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Fusion of the influenza viral membrane with the membrane of the host cell is preceded by a
low pH induced conformation change in the viral haemagglutinin. A fragment. consisting of
much of the stem domain of influenza haemagglutinin in the low pH induced conformation.
has heen crystallized by the vapour diffusion method. Several crystal forms have been
obtained and the molecular packing in these crystals is discussed. Crystals suitable for the
recording of high angie X-ray diffraction data grow in space group €222, Diffraction data
have been recorded from crystals cooled to —170°C in & eryoprotectant buffer.
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Tnfluenza virus haemagglutinins (HAT) have two
functions in virus replication (Wiley & Skehel.
1987). They bind virns to sialylated cell surface
receptors and. following endocytosis of virps-
receptor complexes, they mediate the fusion of viral
and endosomal membranea required for entry of the
virus genome and transeriptase into the cell. The
latter function. membrane fusion. is activated at the
tow pH of endosomes (Mueda & Ohnshi. 1980:
Huang et al.. 1981; White e al., 1981} and the
process of activation involves changes in HA struc-
ture {Skehel e al., 1082; Daniels ef al,, 1983. 1985;
Webster et al., 1983; Yewdell ef al., 1983; Doms el
al., 1985: Jackson & Nestorowicz, 1985: White &
Wilson. 1987: Godley ef al.. 1992). We are investi-
gating the nature of these changes and their impor-
tance for the mechanism of membrane fusion,

HA is a trimer (molecular mass 220 kDa) of iden-
tical subunits. each subunit consisting of two disul-
phide-linked polypeptides. HA1 and HAZ2. The HA
chain of each monomer forms a globular domain
distal to the viral membrane. The three HA2 chains
form the transmembrane anchor, and along with
segments of the three HALl chains form a stem
domain projecting from the virus surfuce (Wilson et
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1 Abbreviations used: HA. influenza virus
haemagglutinin; BHA. bromelain digestion: TBHAZ2.
thermolysin BHA2,
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al., 1981). Two of the properties of HA in the fusion
activated conformation have been particularly
important for structural studies. First, soluble HA
released from virnses by bromelain digestion
(BHA). which has been useful in erystal structure
analyses of native HA (Wiley and Skehel, 1977:
Wilson ef al.. 1981). aggregates at the pH of fusion
to form protein miceiles. This aggregated protein is
unsuitable for erystallization. Secondly. BHA in
such micelles is susceptible to proteolvsis. We have
taken advantage of this second property to prepare
fragments of the stem domain of HA in the low pH
conformation suitable for erystallographic analyses,
Specifically we have removed HAL residues 28 to
328 from the aggregated trimers by digestion with
trypsin (Skehel et al., 1982) and then isolated soluble
trimeric fragments from the remaining aggregate by
thermolytic removal of HA2 residues 1 to 37
{Danieis ef al., 1983: Ruigrok et al.. 1988). We report
here the erystallization of this HA fragment which
we call TBHA2 (for “thermolysin BHA2"™).
Soluble TBHAZ was purified as described
{Ruigrok ot al., 1988) and concentrated to 8 to
15 mg/ml in PBS (10 mM phosphate buffer, 150 mM
NaQl, 0019 sodiom azide, 1 mM EDTA, pH
adjusted to 50 with 01 M citric acid). Crystals were
grown from hanging drops by the vapour diffusion
method using 24-well tissue culture plates. Crystals
grew under a variety of conditions (Table 1). Type
IIT and type IV crystals were diseovered using the
“incomplete factorial search” method (Carter &
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Table 1
Crystal growth conditions

Unit cell Diffraction limit
Type Well solution Morphology Space group (&) (A)
I 35 to 859, saturated ammonium sulphate, hexagonal prisms. plates, £3 o= 2586 7546
16 mM sodium citrate, pH 60 needles c=d 72
1T 1-24 to 1'38 M sodium citrate, pH 60 hexagonal prisms, plates,  P3 o= 2505 1560
: needles c=4T2
IIE 20 M sodium potassium phosphate, 0-2 M hexagonal prisms P3 as=261-8 50
ammonium sulphate, &1 M Hepes, pH 756 c=49-3
IVt 55 to 859, saturated ammonium sulphate, orthorhombie 222, a=1687 22
0-f M ADA, pH 68 bipyramids, lozenges b= 2317
c=5638

t Data are from frozen crystals.

sarter, 1979 Jancarik & Kim, 1991). Types I, II
and TIT erystals had an average size of 150 ym x
150 ym x 300 pm with maximum dimensions of
300 pm x 300 gm x 2000 pm. Type IV crystals
had average dimensions of 300 ym x 300 ym x
300 pm with maximum dimensions of 500 ym x
800 pgm x 500 um. Crystals were harvested into
well solution for diffraction studies at room
temperature, and mounted in 15 mm glass or
quartz capillaries. Space groups of crystals types [
to III were determined from precession photographs
recorded on film. Space group of type IV erystals
wad determined from data coilected on a Xentronics
area detector and processed with the BUDDHA
software package (Durbin et al., 1986; Blum et al.,
1987).

Type IV crystals were also examined at low
temperature {~ 170°C) in order to increase crystal
lifetime in the X-ray beam (Haas & Rossman, 1970:
Petsko, 1975: Hope. 1988, 1980: Henderson, 1990),
This alzo led to an increase in the effective resolu-
tion of diffraction. Crystals were harvested into a
buffer of 659 saturated ammonium sulphate, 0-1 M
ADA (N-(2-acetamido}iminodiacetic acid: pH 6-5).

ot Pl

Figure 1. Paiterson projection calculated from type IT1
erystal at 5 A resolution. The projection is down w and 1
unit cell ia shown, Contours are drawn at intervals corre-
sponding to 05 % root-mean-aquare (r.m.s.) value of the
projection  Patterson dengity. Contours start at
0:6 % r.m.s. above mean density.

Harvested erystals were serially transferred into
harvest. solutions containing in addition increasing
concentrations of glycerol as cryo-protectant (from
5% to 209, (v/v}, 5% steps, 30 min per step).
Soaked crystals were mounted in goild wire (40 u
croas-section) loops of 1 mm diameter (Teng, 1980;
Gamblin & Rodgers, 1993) and placed in a nitrogen
stream at —168 to —170°C. High resolution data
were recorded at the Cornell High Rnergy
Synchrotron Source on phosphor image plates.
Exposed image plates were digitized with a Fuji
scanner and the digitized diffraction patterns
processed with the program DENZO (Z.
Otwinowski, personal eommunication).

Patterson maps for type 11T and type IV crystals
are shown in Figures 1 and 2. Only type IV crystals
diffract well enough for high resolution structural
analysis {Table 1}). The Patterson maps for both
types of crystal are highly featured and give an
indication of the orientation of the molecules in the
unit cell. The Patterson projection map for type ITT
erystals (Figure 1) shows prominent vectors

eryatal at 3 A resolution. The projection is down wand 1
unit cell is shown. Contours are drawn at intervals corre-
sponding to 1 X r,m.s, density of the projection Patterson
density. Contours below the mean are broken lines.
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Figure 3. Sections of the Patterson map calculated for
the type [V crystals at 5 A resolution and skewed to view
down the non-crystallographic 3-fold symmetry axis.
Sections at a perpendicular distance of approximately 2, 3
and 4 & from the origin are overlaid, Contours are as for
Figure 2 starting at 2 x r.m.a. density above mean, The
length of the u' axis is 116 A,

diverging radially from the origin with 2 maximum
length ({in projection) of about 90 A. In the three-
dimensional Patterson map these vectors are
inelined at an angls of about 25° from the u—v plane
with & maximum length of about 100 A. Such
vectors probably run in a direction paraliel to the
a-helical structure which is known to make up a
large part of TBHA2 (Ruigrok ef al., 1988), From
electron microscopy studies we expect the TBHAR
trimer to be a rod-like molecule approximately
110 & in iength (Ruigrok et al.. 1988). Uiven that
the prominent vectors in the Patterson map have a
maximum length of about 100 & we expect that
these correspond to vectors along the long dimen-
sion of the trimer which will then lie about 25° from
the a—b plane. The volume of the type ITI crystal
unit cell is 29 x 10° A%, assuming a crystal volume
per unit molecular mass of between ['68 and
353 A3/Dalton (Matthews, 1968) and a trimer
molecular mass of 60 kDa, this suggests between
four and nine trimers per asymmetric unit.

The projection Patterson for the type IV crystals
{Figure 2) shows prominent streaks similar to those
seen in Figure L. The streaks are up to 100 A long in
the three-dimensional Patterson map and are
inclined approximately 30° from the u—» plane. The
volume of the unit cefl is 21 4%, suggesting one to
three trimers per asymmetric unit. Projection of the
Patterson map in a direction approximately perpen-
dicular to the long axis of the prominent streaks
reveals a very prominent 3-fold relationship of the
Patterson density around this axis when centred on
the origin (Figure 3). The existence of this one

3-fold symmetry axis in the asymmetric unit and
the absence of any other such feature in the rest of
the unit cell suggests that there is just one trimer
per asymmetric unit with its 3-fold symmetry axis
running paraliel to that found in the Patterson map.
This 3-fold symmetry axis will allow phase improve-
ment by real space non-erystallographic symmetry
averaging of the electron density map (Bricogne,
1976).
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