T3, which cannot
form similar contacts. The different contacts lead to slightly dif-

TABLE 1 Data collection and refinement statistics

Statistic T1 �1 T1 �1–JAM-A complex

Data collection
Space group I212121 P3121
Unit cell dimensions (Å) a � 112.9, b � 113.0, c � 113.2 a � b � 156.8, c � 96.5
Unit cell angle(s) (°) � � � � � � 90 � � � � 90, � � 120
Resolution range (Å) 50–2.20 (2.26–2.20)a 50.00–3.20 (3.28–3.20)
Completeness (%) 98.7 (98.9) 99.1 (99.5)
No. of unique reflections 36,975 22,673
Redundancy (fold) 5.1 4.8 (3.8)
Rmeas (%)b 13.0 (131.8) 8.6 (43.8)
Rmrgd-F (%)b 11.1 (50.6)
I/�I ratio 11.7 (1.6) 14.8 (3.3)

Refinement
Resolution range (Å) 42.32–2.20 (2.26–2.20) 41.00–3.20 (3.28–3.20)
Rwork (%) 19.1 21.1 (25.9)
Rfree (%)c 22.2 24.3 (30.0)
No. of protein atoms 3,797 6,276

B factor (Å2)
Protein 38.0 81.6
�1 62.8
JAM-A 112.1

No. of molecules
Water 94
Cl� 3
Mg2� 3
Acetate 3
Glycerol 7

B factor (Å2)
Water 48.1
Cl� 49.7
Mg2� 51.0
Acetate 63.4
Glycerol 53.7

RMSDd

Bond lengths (Å) 0.010 0.009
Bond angles (°) 1.100 1.200

Ramachandran plote

Most favorable regions (%) 97.1 96.0
Additional allowed regions (%) 2.9 4.0
Generously allowed regions (%) 0 0
Disallowed regions (%) 0 0

a Values in parentheses refer to the outermost resolution shell.
b As defined by Diederichs and Karplus (28).
c Free set (29) contains 10% of the data.
d RMSD, root mean square deviation.
e Calculated with Rampage (26, 30).
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ferent binding angles of JAM-A D1 in the respective complexes
(Fig. 1C). The different angles are unlikely to result from crystal
packing, as there are several copies of each complex present in the
asymmetric units of the two structures.

To determine the affinities of T1 and T3 �1 for JAM-A, we
performed SPR experiments with a Biacore 2000 (GE Healthcare).
C-terminal regions of T1 �1 (56 kDa) or T3 �1 (53 kDa, amino
acids 293 to 455) trimers (18) were immobilized on a CM5 bio-
sensor chip at a density of 25 to 60 resonance units (RU) with
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride–
N-hydroxysuccinimide coupling chemistry. Deactivated flow cells
served as a reference. JAM-A D1D2 (23 kDa, amino acids 27 to
233) (19) was serially diluted 2-fold and injected onto the biosen-
sor surface for 300 s with a dissociation time of 500 s and a flow
rate of 50 	l/min. Data were reference subtracted, solvent cor-
rected, and evaluated with BIA evaluation software (GE Health-
care) and OriginPro (OriginLab, Northampton, MA). In each
case, three or four independent experiments were performed with
two different chips. Both complexes display high nanomolar af-
finities, with averaged Kd values of 2.0 (
 0.1) � 10�7 M for T1
and 5.3 (
 0.5) � 10�7 M for T3 (Fig. 2). Because of high on and
off rates of JAM-A binding to T1 and T3 �1, kinetic parameters of
the interaction could not be determined. These Kd values are con-
sistent with the comparable contacts in the crystal structures.

The conservation of the JAM-A-binding site on T3 �1 (8) sug-
gested that the other reovirus serotypes engage JAM-A in a similar
manner. The T1 �1 head–JAM-A D1 structure now provides evi-
dence that this is indeed the case. Our analysis establishes that
differences in tropism between T1 and T3 reoviruses are unlikely
to be attributable to differential recognition of JAM-A. Instead, we
think it possible that recognition of different carbohydrate core-

FIG 1 Structure of the T1 �1–JAM-A complex and conservation of the JAM-A-binding site on �1. Ribbon tracing showing the complex from the side (A) and
the top along the trimer axis (B). The �1 protein is red, yellow, and blue; JAM-A is green. (C) C� tracing of the T1 �1–JAM-A complex. T1 �1 is orange; JAM-A
is green. One subunit of the T3 �1–JAM-A complex is superposed in gray (PDB code 3EOY). (D) JAM-A contact area on T1 �1. The �1 protein is shown in a
surface representation. Residues are colored according to conservation among T1 (Lang strain, T1L), serotype 2 (Jones strain, T2J), and T3 (Dearing strain, T3D)
from dark blue to light blue. The JAM-A contact area is outlined in orange. (E) Clustal W alignment (25) of the �1 head domains of strains T1L, T2J, and T3D
colored as in panel D. T1 and T3 residues contacting JAM-A within 5 Å are marked in orange.

TABLE 2 JAM-A-contacting residues in T1 �1 aligned with T3 �1a

T1 �1 T3 �1 Location

Arg312b Arg297 � spiral (body)
Tyr313 Tyr298
Arg329b Asn312 � helix between head and body
Arg333 Arg316 � strand A
Phe387 Phe370 D-E loop
Val388c Val371c

Ser389 Thr372
Ser393 Pro376
Gly394 Pro377
Trp395 Leu378
Gln396b Leu379
Thr397c Thr380c 310 helix in D-E loop
Gly398c Gly381c

Asp399b Asp382b

Glu401b Glu384b D-E loop
Trp436 Trp421 � strand F
Asp438b Asp423b F-G loop
Gly439 Gly424
a Residues in italics are conserved in prototype reovirus strain T1L, T2J, and T3D �1.
b Residue forming a hydrogen bond or salt bridge with JAM-A D1 via side-chain interaction.
c Residue forming a hydrogen bond or salt bridge with JAM-A D1 via main-chain
interaction.
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ceptors by �1 influences serotype-dependent differences in tro-
pism (20, 21). Differences in the tropism of T1 and T3 for ependy-
mal cells and neurons, respectively, in the murine central nervous
system segregate with the �1-encoding S1 gene (22, 23). We cur-

rently are conducting experiments to define the domains in �1
responsible for these tropism differences as part of another study.
In this regard, the T1 and T3 �1 proteins use different binding
sites for sialylated glycan coreceptors (3, 6). T1 �1 engages both
JAM-A and the GM2 glycan with adjacent contact regions in the
head domain, whereas the glycan binding site of T3 �1 is located in
the body domain. Despite the proximity of the two binding sites,
both receptors can bind simultaneously to T1 �1 (Fig. 3A) and
also to T3 �1 (6, 24). Comparison with the unliganded T1 �1 head
shows no significant structural changes upon JAM-A binding.
Both structures superimpose with a root mean square deviation of
0.58 Å (Fig. 3B). Therefore, our data support a multistep adhe-
sion-strengthening mechanism in which lower-affinity binding to
carbohydrates guides the virus to target cells, while subsequent
higher-affinity binding to JAM-A leads to stable attachment and
primes the virus for entry (4).

Protein structure accession numbers. Protein structural data
have been deposited at the Protein Data Bank (PDB) under acces-
sion numbers 4ODB (T1 �1–JAM-A complex) and 4XC5 (T1 �1).
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FIG 2 Representative SPR studies of JAM-A binding to �1. Sensorgrams of 10 different concentrations of JAM-A (A, 0.02 to 10 	M; B, 0.04 to 20 	M) injected in
duplicate over immobilized T1 �1 (A) and T3 �1 (B), respectively, at 25°C. Red boxes indicate the range used for calculation of equilibrium response values. (C and D)
Curves of JAM-A binding to T1 �1 (C) and T3 �1 (D). The equilibrium response values are plotted against the injected JAM-A concentrations. The �2 values are 1.91
(C) and 0.27 (D); the R2 values are 0.987 (C) and 0.998 (D). The average Kd values and standard deviations of several independent measurements are shown.

FIG 3 (A) Model of T1 �1 bound to its two receptors. The �1 protein (head
domain and three �-spiral repeats) is shown in a surface representation (gray)
in complex with GM2 shown in a stick representation (4GU3) (magenta) and
JAM-A D1D2 (1NBQ) shown as a ribbon tracing (green). (B) Comparison of
T1 �1 in complex with JAM-A D1 and unliganded T1 �1. A C� tracing of the
T1 �1–JAM-A complex is shown with T1 �1 in orange and JAM-A in green.
One monomer of unliganded T1 �1 is gray. Secondary-structure matching
superpositions were calculated with Coot and CCP4 (16, 26, 27).
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