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V
iral infection is initiated by the
attachment of the virus to the
appropriate host cells. This
process involves a series of

dedicated virion proteins that have
evolved to specifically recognize one, or
a small number, of cell-surface mole-
cules. Although a number of virus–host
attachment mechanisms involve direct
protein–protein interactions, carbohy-
drate molecules such as sialic acids
(SAs) may also serve as receptor-
binding determinants. The binding of
viral envelope glycoproteins to carbohy-
drates on cell membranes plays a signifi-
cant role in infection by many viruses.
In general, the glycoproteins of several
lipid-enveloped viruses, including orth-
myxoviruses (influenza A, B, and C),
toroviruses, and coronaviruses, have
three important functions: to recognize
the receptor on the cell surface, to me-
diate viral fusion with the cell
membrane, and to destroy the receptor.
In the highly infectious influenza A and
B viruses, the receptor-binding and
membrane-fusion activities of cell entry
are carried out by the glycoprotein hem-
agglutinin (HA) (Fig. 1a). The receptor-
destroying enzyme (RDE) activity
important for virus release is conducted
by the glycoprotein/enzyme neuramini-
dase (NA). In influenza C virus, a single
glycoprotein, the hemagglutinin-
esterase-fusion (HEF) protein, possesses
all three functions. For a number of
toroviruses and group 2a coronaviruses,
the glycoprotein hemagglutinin esterase
(HE) has both receptor-destroying and
receptor-binding activities. However, the
receptor-binding activity of HE is con-
sidered accessory to that of the spike
protein (S), a receptor-binding and fu-
sion protein (Fig. 1b). Our understand-
ing of the structure, mechanism, and
evolution of HA, HEF, NA, and S at
the molecular level has increased sub-
stantially over the past two decades be-
cause of the availability of numerous
x-ray structural models of these mole-
cules in the unliganded or receptor-
bound complexes. In contrast, a lack of
detailed structural studies on HE has
hindered our understanding of its func-
tion and evolution. In this issue of
PNAS, Zeng et al. (1) report the x-ray
structures of HE from bovine corona-
virus (BCoV) in both its unliganded and
liganded forms. These structures and the
associated biochemical data reported
provide us with new insight and clues

into the evolutionary relationships
among corona-, toro-, and influenza
viruses.

Corona- and toroviruses (family Coro-
naviridae, order Nidovirales) are envel-
oped, positive-stranded RNA viruses
that have been implicated in many dif-
ferent respiratory and enteric diseases.
Toroviruses are known to cause mild
enteric infections in animals such as
swine and cattle, and possibly humans.
In contrast, coronaviruses, including the
human coronavirus that causes severe-
acute respiratory syndrome (SARS-
CoV), are now recognized as important
human and animal pathogens. Despite
their potential clinical and veterinary
relevance, little is known about molecu-
lar details of the viral entry process of
these pathogens.

The involvement of the spike (S) gly-
coprotein in host-cell recognition and
virus–host membrane fusion is well doc-
umented (reviewed in ref. 2). Spike is a
trimeric protein (Fig. 1b) that specifi-
cally recognizes different cell-surface
receptor glycoproteins depending on the
specific coronavirus involved. For exam-
ple, some coronaviruses of group 1 are
capable of recognizing aminopeptidase
N (APN), whereas others, along with
members of the group 2b coronaviruses,
bind to angiotensin-converting enzyme
(ACE2). The group 2a coronaviruses,
including BCoV, human coronavirus
strain OC43 (HCoV-OC43), and mouse
hepatitis virus DVIM (MHV-DVIM),
bind to the carcinoembryonic antigen
cell adhesion molecule 1 (CEACAM1).
A large number of the coronaviruses in
group 2a also express a second surface
glycoprotein, HE, that functions as both
a hemagglutination protein and acetyles-
terase (Fig. 1a). Depending on the coro-
navirus, HE binds to specific SAs,
causing hemagglutination, and its acetyl-
transferase activity cleaves off specific
O-acetyl groups from these SAs on ei-
ther glycoproteins or glycolipids. For
example, BCoV, MHV-DVIM, and
HCoV-OC43 all have sialic acid-O-
acetylesterase activity, whereas mouse
hepatitis virus S (MHV-S) and infec-
tious salmon anemia virus have sialic
acid-4-O-acetylesterase activity (Fig. 1c)
(reviewed in ref. 3).

Zeng et al. (1) first demonstrated that
their recombinant version of BCoV has
sialic acid-9-O-acetyltransferase activity
on synthetic substrates and that it is ca-
pable of destroying BCoV receptors on

rat erythrocytes. Armed with this infor-
mation, they crystallized the wild-type
HE protein and determined the x-ray
structure. Next, they generated a
catalytically inactive form of HE by re-
placing the active site serine with an
alanine residue, and then they soaked
crystals of this HE mutant with the
receptor-ligand analog Neu4,5,9Ac32Me.
These x-ray structures yield a number of
surprising observations that were not
predicted on the basis of the structures
of the related HA and HEF proteins.

From the structures it is evident that
HE is not a trimeric protein as has been
predicted on the basis of the trimeric
structures for HEF and HA. Rather,
HE is a dimeric protein with unique
subunit contacts (Fig. 1d). Dimerization
of HE is achieved by interaction of the
receptor domains (R) and the mem-
brane-proximal domains (MP). The MPs
of HE are formed from a remnant por-
tion of the F1 fusion domain of HEF
and HA, and the F2 domain. Contacts
between the enzyme domains (E) were
not observed (Fig. 1d). For HEF and
HA, trimerization results from signifi-
cant interactions between the entire F
domain inclusive of F1, F2, F3, and MP
(Fig. 1e) (4–6). The trimeric coiled-coil
fusion domain for HEF and HA is nec-
essary for fusion of influenza A, B, and
C viruses to the host cell. However, be-
cause the fusion of corona- and toro-
viruses is mediated through spike, there
has been no evolutionary pressure on
HE to retain all of the F domain. In-
stead, HE retained only a small portion
of F1, all of F2, and none of F3 (Fig.
1a). In addition, the fusion peptide do-
main (FP) evolved into a transmem-
brane domain (TM) to anchor HE to
the virion. During the course of this
evolution, the MP domain was used to
form stable dimers.

A second and significant observation
is that Neu4,5,9Ac32Me binds to the
receptor binding site (R), as would be
expected for this class of glycoproteins.
However, within the site, the ligand is
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bound in a unique conformation that is
rotated �150° from similar ligands
bound to HEF (5). The structure of HE
surrounding the Neu4,5,9Ac32Me bind-
ing site is significantly different from
that of HEF as a result of substantial
differences in loop sizes and conforma-
tions. The plasticity of the receptor
binding site and different orientation
of the ligand are surprising because
both HEF and HE evolved to bind 9-O-
acetylated SAs. It would be expected on
the basis of binding identical or similar
ligands that these binding sites would
have evolved to have similar structures.
In contrast, because HEF and HA rec-
ognize different receptor-ligands
(Neu5,9Ac2 versus �2,3- or �2,6-linked
Neu5Ac), it would be predicted that
these proteins would have significantly

different structures. However, Zeng et
al. (1) have shown that HEF and HA
have more closely related receptor bind-
ing sites than do HEF and HE even
though they have more evolutionary dis-
tance (1).

In contrast to the receptor binding
site, the active site architecture of en-
zyme domain E is very similar in HE
and HEF. Superposition of the catalytic
sites [see figure 4a of Zeng et al. (1)]
indicates that the orientations of the
catalytic triad residues are identical,
within experimental error, as are other
surrounding residues. The more canoni-
cal active site structure of E compared
with R would be expected for enzymatic
function because the geometric require-
ments for catalysis are more stringent
than those for binding (7).

In summary, the structures of HA,
HEF, and now HE should serve as a
basis for furthering our understanding
of how viruses recognize their receptors
on the cell surface, mediate viral fusion
with the cell membrane, and then de-
stroy their receptors. A number of dif-
ferent respiratory and enteric viruses
have evolved virion-associated receptor-
destroying enzymes (HEs or HEFs) as
part of an elaborate system to help them
avoid irreversible binding to ‘‘decoy re-
ceptors’’ or to the already infected host
cell, processes that would ultimately re-
sult in an overall loss of viral infectivity.
With numerous emerging infectious dis-
eases on the horizon, the work by Zeng
et al. (1) should help to advance the de-
velopment of new antiviral compounds
that will help to treat these diseases.
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Fig. 1. Comparison of the structural and functional activities of HE, HEF, and HA. (a) Linear order of the sequence segments in HEF, HE, and HA color-coded
by domains. Red segments, F1, F2, and F3; green, E1 and E2; lighter green, E�; blue, R; light blue, fusion peptide (FP) or transmembrane domain (TM). The HEF
subunit 1 (HEF1) and subunit 2 (HEF2) are also indicated. HEF2 is absent from HE. This figure is adapted from refs. 1, 3, and 5. (b) Illustration of a group 2a
coronavirus with the indicated virion proteins. Individual hemagglutinin molecules (HE) are color coded as described for a. (c) Substrate specificity of viral HE,
HEN, and NA toward SAs. Figure is adapted from ref. 3. (d) Schematic illustration of the HE dimer. Colors are as described for a. The membrane-proximal domain
(MP) is also shown. The catalytic triad is represented in the E domain as a white triangle. Binding of SA to the R domain is shown as a yellow box. The TM domain
is shown embedded in the virion envelope. (e) Schematic illustration of the HEF trimer. The F domain comprising F1, F2, F3, and FP that forms a coiled-coil is
indicated. Other features are as described for d.
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