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Abstract 

Influenza C virus contains a single surface glycoprotein in its 
lipid envelope which is the hemagglutinin-esterase-fusion 
glycoprotein (HEF). HEF binds cell-surface receptors, is a 
receptor-destroying enzyme (a 9-O-acetylesterase), and med- 
iates the fusion of virus and host cell membranes. A 
bromelain-released soluble form of HEF has been crystallized. 
Two different tetragonal /brms have been identified from 
crystals with the same morphology [P4~13~22, a = b = 154.5, 
c=414.4,A,, and P41131212, a = b = 2 1 7 . 4 ,  c = 4 2 1 . 4 A ] .  
Both crystal forms share a common packing scheme. 
Synchrotron data collection and flash cooling of crystals 
have been used for high-resolution data collection. 

I. Introduction 

Influenza C is a lipid-enveloped orthomyxovirus and is a cause 
of disease in humans. Unlike influenza A and B which contain 
two surface glycoproteins, the hemagglutinin (HA) and the 
neuraminidase (NA), influenza C contains a single membrane 
glycoprotein which performs several functions critical to viral 
infection. The protein contains a binding site specific tbr cell- 
surface receptors containing N-acetyl-9-O-acetylneuraminic 
acid. A distinct enzyme active site functions as a receptor- 
destroying 9-O-acetylesterase. The glycoprotein also mediates 
the fusion of the virus and host membranes at the low pH 
encountered in endosomes, enabling the virus genome to enter 
the cytoplasm. The glycoprotein is thus a hemagglutinin- 
esterase-fusion factor (HEF) (Formanowksi, Wharton, 
Calder, Hol%auer & Meier-Ewert, 1990; Herrler & Klenk, 
1991; Herder, DiJrkop, Becht & Klenk, 1988). 

Influenza C virus can be distinguished electron micro- 
scopically from influenza A and B by the presence of an 
hexagonal array of glycoprotein on the virus membrane. 
Image reconstructions from electron micrographs of negative- 
stained virions at 30A resolution suggest these arrays are 
formed by trimeric glycoproteins similar in size and shape to 
the influenza A HA (Hewatt, Cusack, Ruigrok & Verwey, 
1984). HEF is a trimer of the disulfide-linked polypeptides 
HEF 1 and HEF 2, with a total of 24 potential N-linked 
glycosylation sites. Like the HA, cleavage of HEF into the 
two glycopolypeptides, HEF~ (65kDa, 432 residues) and 
HEF 2 (30 kDa, 209 residues), is required tbr the membrane- 
fusion activity of the molecule (Herder, Compans & Meier- 
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Ewert, 1979; Ohuchi, Ohuchi & Mifune, 1982; Kitame, 
Sugawara, Ohwada & Homma, 1982; Formanowski et al., 
1990). However, HEF has less than 15% sequence identity to 
the HA (Nakada, Creager, Krystal, Aaronson & Palese, 
1984; Pfeifer & Compans, 1984). HEF~ is 104 amino acids 
longer than influenza A HA 1. It contains the enzyme active 
site, serine 71 has been identified as the catalytic active-site 
serine, and the nature of the flanking residues suggests that 
the protein defines a new class of serine esterases (Herder, 
Multhaup, Beyreuther & Klenk, 1988; Vlasak, Muster, 
Lauro, Powers & Palese, 1989; Hayes & Varki, 1989). 
HEF~ is similar in length to influenza A HA 2 and contains the 
C-terminal transmembrane anchor which we have removed 
by bromelain digestion (see below). The N-terminal hydro- 
phobic fusion peptide of HEF 2 "is unusual among fusion 
peptides found in enveloped viruses in containing two 
aspartic acids at residues 5 and 6 (Nakada et al., 1984; 
Pfeifer & Compans, 1984). The time course of influenza C 
virus membrane fusion shows a kinetic lag which suggests 
that it may be possible to observe intermediate steps in the 
HEF-mediated fusion mechanism. (Formanowski et al., 
1990). 

X-ray structures of the HA (Wilson, Skehel & Wiley, 1981) 
and NA (Varghese, Laver & Colman, 1983; Burmeister, 
Ruigrok & Cusack, 1991) have greatly increased our 
understanding of the molecular basis of viral infection and 
are being used to design antiviral agents (von Itzstein et al., 
1993; Watowich, Skehel & Wiley, 1994; Glick, Toogood, 
Wiley, Skehel & Knowles, 1991; Spaltenstein & Whitesides, 
1991 ; Toogood, Galliker, Glick & Knowles, 1991 ; Luo et al., 
1995; White et al., 1995; Bodian et al., 1993). Crystal- 
lographic studies at atomic resolution are required to under- 
stand the multiple functions of HEF and the evolutionary 
relationship of influenza C to other members of the 
orthomyxovirus and paramyxovirus families. In addition, 
HEFI has 30% sequence identity to the hemagglutinin-esterase 
(HE) found on the surface of some coronaviruses, which 
express a 65kDa protein lacking an HEF 2 homologue 
(Luytjes, Bredenbeek, Noten, Horzinek & Spaan, 1988; 
Vlasak, Luytjes, Leider, Spaan & Palese, 1988; King, Potts 
& Brian, 1985). 

This report describes the crystallization of a bromelain- 
released soluble fragment of influenza C H E F  (bEEF). 
Bromelain digestion results in the removal of the residues 
beyond 175 or 176 of HEF 2 producing a trimeric molecule 
lacking only the 4kDa C-terminal peptide containing the 
hydrophobic transmembrane and cytoplasmic segments for 
each monomer (Formanowski & Meier-Ewert, 1988, 1990). 
The crystals are suitable for high-resolution crystallographic 
studies. Preliminary analysis of the diffraction data is 
presented. 
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2. Methods 

2.1. Purification 

C/Johannesburg/I/66 virions were grown in MDCK type I 
cells as previously described (Formanowski & Meier-Ewert, 
1988). The glycoprotein was isolated using the conditions 
described by Formanowski & Meier-Ewert (Formanowski & 
Meier-Ewert, 1988) with some modifications. Virus was 
suspended at 2 mg m1-1 in buffer A (50 mM Tris-HCl pH 8.0, 
100mM NaCI, 10mM CaC12, 0.1% NAN3). Bromelain 
digestion was accomplished by adding 2-mercaptoethanol to 
0.05M, bromelain (Sigma) to 0.5mg per mg of virus, and 
incubating at 306 K for 18 h. Digested virus was then pelleted 
at 100000g for 1 h. Supernatant was place in a centricon 100 
(Amicon, 100 kDa MW cutoff) and the volume reduced to 
1/10 and then diluted with buffer B (10mM Tris-HC1 pH 7.4, 
140 mM NaC1, 10 mM CaC12, 0.1% NAN3). The dilution and 
concentration steps were repeated several times until brome- 
lain (MW 33 kDa) had passed through the membrane and only 
briEF was retained in the concentrate. The volume was 
further reduced until the briEF concentration was at least 
10 mg ml -~ . In some cases the protease inhibitor E64 was used 
to stop bromelain activity. 

2.2. Crystall&ation 

Concentrated briEF was crystallized by vapor diffusion in 
24-well trays (Linbro). Hanging drops were composed of 2 I.tl 
briEF (10-20mg m1-1) in buffer B and 2 lal well solution. 

Crystals grew from well solutions containing 56-60% 
saturated ammonium sulfate, 10mM Tris-HC1 pH7.4, 
140mM NaC1, 10mM CaCI2, and 0.1% NaN 3. Crystals 
were harvested into a well solution containing 60% ammo- 
nium sulfate. 

Crystals of identical morphology were grown by the same 
method using 1.32 M sodium citrate pH 6.5, 0.1% NaN 3 as the 
well solution and harvested into 1.35 M sodium citrate pH 6.5. 

Sodium dodecyl sulfate polyacrylamide electrophoresis 
(SDS-PAGE, Laemm|i, 1970) was performed on washed, 
dissolved crystals. Washed, dissolved crystals were tested for 
9-O-acetylesterase activity by detecting the release of acetic 
acid from 9-O-acetyl Neu5Ac (a girl from John Hanson) using 
an acetic acid detection assay (Boehringer-Mannheim) or by 
spectrophotometric assay of hydrolysis of the substrate p- 
nitrophenylacetate (Vlasak, Krystal, Nacht & Palese, 1987; 
Vlasak et al., 1989). 

1990) mounted on a magnetic cap (Rodgers, 1994), and flash 
cooled on the camera spindle at 108K in a gaseous nitrogen 
stream. The cryogenic apparatus used was either a Max 
cryostat (Hope et al., 1989) or a Molecular Structure 
Corporation Low-Temperature System. 

Data collection was performed at the Cornell High Energy 
Synchrotron Source F1 beamline (2 = 0.91A,) using Fuji 
image plates, a 1501am collimator, and a crystal-to-plate 
distance of 35 cm. Silicon powder rings or ice rings were used 
to measure the plate distance. 1 ° oscillation photographs were 
recorded with a typical exposure of 2 min. Image plates were 
scanned using either a Fuji BAS2000 scanner or a Kodak 
scanner. X-ray data were indexed and integrated using 
DENZO (Otwinowski, 1991) and further analyzed with either 
SCALEPACK (Otwinowski, 1991) or with programs from the 
CCP4 suite (Collaborative Computational Project, Number 4, 
1994). 

3. Results and discussion 

briEF crystals grew in one to two weeks as shown in Fig. 1 
and were typically cubes 0.15-0.2mm on a side or were 
slightly elongated in one dimension. SDS-PAGE demon- 
strated that the crystals contained the expected disulfide-linked 
polypeptides HEF 1 and HEF 2. Protein dissolved from washed 
crystals possessed 9-O-acetylesterase activity. 

Space-group determination was initially made at low 
resolution by precession photography at room temperature. 
Examination of 2 ° screenless precession photos of layers Okl, 
hOl and hkO led to the assignment of both the ammonium 
sulfate and sodium citrate crystal forms to space group 
P4122 or its enantiomorph P4322 with a - - b =  155, 
c=415A, ,  o t = / 3 = y = 9 0  ° . The a, b and c axes are 
normal to the faces of the crystal. Crystals showed well 
ordered diffraction patterns to 3.5 A with mosaicity of 0.15 ° 
full-width. Radiation sensitivity of the crystals prevented 

1o of oscillation data per crystal, and collection of more than 
the crystals diffracted to high resolution for less than 120 s in 
the CHESS F1 beam. 

2.3. X-ray crystallography 

Crystals were mounted in washed glass capillaries for data 
collection at room temperature. Precession photographs were 
taken on a Supper precession camera at a crystal-to-film 
distance of 10 cm using Reflex-25 film (CEA). Cu Ku X-rays 
were generated by an Elliot GX-6 rotating anode with a 
100~tm focus cup and Franks-type focusing mirrors (Harri- 
son, 1968) and a 150 ~tm pinhole. 

Crystals were prepared for cryocrystallography by addition 
of glycerol to the harvest solution as a cryoprotectant. 
Ammonium sulfate harvest solution was made up to 5-25% 
glycerol in 5% steps. Sodium citrate harvest solution was 
made up to 3-12% glycerol in 3% steps. Crystals were 
transferred in steps (5min) through increasing glycerol 
concentrations and then placed on silanized coverslips. The 
crystals were picked up with a wire or rayon loop (Teng, 

Fig. 1. A crystal of briEF grown from sodium citrate. Each dimension 
is approximately 0.2 mm. 
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Tab le  1. Summary o f  diffraction data 

Crystal form I II 

Precipitant Ammonium sulfate Sodium citrate 
Space group P4~22 or P4322 P4~212 or P432~2 
Unit cell(A) a = b = 154.5• a = b = 217.4. 

c = 414.4 c = 421.4 
R~y m * + (%) 8.2 4,5 
Unique reflections+ 42354 82985 
Completeness+ (%) 99 99 

* R s y m  = ~(11-)1)/~1. fData to4A. 

S u b s e q u e n t  data co l lec t ion  was  p e r f o r m e d  at C H E S S  on 
the F1 beaml ine  us ing  flash cool ing  o f  the crys ta ls .  
C o m p l e t e  data  sets we re  co l lec ted  f rom single c rys ta l s  
be fo re  signif icant  radia t ion  d a m a g e  was  obse rved•  150p.m 
co l l imat ion  and a plate d is tance  o f  35 c m  at 2 = 0.91 ,h w e r e  
sufficient  to reso lve  the d i f f rac t ion  spac ings  assoc ia ted  wi th  

the long 414A,  c axis.  The  a m m o n i u m  sulfate c rys ta l  f o rm  
s h o w e d  s imilar  cell  d imens ions  under  the cond i t ions  
d e s c r i b e d  for  c r y o c r y s t a l l o g r a p h y  as at r o o m  t e m p e r a t u r e ,  
but  an increase  o f  mosa i c i t y  to 0 . 5  ful l -width .  Di f f r ac t ion  
has been  o b s e r v e d  to 2.4,%, resolu t ion .  Stat is t ics  on 
c o m p l e t e  data sets f r om these c rys ta l s ,  ca l led  f o r m  I, are 
r epor t ed  in Tab le  1. Rsy m for  ref lec t ions  re la ted  by  
individual  mi r ro r  p lanes  and examina t ion  o f  sys temat ic  
absences  con f i rmed  the or iginal  s p a c e - g r o u p  ass ignment  as 
P4~22 or  P4322.  

The  sod ium citrate crys ta l  fo rm,  w h e n  o b s e r v e d  under  the 
cond i t ions  d e s c r i b e d  for  c r y o c r y s t a l l o g r a p h y ,  d i f f rac ted  to 
2.8,~, wi th  mosa ic i ty  0 .25  :~, but  s h o w e d  a d i f fe ren t  space  
g roup  than d e t e r m i n e d  for  c rys ta l s  o f  ident ical  m o r p h o l o g y  at 
r o o m  t empera tu re .  The  data  we re  indexed  as a = b = 217.4 ,  
c = 421 .4  A, ~ = / 4  = y = 90:  with  the c axis  no rma l  to one  
face  and the a and b axes  n o w  4 5  f rom the no rmal  on the 
remain ing  faces• Examina t i on  o f  p s e u d o p r e c e s s i o n  photo-  
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Fig. 2. Relationship between form ! and form II crystals. (a) The 
diagram shows a comparison of the unit-cell axes of both crystal 
forms as viewed down their common c axis. Form I P4122: four 
unit cells are represented as four squares with edges parallel to the a 
and b axes. Form II P41212: a single unit cell is represented by a 
shaded square with edges parallel to the a '  and b' axes. The 217 A 
axes of form II, are approximately the same length as the ab 
diagonals of form I. A unit cell of the form II lattice has twice the 
volume of the form I unit cell and is rotated by 45' .  (b) Analysis of 
diffraction data from form II crystals. Average intensity is plotted 
for the reciprocal-space planes h + k = n. Intensity is greater for 
h + k even, evidence for pseudo-C-centering. (c) U, V, W --- 1.6 
section of the form II native Patterson map. A section from U = 0 
to 1.0, V = 0 to 1.0 (entire unit cell) is shown. Pseudo-C-centering 
is indicated by peaks near U = V = ~. Contours are drawn at 
0.5RMS density of the map starting at 0.5RMS. The large non- 
origin peaks in each asymmetric unit are interpreted as translation 
vectors of approximately (1. ~, 0) between non-crystallographically 
related molecules lying in similar orientations• 
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graphs generated from three-dimensional data, R~y m for 
reflections related by individual mirror planes, and systematic 
absences indicated the space group is P4t212 or P43212. Data- 
collection statistics on these crystals, called form II, are given 
in Table 1. 

Though form II crystals have twice the unit-cell volume 
of form I crystals, both cells possess a common packing 
scheme. Both forms are tetragonal with similar length c 
axes, and the 217 h, a axis of form II crystals is the length 
of the ab diagonal of form I crystals. Fig. 2(a) shows how 
the two lattices can be superimposed when rotated 45 '> with 
respect to each other about their common c axis. Such a 
rotation is also consistent with the location of the symmetry 
elements of each form with respect to the single observed 
crystal morphology. A cross rotation function (Crowther, 
1972) between the two forms identifies a single 10.6o peak 
for a relative rotation of 4 5  about the c axis, suggesting 
that molecular contents of form I and form II are similar 
when related by this rotation. 

The addition of C-centering translations to the general 
positions of a P4~2~2 lattice (form II) produces a C-centered 
lattice which is equivalent to a P4~22 lattice (form I) with 
unit cells that are half volume and rotated by 45 ~, as shown 
in Fig. 2(a). Examination of the diffraction data and the 
native Patterson function suggests that form II is pseudo-C- 
centered. In Fig. 2(b), a plot of average I for reciprocal- 
space planes h + k = n is given. Reduced intensity for h + k 
odd is evidence for pseudo-C-centering. The native 
Patterson function calculated for form II shows a large 
peak near U : ½, V = l, W = 0 as shown in Fig. 2(c). This 
peak is interpreted as a translation vector (~,~, 0) between 
non-crystallographic symmetry-related molecules within the 
asymmetric unit lying in similar orientations. If the C- 
centering were exact, form II would be identical to form I, 
and the molecules related by the non-crystallographic 
translation vector would be related by a crystallographic 
symmetry operation. Similar observations of common 
packing schemes in P4122 and P41212 have been reported 
for the complement proteins C3 and C3b (S~rensen et al.,  
1994). 

Structure determination of briEF is now in progress using 
both crystal forms described here. These efforts include 
isomorphous replacement and molecular replacement using 
the influenza A hemagglutinin (Wilson et al. ,  1981) as a 
source of phases. Both crystal forms have the potential for 
non-crystallographic symmetry averaging around the 
molecular threefold axis (Bricogne, 1976). Crystallographic 
studies of influenza C ligand binding have also been initiated 
with X-ray data collected from crystals soaked with the 
receptor analogue and 9-O-acetylesterase inhibitor 9-acet- 
amido Neu5Acot2Me. (Herrler et al.,  1992; Hanson & 
Rosenthal, 1990). 
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