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Fig.7: SDS polyacrylamide gel electrophoresis of trypsin digested VSV in the
presence of 1% octylglucoside. The VSV was digested with trypsin at 25:1 of
protein to trypsin ratio at pH 7.4 (lane 2) and pH 5.4 (lane 4) at 37°C for 30
minute. The activity of trypsin at pH 5.4 was shown by digestion of VSV in the
presence 0.9% SDS.
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Fig.8: Digestion of VSV with a) trypsin, chymotrypsin, subtilisin and thermolysin
,b) bromelain and c) pronase. VSV was digested at 37°C with trypsin (15:1;
protein: trypsin, 30min.), chymotrypsin (15:1, 30min.), subtilisin (10:1, 30min.),
thermolysin (10:1, 1hr.), bromelain (8:1, 30 min) and pronase (10:1, 30 min.) at
pH 7.4 and pH 5.4 in presence of 1% Triton X 100. The reaction was stopped
with 5mM PMSF for trypsin and subtilisin, 2mM TPCK for chymotrypsin and
bromelain and 5mM EDTA for thermolysin, respectively. The gels are

representative of two separate experiments.
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trypsin digestion at pH5.4 in the presence of octylglucoside (Fig. 7).
Octylglucoside was used because this detergent could be easily removed by
dialysis or gel filtration due to the high CMC of the detergent (20-25 mM) (Lorber

et al. 1990).

To check whether other proteases can generate similar soluble fragments, VSV
G was subjected to proteolytic digestion with bromelain, chymotrypsin, pronase,
thermolysin, and subtilisin in the presence of detergent at 37°C. After incubation
for the required time interval, subtilisin was inhibited with 5 mM PMSF,
chymotrypsin and bromelain were inhibited with 2 mM TPCK, and thermolysin
was inhibited with 5 mM EDTA. Aliquots were taken and run on 8% SDS-PAGE.
VSV G was completely digested by all other proteases except thermolysin and
chymotrypsin (Fig. 8a,b,c). VSV G was resistant to chymotrypsin and thermolysin
digestion at pH 5.4. The thermolysin, which is a metaloenzyme, is inactive at pH
5.4, but chymotrypsin is active at pH 5.4 and could generate a low molecular

weight fragment of approximately 61 — 62 kDa.

3.2 Purification of Gs

The soluble ectodomain of VSV G was obtained by limited trypsin digestion at pH

5.4. For large scalz Gs production, trypsin was selected over cathepsin D

because trypsin is more economical than cathepsin D (Crimmins et al. 1983).
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Fig.9: Purification of Gs. a) SDS PAGE analysis of purified Gs. VSV was
digested with trypsin (15:1of protein to trypsin ratio) in presence of 1.5%
octylglucoside at pH 5.4 at 37°C for 30 min. The reaction was stopped with
trypsin inhibitor. The Gs was collected in the supernatant after ultra-centrifugation
at 36k r.p.m in a SW 50 rotor in Beckman L8-M ultracentrifuge and concentrated
by passing through 30 kDa cutoff filter and further purified through sephadex G
200. The residual trypsin activity was removed by passing the Gs through
benzimidine sephadex column. b) Sephadex G 200 elution profile of Gs. The Gs
protein obtained in the supernatant after ultracentrifugation in pH 5.4 buffer was
buffer exchanged to pH 7.4 buffer by passing through 30 cm x 0.9 cm sephadex
G 200 column, equilibrated with pH 7.4 buffer, at flow-rate of 0.15 ml/min. The
fractions containing Gs were combined and passed through a benzimidine

sephadex column.
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Fig. 10: Reversibility of structure of Gs at pH 7.4. 10 ug of Gs was incubated with
0.5ug of trypsin (TPCK treated) at 37°C for 30 min. in the presence of Triton X
100. The reaction was stopped with TmM PMSF. Samples were analyzed on a
10% SDS-PAGE and protein was visualized by coomassie blue staining. The gel

shown is representative of two separate experiments.
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Therefore, we tried trypsin digestion of VSV G to generate Gs for possible
crystallization. The reaction was carried out at pH 5.4. VSV was treated with
trypsin at a ration of 15:1 (protein: trypsin ratio) in the presence of 1.5%
octylglucoside in pH 5.4 buffer at 37°C for 30 min. The reaction was stopped with
soybean trypsin inhibitor. The supernatant containing Gs was collected after
ultracentrifugation at 36K r.p.m. in a SW-50 rotor in Beckman L8-M
ultracentrifuge for 1.5 hours. The Gs was then concentrated through a 30 kDa
cutoff PALL filter and further purified and the buffer was exchanged by passing
through a sephadex G 200 column equilibrated with pH 7.4 buffer. The fractions
containing Gs were pooled, and the residual trypsin was removed by passing
through a benzimidin-sephadex column. The protein was collected as a single

band and recovery was nearly 60% (Fig 9a and b).

VSV G protein undergoes reversible conformational change when exposed to
low pH and should revert back to its native conformational state at neutral pH
(Crimimins et al. 1983, Clague et al. 1990, Blumenthal et al. 1987, Puri et al.
1988). The protein was tested for its structural reversibility at neutral pH from
acidic pH by trypsin sensitivity assay. Trypsin completely digests the VSV G
protein at pH 7.4 and the protein becomes resistant to trypsin digestion at acidic
pH (Shokralla et al. 1998, Odell et al. 1997). When Gs was subjected to trypsin

digestion, it was observed that trypsin completely digests Gs at pH 7.4, which
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Fig. 11: Liposome binding assay to determine the interaction of G and Gs with
lipid vesicles. VSV G and Gs were incubated with liposome made up of
equimolar amount of PC and PS for 30 min. at pH 7.4 (a, b, c and d) and pH 5.4
(e and f) at 37°C. To the reaction mixtures 80% sucrose solution in respective pH
buffer was added to make up to 50% sucrose solution, which was then over
layered with 20% and 5% sucrose solution respectively. Gradients were spun for
2 hours at 50K r.p.m. in a SW-50 rotor in Beckman L8-M ultracentrifuge. Eight
fractions of 0.5 ml were collected from each set and sample from each fractions
were resolved on 10% SDS-PAGE. Gels were visualized after staining with

coomassie blue stain.
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indicates that Gs has reverted back to its native conformation at neutral pH (Fig.

10).

3.3 Lipid binding assay

The biological activity of Gs was determined by studying its membrane
interactions at both neutral and fusion-active pH. The VSV G protein interacts
with artificial membrane vesicles in a pH-dependent manner (Carneiro et al.
2001, Pak et al.1997, Capone 1983). Therefore, we investigated whether purified
Gs can bind to the artificial membrane vesicle at low pH by using the membrane
flotation assay. The VSV G and Gs were incubated at pH 7.4 or pH5.4 with
liposome (SUV) made up of phosphatidylserine and phosphatidylcholine (1:1) for
30 min at 37°C. 80% sucrose solution (in pH 7.4 or 5.4 buffer) was added to the
reaction mixture to make solution of 50% sucrose. It was then overlaid with 20%
and 5% sucrose solutions (in pH 7.4 or 5.4 buffer). The gradients were run at 50
K r.p.m for 2 hours at 4°C using Beckman SW-50 rotor. 500-ul fractions were
collected and samples were run on SDS-PAGE (Fig. 11). The G and Gs proteins
were collected in the bottom fraction when incubation was done at pH 7.4 in the
presence or in the absence of liposomes. This indicates that G or Gs does not
bind to liposomes at neutral pH. In contrast, G and Gs were collected in the top
fraction when they were incubated with liposome at pH 5.4. The results

suggested that G and Gs can bind to liposomes at fusion-active pH.
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3.4 Cross linking experiment to determine the oligomeric state of Gs

VSV G and Gs protein released into infected cells form dimers and trimers. They
exist in a dynamic equilibrium between the monomer and trimer at both neutral
and fusion-active pH (Wilcox et al. 1992, Crise et al. 1989, Zagouras and Rose
1993, Lyles et al. 1990). Soluble TBE E protein forms dimers at neutral pH, but it
cannot form trimers at fusion-active pH in the absence of membrane (Stiasny et
al. 2002). It was suggested that either the stem anchor region or membrane may
be required for trimer stability. Therefore, we attempted to determine whether Gs
released by limited trypsin digestion can form trimers by chemical cross — linking
with DTSSP (dithiobis[sulfosuccinimidylpropionate]). DTSSP bridges two
interacting proteins by reacting with the free amino group in the protein, with
subsequent release of a hydroxyl succinimide ester (Lomant and Fairbanks
1976, Carlsson et al. 1978). The cross linking of VSV G and Gs was done as
described by Lyles et al. in 1990. VSV G and Gs were added to HEPES buffer
and pH was adjusted to 5.4 with pre-determined amount of 0.5M Na -acetate
buffer. DTSSP was then added and incubated for 30 min on ice and the reaction
was quenched with 1M Tris. The proteins were resolved through 8% SDS-PAGE
and proteins were visualized by Western blotting (Fig. 12). It was observed that
both VSV G and Gs formed dimers and trimers at neutral and acidic pH. No
oligomerization was observed in the absence of the cross linker. Trimer formation

by Gs was also supported by the elution profile at neutral pH (Fig.
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Fig. 12: Oligomarization of VSV G and Gs with the crosslinking agent DTSSP at
pH 7.4 and pH 5.4. 10ug of VSV G or Gs was added to 20 ul of 50mM HEPES
pH 7.4, 150 mM NaCl buffer. The pH was adjusted to 5.4 with precalibrated
amount of 0.5 M Na acetate buffer. 500uM of DTSSP was added to the samples
and incubated for 30 min. on ice. The reaction was quenched for 15 min. with 1
M Tris. The protein bands were visualized by western blotting. The western blot

shown is representative of three separate experiments.
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10b). When Gs was passed through Sephadex G 200, it eluted just one fraction
ahead of the 150kDa fragment, indicating that Gs may exist as trimer at neutral
pH.

3.5 Aggregation of Gs at low pH

Aggregation of Gs with a decrease in pH was examined by light scattering
measurements. Carneiro et al. (2001) showed that VSV G starts to aggregate
between pH 7.5 and 6. The increase in light scattering of Gs (30 ug/ml) was
measured in a spectrofluorometer by setting excitation wavelength and emission
wavelength at 280 nm. The pH was gradually adjusted to the required value with
pre-determined amount of 0.1M citric acid. It was observed that acidification
promotes aggregation of Gs protein and the aggregation gradually increased with
decreasing pH until it reached pH 5 (Fig. 13). The Gs protein aggregates possibly
due to interactions between the hydrophobic regions that are exposed during
conformational change (Carneiro et al. 2001). As VSV G does not exist in a
metastable conformation, a larger complex of a G protein trimer may be required
to drive the fusion process (Yao et al. 2003). Unlike the TBE E protein, for the G
protein it seems that oligomerization and aggregation do not require the
transmembrane region, and the Gs protein can form trimers independent of

liposomal membranes (Crise et al. 1989).
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Fig. 13: Aggregation of Gs at low pH. The aggregation of Gs was measured by
right angle light scattering using a Photon technology international fluorimeter
with emission and excitation monochromators both set at 280nm. Gs protein at a
final concentration of 45ug/ml was added to 2ml of 10mM HEPES pH 7.4 and
150mM NaCl. The pH was gradually lowered by adding pre-calibrated amount of
0.1M citric acid and light scattering was measured. Average data and standard

deviation of 10 data points are shown.
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3.6 Lipid mixing assay

The lipid-binding assays suggested that the VSV G and Gs protein can interact
with liposomal membranes in a pH-dependent manner. Blumenthal et al. (1987)
and Carneiro et al. (2001) showed that the purified VSV G protein can also
induce liposome fusion, but at a much reduced rate than the intact virus. The
FHA2 fragment containing the influenza virus HA2 ectodomain couid induce
membrane fusion (Epand et al. 1999). Therefore, a resonance energy transfer
(RET) assay as described by Struck et al. (1981) and Hoekstra and Diizglines
(1993), was used to study the fusion activity of the Gs protein. The RET assay is
based on the principle of fluorescence energy transfer between a donor
fluorophore and the acceptor fluorophore. If the emission wavelength of the
donor fluorophore overlaps with the excitation wavelength of the acceptor
molecule, and if the two probes are in close physical proximity to each other,
then excitation of donor probe will result in transfer of excited state energy to the
acceptor. This results in quenching of the donor fluorescence and subsequent
increase in the acceptor fluorescence. Labeled liposomes were made up of two
fluorophores, NBD — PE (donor, A 465 nm and Aem 530 nm) and Rh — PE
(acceptor, Aex 530 nm and Aem 590 nm). Mixing of NBD — PE and Rh — PE results
in quenching of the NBD fluorescence. When labeled liposomes are fused with
unlabeled liposomes, the apparent distance between donor and acceptor

fluorophores increases, resulting in increased NBD fluorescence because no
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Fig. 14: Lipid mixing by resonance energy transfer (RET) assay. 50umoles of
unlabeled liposome and 5.5 umoles of labeled liposome containing equimolar
amounts of PC and PS were incubated with different amounts of VSV (a), VSV G
(b) and Gs (c). The pH was lowered with pre calibrated amount of 0.1 M citric
acid and the increase in NBD fluorescence was measured at excitation
wavelength of 465nm and emission wavelength of 530nm. The 100% fusion was
determined by adding 10% Triton X 100. a) Kinetics of liposome fusion with
10 pg/ml (1), 20 ug/ml (2), 40 pg/ml (3) and 80 ug/ml (4) of VSV at pH 5.4 and
37°C. b) Kinetics of liposome fusion with 0.06 umoles (1), 0.116 umoles (2),
0.232 umoles (3) and 0.5 pmoles (4) of VSV G proteins at pH 5.4 and 37°C. c)
Kinetics of liposome fusion with 0.06 umoles (1), 0.116 umoles (2), 0.232 umoles
(8) and 0.5 pumoles (4) of Gs proteins at pH 5.4 and 37°C. The plots are

representative of two independent experiments.
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Fig. 15: Determination of optimum pH of liposome fusion for VSV G (a) and Gs
(b) by resonance energy transfer (RET) assay. 50umoles of unlabeled liposome
and 5.5 umoles labeled liposome was incubated with VSV G and Gs at pH 7.4 at
37 °C. The pH was adjusted to 7.4, 6.4, 5.8, 5.2 or 5 with pre- calibrated amount
of 0.1M citric acid. The increase in NBD fluorescence was measured at excitation
wavelength of 465nm and emission wavelength of 530nm. The 100%fusion was
determined by adding 10% Triton X 100 to the sample.
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resonance energy transfer can take place between NBD — PE to Rh — PE.
Liposome fusion kinetics are generally measured by determining the increase in
NBD fluorescence. In a typical experiment, labeled and unlabeled liposomes
were mixed in 1:9 ratios and varying amounts of the fusion proteins or virus was
added. VSV G and VSV were used as positive controls, and the effects of the
protein storage buffer and the detergent used in it were also tested. The amount
of fusion protein was kept comparable in all experiments. For VSV, it was
considered that 25% of the total viral protein was G protein. The pH was lowered
to the required value with pre-determined amount of 0.1 M citric acid, 10% Triton
X =100 was added for complete mixing of the liposome. The results showed that
there was no increase in NBD fluorescence with the buffer alone at low pH. It
was observed that VSV could induce up to 60% fusion with increasing protein
concentration (Fig. 14a), whereas VSV G and Gs induced nearly 16% and 19%
fusion, respectively (Fig. 14b,c). Because of the relatively high CMC of
octylglucoside, it is easily removed by gel filtration (Lorber et al. 1990). However,
some trace amounts of detergent might be still present in the protein sample.
Therefore, octylglucoside was also tested for its fusion activity. It was observed
that octylglucoside (0.15mM final conc.) could not induce membrane fusion in a
pH-dependent manner. When fusion kinetics was studied with VSV G and Gs at
different pH, it was observed that the optimum fusion pH shifted towards the

more acidic side in the case of Gs (Fig 15).
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Fig. 16: Effect of PEG on lipid mixing induced by VSV G and Gs proteins.
50umoles of unlabeled liposome and 5.5 umoles of labeled liposome made up of
equimolar amount of PC and PS was incubated with VSV G (a) and Gs (b) with
1% PEG, 2.5% PEG and 5% PEG. The pH was lowered by adding pre-calibrated
amount of 0.1 M citric acid and increase in NBD fluorescence was measured at
excitation wavelength of 465nm and emission wavelength of 530nm. The 100%
fusion was determined by adding 10% Triton X 100. Effect of 5% PEG on
liposome fusion kinetics was also tested. The plots are representative of two

independent experiments.
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The extent of liposome fusions induced by VSV G and Gs are nearly similar, but
is much less compared to that induced by VSV. It is possible that the G protein
anchored to the membrane is essential for efficient membrane fusion. During HA
mediated membrane fusion the fusion peptide binds to the target membrane and
brings the opposing membrane in close proximity, thereby facilitating the
hemifusion (Hernandez et al. 1996). Odell et al. (1997) showed that anchoring to
the membrane is required for fusogenic activity of the VSV G protein. To
overcome the energy required for membrane fusion, the G protein may require a
bigger fusion complex made up of a large number of trimers of the fusogenic
glycoproteins acting in a concerted manner (Gaudin 2000, Yao et al. 2003). In
the case of VSV G and Gs, the percentage of fusion is determined by the
collisional frequency of the interacting liposomes. When the G proteins are not
bound to the liposomes, they may not form the large fusogenic complex limiting
their fusion activity. Therefore, it was thought that increasing the aggregation of
liposomes might improve the fusion efficiency of the protein. Polyethyleneglycol
(PEG) is known for enhancing cell — cell fusion and is extensively used for
aggregation of biomaterial during protein purification (Durieu and Ochatt 2000).
PEG can also induce membrane fusion of SUVs made up of PC when used in
significantly high concentration (approx. 25 — 30% (v/v); Talbot et al. 1997).
However, presence of a small amount of PEG (approx. 1 — 15% v/v) could induce
aggregation of liposomes but not membrane fusion. It has been observed that

peptides corresponding to transmembrane domain of VSV G could induce
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membrane fusion in the presence of 5% PEG (Dennison et al. 2002). Therefore,
the effects of increasing concentration of PEG (1 — 5% v/v) on membrane fusion
were studied to determine if the aggregation of liposomes could improve the
efficiency of membrane fusion. It was observed that the aggregation of liposomes
increased the fusion efficiency of both VSV G and Gs (Fig. 16A, B). PEG alone
could not induce any membrane fusion in a pH-dependent and independent
manner. It was observed that at 5% (v/v) PEG concentration, VSV G and Gs
induced approximately 30% fusion. These results therefore indicate that the VSV
G and Gs could induce lipid mixing and the efficiency of the fusion could be

increased by increasing the aggregation of liposome.

3.7 Leakage assay

In general, virus-induced membrane fusion should not be leaky. However, it has
been observed that influenza virus-induced membrane fusion is leaky and
induces hemolysis (Shangguan et al. 1996). Bailey et al. (1984) reported that the
VSV could induce hemolysis in a pH-dependent manner, which means VSV
induced membrane fusion is also leaky. As the rate of content mixing and content
leakage are in competition with each other, it was important to measure the
content leakage by Gs. The leakage of SUV was measured as described by

Talbot et al. (1997) and Ellen et al. (1985). The leakage of liposomes was
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Fig. 17: Vesicle leakage induced by VSV G and Gs proteins. 150umoles
of SUV containing equimolar amount of PC and PS were added to 2ml pH
7 buffer, to that 0.232umoles or 0.5umoles of VSV G (a) and Gs (b) fusion
glycoproteins were added and pH was bought down to 5.4 with pre —
calibrated amount of 0.1M citric acid. Increased in ANTS fluorescence was
recorded at excitation wavelength of 360nm and emission wavelength of
530nm. The maximum leakage of vesicles was determined by adding 20ul
of 10% Triton X 100 to the sample. The leakage of lipid vesicles was also
measured with protein storage buffer. The plots are representation of two

independent experiments.
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Fig. 18: Mixing of aqueous contents by Gs. ANTS entrapped SUV containing
equimolar amount of PC and PS were mixed with five times excess of DPX
entrapped SUV in 2ml of pH 5.4 buffer. ANTS fluorescence was recorded at
excitation wavelength of 360nm and emission wavelength of 530nm using
Photon technology international spectrofluoremeter. To that 0.5 umole of VSV G
or Gs was added and quenching of ANTS fluorescence was measured. The

curves are representation of two independent experiments.
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measured by the ANTS / DPX assay, which is based on the principle of
collisional quenching of ANTS fluorescence by DPX. If ANTS and DPX are in
close physical proximity to each other, the ANTS fluorescence is quenched by
DPX. The ANTS and DPX were encapsulated in the same SUV, which resulted
in quenching of ANTS fluorescence. After addition of fusion peptide the pH was
lowered with 0.1 M citric acid. Leakage of liposome would resuit in dequenching
of ANTS fluorescence, as the effective distance between ANTS and DPX will
increase. The increase in ANTS fluorescence was measured at Aox 360 nm and
Aem 530 nm. 10% Triton X — 100 was added to induce 100% leakage. It was
observed that both VSV G and Gs induced a considerable amount of liposome
leakage and that the percentage of leakage increased with an increase in the
protein concentration. The rate of leakage was extensive during the first 100
seconds (Fig. 17). The results indicate that VSV G and Gs mediated membrane

fusion is leaky.

3.8 Mixing of aqueous content

Membrane fusion occurs through two main steps; in the first step hemifusion
occurs, where the outer leaflets mix, which ultimately leads to a complete mixing
of the aqueous content (Hernandez et al. 1996). It was observed from the RET
assay that VSV G and Gs can induce lipid mixing, but it was not clear whether

Gs is able to induce complete mixing of the material. It was also observed that
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both VSV G and Gs exhibited rapid and extensive leakage of liposomes. As the
rate of content mixing competes with vesicle leakage, it is unlikely that they will
show any content mixing. The intermixing of aqueous content was measured by
the ANTS / DPX assay. The ANTS and DPX were encapsulated in different
population of SUV (Duzgines and Wilschut 1993). The mixing of aqueous
content will result in the interaction of ANTS and DPX, which will cause the
dequenching of ANTS fluorescence. The SUVs containing ANTS were mixed
with five times excess of DPX-entrapped SUV and allowed to fuse with VSV G or
Gs; the decrease in ANTS fluorescence was then measured. It was observed
addition of VSV G and Gs results in increase in ANTS fluorescence, which
suggests that both VSV G and Gs could not induce any content mixing (Fig. 18).
The nature of VSV G and Gs curves were different, it is possible due to the fact
that VSV G might induce a very small amount of content mixing initially for a very

brief period of time which results in slower increase in ANTS fluorescence.

3.9 Change in secondary structure

The VSV G protein undergoes reversible conformational change at low pH
(Crimimins et al. 1983, Clague et al. 1990, Blumenthal et al. 1987, Puri et al.
1988). The conformational change of VSV G was attributed to the fact that the G
protein becomes resistant to trypsin digestion at low pH (Fredericksen and Whitt

1996, Yao et al. 2003). To understand the extent of change in the conformation
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of Gs at low pH, Gs was subjected to trypsin digestion at neutral and at fusion-
active pH. The reaction was stopped with PMSF and samples were analyzed by
SDS-PAGE. It was observed that trypsin completely digested Gs at neutral pH,
but at fusion-active pH, Gs was resistant to trypsin digestion (Fig. 19). The
digestive activity of trypsin at pH 5.4 was confirmed in the presence of 0.9%
SDS. It was observed that trypsin cleaved Gs protein at pH 5.4 in the presence of
SDS, indicating that resistance to trypsin digestion is actually due to pH-

dependent conformational change of Gs.

Circular dichroism spectra at different pH were measured at 260 — 200 nm to
determine the change in the secondary structure of Gs. The G protein exists in
different conformations at neutral pH, at acidic pH in the absence of liposomes,
and at acidic pH in the presence of liposomes (Pak et al. 1997). Therefore, CD
spectra of Gs were determined both in the presence and in the absence of
liposomes. The secondary structural content was calculated using the
CONTINLL program (Sreerama 1999). Acidification resulted in significant
changes in the CD spectrum of Gs in the presence and also in the absence of
liposomes (Fig 20). The o— helix content increased with a decrease in pH, and it
was observed that at pH 6, Gs had maximum helix content (Fig. 21). These
results indicate that Gs protein undergoes structural rearrangement between pH
6.4 and 5. Cirular dichroism of VSV G protein showed that the VSV G protein

undergoes structural rearrangement between pH 7.5 and 5 (Carneiro et al.
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2001). Difference in CD spectra of VSV G at pH 7.5 and 5 indicates that the
protein probably acquires a different conformation. To better understand the
structure, we attempted to crystallize the Gs protein, but were unable to obtain

any crystals (see addendum).
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Fig. 19: Trypsin sensitivity assay to determine the structural change of Gs
protein at acidic pH. Gs protein was incubated with trypsin (15:1; protein: trypsin)
at 37°C for 30 min. in presence of 1% TritonX100 at pH 7.4 or 5.4. The activity of
trypsin at pH 5.4 was tested by adding 0.9% SDS into the reaction mixture. The
reaction was stopped with 5mM PMSF. The samples were analyzed on-10%
SDS PAGE and protein bands were visualized after staining with coomassie blue

stain. The gel is representative of two independent experiments.
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Fig. 20: Effect of pH on circular dichroism spectra of Gs. CD spectra of Gs in
presence of liposome containing equimolar amount of PC and PS (a) and in
absence of liposome (b) was recorded at 25°C using a 1mm quartz cell at pH 7.4
(black), 6 (blue) or 5 (red). The Gs was diluted to 300ug/ml in phosphate buffer of

respective pH. The plots are representative of two independent experiments.
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4. DISCUSSION

Vesicular stomatitis virus glycoprotein G is the single viral membrane surface
protein responsible for receptor binding and membrane fusion activity of VSV.
Although impressive progress has been made to understand the structural bases
of the acid induced fusion mechanisms of the influenza virus HA fusion peptide,
TBE E, and SFV E1 glycoprotein, very little is known about the 3-D structure of
VSV G glycoprotein. For influenza virus hemagglutinin (HA), 3-D structure of the
neutral and acid pH forms have been solved (Wilson et al. 1981, Bullough et al.
1994). The influenza virus HA fusion peptide undergoes irreversible structural
change at fusion active pH (Ruigrok et al. 1986, Carr et al. 1997). A coiled — coill
mechanism has been proposed for the HA fusion peptide (Carr and Kim 1993),
but no coiled — coil structure was predicted for the VSV G protein (Zhang and
Ghosh 1994). Unlike all other fusion peptides, the VSV G protein does not have
any hydrophobic fusion peptides; rather, the fusion peptide is neutral. However,
the most striking difference between VSV G and other fusion proteins is its
reversible structural change at low pH (Crimimins et al. 1983, Clague et al. 1990,
Puri et al. 1988, Blumenthal at al. 1987). Membrane fusion is an energetically
unfavorable process, and the energy is compensated by irreversible structural
change from a metastable fusion inactive state to an energetically more stable
form (Carr et al. 1997, Durrer et al. 1996, Skehel et al. 1982, Gaudin 2000). For

VSV G, no kinetically trapped high energy metastable state has been reported;



107

rather, the fusion peptide conformational change is fully reversible (Yao et al.
2003, Crimimins et al. 1983). The thermal stability of G determined by Trp
fluorescence and CD spectroscopy indicates that VSV G is equally stable at
neutral and acidic pH (Yao et al. 2003). It has been suggested that about five
trimers aggregate to form a big fusion complex, which may be required for the
fusion process (Bundo — Morita et al. 1988). VSV has a class Il fusion peptide
(Yao et al. 2003), however, the VSV G protein shares many common features
with other class Il fusion proteins; for example, it has an internal fusion peptide,
and the protein does not undergo any proteolytic maturation. Crystal structure
indicates that most of the class Il fusion proteins have a predominantly B— sheet
structure (Rey et al. 1995, Lescar et al. 2001). However, like the influenza virus
fusion protein, the VSV G protein exists as a trimer at neutral pH (Crise et al.
1989, Lyles et al. 1990). All these facts indicate that VSV G might employ a
distinct fusion mechanism (Class lll) from that of Class | and Class Il fusion

peptide (Gaudin 2000).

To further our understanding of VSV G mediated membrane fusion, the structure
and function of the soluble ectodomain of VSV G has been studied. The soluble
ectodomain of the VSV G glycoprotein (Gs) was generated by limited trypsin
digestion. The soluble Gs obtained by cathepsin D digestion or Gs released in
the VSV infected cells has a molecular weight 5000Da to 6000Da less than the

mature molecule (Crimmins et al. 1983, Irving and Ghosh 1982, Chatis and
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Morrision 1983). Tryptic fingerprinting analyses indicate that Gs lacks the C —
terminal transmembrane domain (Irving and Ghosh 1982). The Gs protein
obtained by limited trypsin digestion of VSV has an apparent molecular weight of
62kDa, whereas the intact G has a molecular weight of 67kDa. If we assume that
the average molecular weight of an amino acid residue is 120Da, then the protein
fragment released as indicated by SDS-PAGE would have nearly 48 amino acids
less than the intact VSV G. Therefore, it is most likely that trypsin has possibly
cleaved at Lysssp, a potential trypsin cleavage site near the transmembrane
domain. The Gs was purified in milligram quantity, after treating the virus with
trypsin at pH 5.4 in presence of 1.5% octylglucoside. The reversibility of the Gs
protein structure at neutral pH was determined by trypsin digestion. The Gs
protein was completely digested by trypsin at neutral pH, which suggests that the

Gs protein has reverted back to its native conformation.

The biological activity of Gs protein was determined by monitoring its lipid binding
property and its ability to induce membrane fusion. The biological activity and the
accompanying structural change of the Gs protein have not been reported yet.
The VSV G protein is responsible for the binding to the cellular receptor prior to
infection. It has been reported that phosphatidylserine (PS) may play the role of
receptor (Schlegel et al. 1983, Yamada and Ohnishi 1986). Atomic force
spectroscopy experiments and inhibition of membrane binding at high ionic

strength indicates that the interaction between G and PS is electrostatic in nature
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(Carneiro et al. 2002). It has been suggested that negatively charged
phospholipids in the cellular membrane are responsible for the initial binding of
VSV G protein to the target membrane (Carneiro et al.2002). Increase in PS
content of the liposomes increased the fusion efficiency remarkably; however, it
did not change the binding profile of VSV G to the membrane. Therefore, for all
experiments liposomes (SUV) were made up of phosphatidylserine (PS) and
phosphatidylcholine (PC). It has been observed in liposome binding experiments
that the Gs proteih binds to the membrane in a pH-dependent manner. Although
the Gs protein can bind to the membrane surface by electrostatic interaction, it

does not penetrate the membrane unless the pH is lowered.

The oligomeric status of VSV G and pH-dependent aggregation has been studied
in detail (Carneiro et al. 2001, Crise et al. 1989, Lyles et al. 1990, Zagouras and
Rose 1993). It has been reported that the VSV G protein obtained after detergent
solubilization or in vivo, exists in a dynamic equilibrium between the monomer
and the trimer at neutral and low pH. However, the stability of the dimer and
trimer increases at low pH. The cross linking of Gs with DTSSP suggests that the
protein may exists as a monomer, dimer, and trimer at neutral as well as at
fusion-active pH. Aggregation of Gs studied by light scattering showed that the
Gs protein aggregates between pH 6.4 and 5. Aggregation of VSV G was
observed between pH 6.6 and 5.6, which is mainly due to hydrophobic

interactions (Carneiro et al. 2001). Increase in bis — ANS binding suggests that
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the lowering of pH gradually exposes the hydrophobic domain of the VSV G
protein (Carneiro et al. 2001). Exposure of hydrophobic residue with structural
change for Gs was studied by quenching of the intrinsic Trp fluorescence by cis-
PnA (Crimmins et al. 1983). Increased quenching of Trp fluorescence by cis-PnA

at pH 5 indicates an increase in accessibility of the hydrophobic regions of Gs.

The TBE E protein forms a dimer at neutral pH and changes irreversibly to a
trimer at fusion-active pH. Two distinctly different kinds of interactions are
involved in stabilizing the dimer and trimer, respectively. The cd loop present at
the tip of domain |l of the TBE E protein is responsible for the stabilization of the
dimer (Rey et al. 1995). In contrast, it has been proposed that the stem anchor
region of TBE E protein (amino acid residues 400 — 450), which has the potential
to form an o— helix structure, might play a critical role during trimerization
(Stiasny et al. 1996, Allision et al. 1999). Based on the pattern of conserved Cys
residues and structural characteristics of discontinuous antigenic sites, a similar
loop structure at the fusion peptide region (118-136) has been predicted for the
VSV G protein (Walker and Kongsuman 1999, Grigera et al.1992). A double
mutation at F125YD411N and D137NG404A of VSV G protein resulted in a less
stable trimer at low pH (Shokralla et al. 1999) suggesting that the stem region
might be involved in the oligomerization of the G protein. Our results suggest that
the Gs protein can form a trimer independently of the liposomal membrane. PHD

structure analysis suggests an o — helical structure for the stem region of VSV G
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protein between amino acid residues 395 and 482. Circular dichroism spectra in
the presence of 2,2,2 — trifluoroethanol and NMR data obtained for the peptide
correspond to the stem region (394 — 402) of the rabies virus G protein,
suggesting that this region has the potential to form an o - helix structure
(Maillard et al. 2003). In the case of the HA fusion glycoprotein, the interaction
between the coiled - coil stem region from each HA1 subunit is responsible for
the trimer stability (Wilson et al. 1981). Therefore, it could be possible that a
similar kind of interaction between o- helix structures at the stem region (a.a 395

— 482) may be involved for the oligomerization of the VSV G protein.

Resonance energy transfer (RET) assay was employed to determine the
membrane fusion activity of Gs. Carneiro et al. (2001) showed that the purified G
protein could induce liposome fusion, but at a much reduced rate compared to
the intact virus. The FHA2 fragment containing the influenza virus HA2
ectodomain could induce membrane fusion (Epand et al. 1999). Membrane
interaction of the bromelain cleaved ectodomain of influenza virus HA (BHA) is
also evident from photolabeling experiments (Harter et al. 1988, 1989, Durrer et
al. 1996). The RET assay suggests that the Gs can also induce membrane
fusion, although the extent of fusion is much less than the intact virus-induced
membrane fusion. Earlier work done in our laboratory suggests that the G protein
requires anchoring to the membrane through any hydrophobic peptide sequence

for fusion activity (Odell et al. 1997). Replacements of G protein membrane



112

anchoring by a glycolipid anchor (glycosylphosphatidyl inositol) completely
abolished polykarion formation at low pH in cells expressing the G protein,
whereas replacement of the G protein transmembrane domain with other
membrane-anchoring domains has no effect on membrane fusion activity. Our
present results, however, suggest that the soluble ectodomain of the VSV G
protein can induce lipid mixing. The RET assay shows that the extent of liposome
fusion induced by full length VSV G and Gs are similar but much less compared
to that of intact virus. This indicates that anchoring to the membrane is essential
for efficient membrane fusion. In the case of influenza virus, HA fusion protein
brings the opposing membrane to close proximity to facilitate membrane fusion
(Hermandez et al. 1996). For VSV G, it has been proposed that a bigger fusion
complex composed of large number of trimers of the fusogenic glycoproteins
may be required to act in a concerted manner to drive the membrane fusion (Yao
et al. 2003). Inability of the Gs protein to form a bigger fusion complex could be
another limiting factor in determining fusion efficiency. In case of VSV G and Gs,
the percentage of fusion also depends on the collisional frequency of the
interacting liposomes. Therefore, it was assumed that increasing the aggregation
would increase the collisional frequency, which in turn will improve the fusion
efficiency. PEG, which is extensively used for cell — cell fusion, is the best
candidate for this purpose. It has been reported that PEG could enhance the rate
of gp 41 fusion peptide mediated membrane fusion (Haque and Lentz 2002). The

peptide corresponding to transmembrane domain of VSV G (462 — 483) could
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also induce fusion of PEG aggregated lipid vesicle (Dennison et al. 2002). It was
observed that the addition of PEG dramatically improved the membrane fusion
ability of the VSV G and Gs. In the presence of 5% PEG, the VSV G and Gs
induced membrane fusion is comparable to that of the intact virus containing the
same amount of G protein. The optimum fusion pH for Gs, however, shifted more
towards the acidic side. The VSV G protein induced maximum fusion between
pH 5.8 and 5.4, whereas Gs induced maximum fusion between pH 5.2 and 5; the
optimum fusion pH for VSV has been reported to be between 5.8 and 5.4 (White
et al. 1981). It has been reported that substitution of Phe-125 and Asp-137 with
Tyr and Asn, respectively in the fusion peptide region, shifts the optimum fusion
pH to a more acidic range (Zhang and Ghosh 1994, Fredericksen and Whitt
1996). It has been also observed that mutation in the carboxy terminal region
(a.a 385 — 410) of the G protein effects the pH dependent membrane fusion
(Shokralla et al. 1998). This indicates that the carboxy terminal region of VSV G
(a.a 385 — 410) could play an important structural role during pH dependent
membrane fusion. Recently, Jeetendra et al. (2003) showed that the
juxtamembrane region of VSV G protein (a.a 440 — 461) is essential for the
membrane fusion activity of VSV G. However, this region is not essential for

oligomerization or transport of glycoprotein to the cell surface.

Our results showed that the VSV G and Gs mediated membrane fusion were

leaky and none of the fusion glycoproteins could induce content mixing.
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However, during content mixing it was observed that VSV G and Gs curve
showed different patterns, which is possibly due to the fact that the VSV G
protein may induce some content mixing for a very short period of time, resulting
in a slow increase in ANTS fluorescence in comparison to Gs. The main
limitation of content mixing is mainly the extensive vesicle leakage induced by
the glycoprotein, as content mixing and vesicle leakage are in competition with
each other. Our results suggest that Gs can induce lipid mixing but cannot induce
complete mixing of aqueous contents. Jeetendra et al. (2003) reported that the
membrane proximal domain (a.a 440-461) may be required for efficient
membrane fusion. Requirement of transmembrane domain of VSV G during
membrane fusion is evident from the inability of the GPI — anchored protein to
induce polykarion formation in cells expressing the hybrid G proteins (Odell et al.
1997). The role of the transmembrane domain during membrane fusion is also
evident from limited content mixing with the FHA2 fragment and the ability of the
GPI — anchor ectodomain of HA to induce only hemifusion (Melikyan et al. 1995,

Epand et al. 1999, Kemble et al. 1994).

The structural transition of VSV G depends on the protonation of His residue
(Carneiro et al. 2003). Resistance to trypsin digestion at acidic pH suggests that
the Gs protein undergoes conformational change at low pH. The trypsin cleavage
sites, which were earlier- exposed at neutral pH, were no longer available at

acidic pH. The structural change of Gs with decreasing pH was also evident form
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the CD spectroscopy. It was observed that the helicity of the structure increased
considerably with a decrease in pH. The maximum amount of o — helix content
was observed at pH 6, which suggests that a structural rearrangement occurs at
that pH. The change in conformation at this step possibly exposes the fusion
peptide for the first time; otherwise, it is buried inside the molecule. A similar
structural rearrangement has been reported for the VSV G between pH 6.4 and 6

(Cameiro et al. 2001).

Although all viral fusion peptides perform the same function, they have different
structural features. An increasing amount of evidence suggests that the VSV G
glycoprotein might adopt a completely different mechanism from that of known
Class | and Class I fusion peptides and could therefore be classified as a Class
Il fusion glycoprotein. More detailed structural study of this protein will help us to
understand the VSV G mediated fusion mechanism. Mutation experiments done
in our laboratory and elsewhere suggest that the conserved uncharged residue
between 117 — 139 might be involved in membrane fusion (Fredericksen and
Whitt 1996, Li et al. 1993, Zhang and Ghosh 1994). Photolabeling experiments
further suggest that the residue between amino acids 59 — 2210f the G protein is
involved in membrane fusion (Durrer et al. 1995). The synthetic fusion peptide
designed against putative fusion peptide region of VSV G could interact with the
artificial membrane in a pH dependent manner but no fusion activity of this

peptide has been reported (Hall et al. 1998). However, a similar fusion peptide
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did not show any membrane fusion activity, possibly due to the absence of the
conserved Pro and Cys residue in the fusion peptide (Carneiro et al. 2003). It has
been reported that the region between amino acid residues 145 — 168 of VSV G
could be involved in the membrane fusion. Again fusion peptide designed
corresponds to transmembrane domain (a.a 462 — 483) of VSV G protein could
induce membrane fusion (Dennison et al. 2002, Langosch et al. 2001). It has
been suggested that the transmembrane domain could act at the later step of
membrane fusion (Langosch et al. 2001). Therefore, to obtain further insight into
the role of the structural domain directly involved during membrane fusion,
detailed structure and function studies should be carried out with different
fragments of the VSV G ectodomain, particularly near the N — terminal region.
Elucidation of the high resolution structure of the VSV G protein will be significant

in understanding its fusion mechanism.
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6. ADDENDUM

6.1 Crystallization of soluble Gs

The high-resolution crystal structure of influenza virus HA both at neutral and
fusion active pH, TBE E protein, and SFV glycoprotein have helped to
understand the fusion mechanism of class | and class Il fusion proteins (Bullough
et al. 1994, Wilson et al. 1981, Lescar et al. 2001, Rey et al. 1995). The
CLUSTALW multiple sequence alignment program showed no sequence
homology between TBE E and VSV G proteins. The secondary structure of the
VSV G glycoprotein, predicted by the PHD program, showed that the B — sheets
are the predominating structure, but a— helix structures are also present in
substantial amounts, whereas in the case of TBE E glycoprotein, B — sheets are
the only predominating structures. To get further insight into the structure of VSV
G, we attempted to crystallize the soluble ectodomain of VSV G released by

restricted trypsin digestion.

For large-scale virus production, VSV Indiana was grown in BHK 21 cell lines in
36 150-mm plates, and the virus was purified as described in the Materials and
Methods (2.13). Large-scale Gs was prepared by trypsin cleavage as described
in the Materials and Methods (2.17). Impurities left after the sephadex column

were removed by using a Q — Column (Dr. Murray Junop, McMaster University).
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The fractions containing Gs obtained from the sephadex column were pooled
and adjusted to 0.5% octylglucoside and 100 mM NaCl. The Gs was then loaded
onto a 5-ml Q — column (Pharmacia), pre-equilibrated with 50 mM tris pH 8 and
100 mM NaCl containing 0.5% octylglucoside. A small amount of detergent
(concentration less than CMC) was required for the efficient elution of Gs from
the Q — column. In the absence of detergent, Gs cannot be eluted even with 1M
NaCl. Therefore, Gs was eluted by running a linear NaCl gradient containing
0.5% octylglucoside. The protein was eluted between 300 — 350 mM NaCl and
also at 500 mM and 1M NaCl concentrations. The fractions collected between
300 — 350mM NaCl were pooled, and the salt concentration was adjusted to 180
mM NaCl. For the initial crystal trial, the protein was concentrated to 4 mg/ml and
set for crystal screening at different conditions using HAMSTAN | / Il and a
Sigma Membrane crystallization kit at 4°C. Detailed crystallization conditions are
summarized in Table — |, Table — Il, and Table — lll. The hanging drop vapor
diffusion method was used for the crystallization, as this method has been
successfully used for crystallization of other class |l fusion proteins. For typical
crystal screening, 1 ul of concentrated protein was mixed with 1 ul of screening

buffer and set for crystallization. The initial crystal trial did not yield any crystal.
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Crystal screening buffer Crystal
1. Na-chloride 0.1M, Na-acetate (pH4.6) 0.1M, 2-methyl-2,4- No
pentanediol 12%
2. Zn-acetate 0.1M, Na- acetate (pH4.6) 0.1M, PEG4000 12% No
3. NH,-sulfate 0.2M, Na-acetate (pH4.6) 0.1M, PEG 4000 10% No
4. Na-chloride 0.1M, Na acetate (pH4.6) 0.1M, 2-propanol 12% No
5. Na - acetate (pH4.6) 0.1M, PEG4000 12% No
6.NH;-sulfate 1M, Na acetate (pH4.6) 0.1M No
7. Mg-sulfate 1M, Na acetate (pH4.6) 0.1M No
8. Mg-chloride 1M, Na acetate (pH4.6) 0.1M, PEG 400 18% No
9. NH;- dihydrogenphosphate 1M, Li-sulfate 0.1M, Na acetate (pH4.6) No
0.1M
10. Na-chloride 0.1M, Na acetate (pH4.6) 0.1M, PEG6000 12% No
11. Mg-chloride0.1M, Na acetate (pH4.6) 0.1M, PEG 6000 12% No
12. Na-chloride 0.1M, Na-citrate (pH5.6) 0.1M, PEG 400 18% No
13. Li-sulfate 0.1M, Na-citrate (pH5.6) 0.1M, PEG 4000 12% No
14. Na-citrate (pH5.6) 0.1M, 2-propanol 10% No
15. Na-chloride 0.1M, Na-citrate (pH5.6) 0.1M, 2-methyl-2,4- No
pentanediol 12%
16. Mg-sulfate 1M, Na-citrate (pH5.6) 0.1M. No
17.Na-chloride 0.1M, Na-citrate (pH5.6) 0.1M, PEG 4000 12% No
18. Li-sulfate 0.1M, Na-citrate (pH5.6) 0.1M, PEG 6000 12% No
19. Mg-chloride 0.1M, Na-citrate (pH5.6) 0.1M, 2-methyl-2,4- No
pentanediol 4%
20. Na-chloride 0.1M, Na-citrate (pH5.6) 0.1M. No
21. Li-sulfate 0.1M Na-citrate (pH5.6) 0.1M, PEG 400 4% No
22. NHy4-sulfate 1M, ADA (pH6.5) 0.1M No
23. Li-sulfate 0.1M, ADA (pH6.5) 0.1M, 2-propanol 2%, PEG 4000 12% No
24. NH4-dihydrogenphosphate 1M, ADA (pH6.5) 0.1M No
25. Mg- chloride 0.1M, ADA (pH6.5) 0.1M, PEG 6000 12% No
26. ADA (pH6.5) 0.1M, 2-methyl-2,4-pentanediol No
27. Mg-sulfate1M, Li-sulfate 0.1M, ADA (pH6.5) 0.1M No
28. Li-sulfate 0.3M, ADA (pH6.5) 0.1M, 2-propanol 2%, PEG 400 4% No
29. K-,Na-hydrogenphosphateeach 0.5M, NH4-sulfate, HEPES Na-salt No
(pH7.5) 0.1M
30. Na-chloride 0.1M, , HEPES Na-salt (pH7.5) 0.1M, PEG 4000 10% No
31. Mg-chloride 0.1M, , HEPES Na-salt (pH7.5) 0.1M, PEG 400 18% No
32. K-, Na —tartrate 0.1M, HEPES Na-salt (pH7.5) 0.1M. No
33. NHy4-sulfate 0.1M, , HEPES Na-salt (pH7.5) 0.1M, PEG 400 18% No
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34. NH;-sulfate 0.1M, , HEPES Na-salt (pH7.5) 0.1M, PEG 4000 10% No

35 Na-citrate 0.1M, HEPES Na-salt (pH7.5) 0.1M, 2-methyl —2,4- No
pentanediol 12%.

36. Na-citrate 1M, , HEPES Na-salt (pH7.5) 0.1M No

37. Mg-sulfate 0.6M, , HEPES Na-salt (pH7.5) 0.1M, PEG 400 4% No

38. Mg-sulfate 0.6M, HEPES Na-salt (pH7.5) 0.1M, 2-methyl-2, 4- No
pentanediol 4%.

39. K-,Na-tartrate 0.1M, Li-sulfate 0.1M HEPES Na-salt (pH7.5) 0.1M No

40. Na-chloride 0.15M, TRIS-HCI (pH8.0) 0.1M, PEG 6000 12% No

41. Na —chloride 0.1M, TRIS-HCI (pH8.0) 0.1M, 2-methyl-2,4- No
pentanediol 12%

42. Li-sulfate 0.1M, TRIS-HCI (pH8.0) 0.1M, 2-methyl-2,4-pentanwdiol No
12%

43. K-,Na-hydrogenphosphate each 0.5M, NH4-hydrogenphosphate No
0.1M, TRIS-HCI (pH8.0) 0.1M

44. Na-acetate 0.1M, TRIS-HCI (pH8.0) 0.1M No

45. Na-chloride 0.1 M, TRIS-HCI (pH8.0) 0.1M No

46. NH4-hydrogenphosphate 0.1M, TRIS-HCI (pH8.0) 0.1M, PEG 6000 No
12%

47. K-,Na-tartrate 0.1M, Mg-sulfate 0.4M, TRIS-HCI (pH8.0) 0.1M No

48. Li-sulfate 0.2M, TRIS-HCI (pH8.0) 0.1M No

49. NHy-sulfate 0.5M, TRIS-HCI (pH8.0) 0.1M No

50. Na-citrate 0.1M, TRIS-HCI (pH8.0) 0.1M, PEG 400 5% No
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Crystal screening buffer Crystal
1. 10% PEG 6000, 2.0M sodium chloride No
2. 0.5M sodium chloride, 0.1 M CTAB, 0.1M Magnesium Chloride No
3. 25% ethylene glycol No
4. 35% Dioxane No
5. 5% iso-propanol, 2.0M ammonium sulfate No
6. 1.0M Imidazole pH 7.0 No
7. 10%PEG 1000, 10% PEG 8000 No
8. 10%Ethanol, 1.5M sodium chloride No
9. 2.0M Sodium chloride, 0.1M Na-acetate (pH 4.6) No
10. 30% MPD, 0.1M Na-acetate (pH 4.6), 0.2 M Sodium chloride No
11. 1.0M 1,6 Hexanediol, 0.1M Na-acetate (pH 4.6), 0.01M No
cobaltchloride
12. 30% PEG 400, 0.1M Na-acetate (pH 4.6), 0.1M Cadmium chloride No
13. 30% PEG MME 2000, 0.1M Na-acetate (pH 4.6), 0.2M Ammonium No
sulfate
14. 2.0M Ammonium sulfate, 0.1M Na-Citrate (pH 5.6), 0.2 M K/Na No
tartrate
15. 1.0M Li-sulfate, 0.1M Na-Citrate (pH 5.6), 0.5M ammonium sulfate No
16. 2%Polyethyleneimine, 0.1M Na-Citrate (pH 5.6), 0.5M Na-chloride No
17. 35%tert-butanol, 0.1M Na-Citrate (pH 5.6) No
18. 10%Jeffamine M-600, 0.1M Na-Citrate (pH 5.6), 0.01M Ferric No
chloride
19. 2.5M1.6 Hexanediol, 0.1M Na-Citrate (pH 5.6) No
20. 1.6M Mg-sulfate, 0.1M MES pH (6.5) No
21. 2.0M Na-chloride, 0.1M MES pH (6.5), 0.2 M Na/ K phosphate No
22. 12% PEG 20,000, 0.1M MES pH (6.5) No
23 10% Dioxane, 0.1M MES pH (6.5), 1.6M ammonium sulfate No
24. 30% jeffamine M — 600, 0.1M MES pH (6.5), 0.05M Cs-chloride No
25. 1.8M Ammonium chloride, 0.1M MES pH (6.5), 0.01M Co-chloride No
26. 30% PEG MME 5000, 0.1M MES pH (6.5), 0.2M ammonium sulfate No
27. 25% PEG MME 550, 0.1M MES pH (6.5), 0.01Zn-sulfate No
28. 1.6 M Na-citrate (pH 6.5) No
29. 30%MPD, 0.1 M HEPES (pH 7.5), 0.56M ammonium sulfate No
30. 10% PEG 6000, 0.1 M HEPES (pH 7.5), 5%MPD No
31. 20% Jeffamine M — 600, 0.1 M HEPES (pH 7.5) No
32. 1.6 M ammonium sulfate, 0.1 M HEPES (pH 7.5), 0.1M Na-chloride No
33. 2.0M Ammonium formate, 0.1 M HEPES (pH 7.5) No
34. 1.0M Sodium Acetate, 0.1 M HEPES (pH 7.5), 0.05M Cd — sulfate. No
35. 70% MPD, 0.1 M HEPES (pH 7.5) No
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36. 4.3M Na- chloride, 0.1 M HEPES (pH 7.5) No
37. 10% PEG 8000, 0.1 M HEPES (pH 7.5), 8% Ethylene glycol No
38. 20% PEG 10,000, 0.1 M HEPES (pH 7.5) No
39. 3.4M1,6 Hexanediol, 0.1M TRIS-HCI (pH 8.5), 0.2M Mg-chloride No
40. 25% tert-Butanol, 0.1M TRIS-HCI (pH 8.5) No
41. 1.0M Li-sulfate, 0.1M TRIS-HCI (pH 8.5), 0.01M Ni(ll)-chloride No
42. 12% Gilycerol, 0.1M TRIS-HCI (pH 8.5), 1.5M ammonium sulfate No
43. 50% MPD, 0.1M TRIS-HCI (pH 8.5), 0.2M ammonium phosphate No
44. 20% Ethanol, 0.1M TRIS-HCI (pH 8.5) No
45. 20% PEG MME 2000, 0.1M TRIS-HCI (pH 8.5), 0.01M Ni(ll)chloride No
46. 20% PEG MME 550, 0.1M Bicine (pH 9.0), 0.1 M Na-chloride No
47. 2.0M Mg-chloride, 0.1M Bicine (pH 9.0) No
48. 10% PEG 20,000, 0.1M Bicine (pH 9.0), 2% Dioxane. No
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Crystal screening buffer Crystal
1. 30% MPD, 0.1M acetate pH 4.6, 0.02 M Ca- chloride No
2. 0.4M K, Na tartrate No
3. 0.4M Ammonium phosphate No
4. 2.0M ammonium sulfate, 0.1M TRIS-HCI pH 8.5 No
5. 30% MPD, 0.1 M Na HEPES pH 7.5, 0.2 M Na-citrate No
6. 30% PEG 4000, 0.1M TRIS HCI pH 8.5, 0.2 M Mg-chloride No
7. 1.4M Na-acetate, 0.1M Na-cacodylate pH 6.5 No
8. 30% iso-propanol, 0.1M Nacacodylate pH 6.5, 0,2M Na- citrate No
9. 30% PEG 4000, 0.1M Na citrate pH 5.6, 0.2M ammonium acetate No
10. 30% PEG 4000, 0.1M Na-acetate pH 4.6, 0.2 M ammonium acetate No
11. 1.0M ammonium phosphate, 0.1 Na citrate pH 5.6 No
12. 30% iso-propanol, 0.1M Na-HEPES pH7.5, 0.2M Mg-chloride No
13.30%PEG 400, 0.1M TRIS-HCI pH 8.5, 0.2M Na-citrate No
14. 28% PEG 400, 0.1 M Na HEPES pH 7.5, 0,2M Ca-chloride No
15. 30%PEG 8000, 0.1M Na-cacodylate pH 6.5, 0.2M ammonium No
sulfate
16. 1.5 M Li-sulfate, 0.1M Na-HEPES pH7.5 No
17.30% PEG 4000, 0.1 M TRIS-HCL pH 8.5, 0.2M Li-sulfate No
18. 20% PEG 8000, 0.1M Na- cacodylate pH 6.5, 0.2 M ma-acetate No
19. 30% iso-propanol, 0.1M TRIS-HCI pH 8.5, 0.2M ammonium acetate No
20. 25% PEG 400, 0.1M Na-acetate pH 4.6, 0.2M ammonium sulfate No
21. 30%MPD, 0.1M Na cacodylate pH 6.5, 0.2M Mg-acetate No
22. 30% PEG 4000, 0.1M TRIS — HCI pH8.5. 0.2 M sodium acetate No
23 30% PEG 400, 0.1 M Na HEPES pH 7.5, 0.2 M Mg-chloride No
24. 20% iso-propanol, 0.1M Na-Acetate pH 4.6, 0.2M Ca-chloride No
25. 1.0M Na-acetate, 0.1M imidazole pH 6.5 No
26. 30% MPD, 0.1 M Na citrate pH 5.6, 0.2 M ammonium acetate No
27. 20% iso-propanol, 0.1 M Na HEPES pH 7.5, 0.2 M Na citrate No
28. 30% PEG 8000, 0.1M Na cacodylate pH 6.5, 0.2 M Na- acetate No
29. 0.8M K,Na tartrate, 0.1M Na HEPES pH 7.5 No
30. 30% PEG 8000, 0.2M ammonium sulfate No
31. 30% PEG 4000, 0.2M ammonium acetate No
32. 2.0M ammonium sulfate No
33. 4.0M Na-formate No
34. 2.0M Na-formate, 0.1M Na acetate pH 4.6 No
35. 1.6M Na,K phosphate, 0.1M Na HEPES pH 7.5 No
36. 8% PEG 8000, 0.1M TRIS — HCI pH 8.5 No
37. 8% PEG 4000, 0.1 M Na acetate pH 4.6 No
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38. 1.4M Na-citrate, 0.1 M Na HEPES pH 7.5 No
39. 2% PEG 400, 0.1M Na HEPES pH 7.5, 2.0 M ammonium sulfate No
40. 20% iso-propanol, 0.1M Na citrate pH 5.6, 20% PEG 4000 No
41. 10% iso- propanol, 0.1M Na-HEPES pH 7.5, 20% PEG 4000 No
42 20%PEG 8000, 0.05M Potassium phosphate No
43. 30% PEG 1500 No
44. 0.2 M Mg-formate No
45. 18% PEG 8000, 0.1M Nacacodylate pH 6.5, 0.2M Zn-acetate No
46. 18% PEG 8000, 0.1M Na cacodylate pH 6.5, 0.2M ca-acetate No
47. 2.0M ammonium sulfate, 0.1 M Na-acetate pH 4.6 No
48. 2.0M ammonium phosphate, 0.1M TRIS HCL pH 8.5 No
49. 2% PEG 8000, 1.0 Li-sulfate No
50. 15% PEG 8000, 0.5M Li-sulfate No
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