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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 (1 0:1, 30min.), 

thermolysin (1 0:1, 1 hr.), bromelain (8:1, 30 min) and pronase (1 0:1, 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 

eta/. 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 EDT A. 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 scala Gs production, trypsin was selected over cathepsin D 

because trypsin is more economical than cathepsin D (Crimmins eta/. 1983). 
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Fig.9: Purification of Gs. a) SDS PAGE analysis of purified Gs. VSV was 

digested with trypsin ( 15:1 of 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 LB-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 em x 0.9 em 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 11g of Gs was incubated with 

O.S11g of trypsin (TPCK treated) at 37°C for 30 min. in the presence of Triton X 

100. The reaction was stopped with 1 mM 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 eta/. 1983, Clague eta/. 1990, Blumenthal eta/. 1987, Puri eta/. 

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 a/. 1998, Odell et a/. 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. 

1 0). 

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 a/. 

2001, Pak et a/.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-J..LI 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 a/. 1992, Crise et a/. 1989, Zagouras and Rose 

1993, Lyles eta/. 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 

a/. 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 a/. 1978). The cross linking of VSV G and Gs was done as 

described by Lyles et a/. 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. 1 0)-Lg of VSV G or Gs was added to 20 ).11 of 50mM HE PES 

pH 7.4, 150 mM NaCI buffer. The pH was adjusted to 5.4 with precalibrated 

amount of 0.5 M Na acetate buffer. 500)-LM 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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1 Ob). 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 a/. (2001) showed that VSV G starts to aggregate 

between pH 7.5 and 6. The increase in light scattering of Gs (30 J.Lg/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 0.1 M 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 a/. 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 eta/. 2003). Unlike the TBE E protein, for the G 

protein it seems that oligomerization and aggregation do not require the 

transmembrane renion, and the Gs protein can form trimers independent of 

liposomal membranes (Crise eta/. 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 45~-tg/ml was added to 2m I of 1 OmM HE PES pH 7.4 and 

150mM NaCI. The pH was gradually lowered by adding pre-calibrated amount of 

0.1 M 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 eta/. (1987) 

and Carneiro et a/. (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 could induce 

membrane fusion (Epand eta/. 1999). Therefore, a resonance energy transfer 

(RET) assay as described by Struck et a/. (1981) and Hoekstra and Duzgunes 

(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, Aex 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. 50j..tmoles of 

unlabeled liposome and 5.5 j..tmoles 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 j..tg/ml (1 ), 20 j..tg/ml (2), 40 j..tg/ml (3) and 80 j..tg/ml (4) of VSV at pH 5.4 and 

37°C. b) Kinetics of liposome fusion with 0.06 llmoles (1 ), 0.116 j..tmoles (2), 

0.232 llmoles (3) and 0.5 llmoles (4) of VSV G proteins at pH 5.4 and 37°C. c) 

Kinetics of liposome fusion with 0.06 j..tmoles (1 ), 0.116 j..tmoles (2), 0.232 j..tmoles 

(3) and 0.5 llmoles (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. 50J.1moles of unlabeled liposome 

and 5.5 J.lmoles 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 0.1 M citric acid. The increase in NBD fluorescence was measured at excitation 

wavelength of 465nm and emission wavelength of 530nm. The 1 OO%fusion was 

determined by adding 10% Triton X 1 00 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 - 1 00 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 eta/. 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 cone.) 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. 

50~moles of unlabeled liposome and 5.5 ~moles 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 1 00% 

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 eta/. 1996). Odell eta/. (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 eta/. 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 a/. 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 eta/. 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 eta/. 1996). Bailey eta/. (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 eta/. (1997) and Ellen eta/. (1985). The leakage of liposomes was 
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Fig. 17: Vesicle leakage induced by VSV G and Gs proteins. 150~moles 

of SUV containing equimolar amount of PC and PS were added to 2ml pH 

7 buffer, to that 0.232~moles or 0.5~moles of VSV G (a) and Gs (b) fusion 

glycoproteins were added and pH was bought down to 5.4 with pre -

calibrated amount of 0.1 M 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 20~1 

of 1 0% Triton X 1 00 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 J.lmole 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 I 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 result in dequenching 

of ANTS fluorescence, as the effective distance between ANTS and DPX will 

increase. The increase in ANTS fluorescence was measured at Aex 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 eta/. 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 I DPX assay. The ANTS and DPX were encapsulated in different 

population of SUV (DOzgOnes 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 a/. 1983, Clague et a/. 1990, Blumenthal et a/. 1987, Puri et a/. 

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 eta/. 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 a/. 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 a- 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 tha1 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 a/. 
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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% TritonX1 00 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 ·1 0% 

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 1 mm quartz cell at pH 7.4 

(black), 6 (blue) or 5 (red). The Gs was diluted to 300f.lg/ml in phosphate buffer of 

respective pH. The plots are representative of two independent experiments. 
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Fig. 21: Effect of pH on a- helix content of Gs protein. The CD spectra for Gs 

were determined at different pH at 25°C. The secondary structure was 

determined by CD Pro software using CONTINLL program (Sreerama 1999). 

Final concentration of protein was maintained at 300J..Lg/ml. 
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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 eta/. 1981, Bullough eta/. 

1994). The influenza virus HA fusion peptide undergoes irreversible structural 

change at fusion active pH (Ruigrok eta/. 1986, Carr eta/. 1997). A coiled -coil 

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 eta/. 1983, Clague eta/. 1990, 

Puri et a/. 1988, Blumenthal at a/. 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 eta/. 1997, Durrer eta/. 1996, Skehel eta/. 1982, Gaudin 2000). For 

VSV G, no kinetically trapped high energy metastable state has been reported; 
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rather, the fusion peptide conformational change is fully reversible (Yao et a/. 

2003, Crimimins et a/. 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 eta/. 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 eta/. 1988). VSV has a class Ill fusion peptide 

(Yao eta/. 2003), however, the VSV G protein shares many common features 

with other class II 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 II fusion proteins have a predominantly ~- sheet 

structure (Rey et a/. 1995, Lescar et a/. 2001 ). However, like the influenza virus 

fusion protein, the VSV G protein exists as a trimer at neutral pH (Crise et a/. 

1989, Lyles et a/. 1990). All these facts indicate that VSV G might employ a 

distinct fusion mechanism (Class Ill) from that of Class I and Class II 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 a/. 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 Lys4s2. 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 a/. 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 a/. 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 a/.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 protein 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 eta/. 2001, Crise eta/. 1989, Lyles eta/. 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 eta/. 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 a/. 2001 ). Exposure of hydrophobic residue with structural 

change for Gs was studied by quenching of the intrinsic Trp fluorescence by cis­

PnA (Crimmins eta/. 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 II of the TBE E protein is responsible for the stabilization of the 

dimer (Rey eta/. 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 a- helix structure, might play a critical role during trimerization 

(Stiasny eta/. 1996, Allision eta/. 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 a/.1992). A double 

mutation at F125YD411 N and D137NG404A of VSV G protein resulted in a less 

stable trimer at low pH (Shokralla et a/. 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 a- 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 a- helix structure 

(Maillard eta/. 2003). In the case of the HA fusion glycoprotein, the interaction 

between the coiled - coil stem region from each HA 1 subunit is responsible for 

the trimer stability (Wilson et a/. 1981 ). Therefore, it could be possible that a 

similar kind of interaction between a- 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 eta/. (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 a/. 1999). Membrane 

interaction of the bromelain cleaved ectodomain of influenza virus HA (BHA) is 

also evident from photolabeling experiments (Harter et a/. 1988, 1989, Durrer et 

a/. 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 a/. 1997). Replacements of G protein membrane 
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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 

(Hernandez et a/. 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 

eta/. 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 eta/. 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 

eta/. 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 - 41 0) of the G protein effects the pH dependent membrane fusion 

(Shokralla eta/. 1998). This indicates that the carboxy terminal region of VSV G 

(a.a 385 - 41 0) could play an important structural role during pH dependent 

membrane fusion. Recently, Jeetendra et a/. (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 a/. (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 eta/. 

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 eta/. 1995, 

Epand eta/. 1999, Kemble eta/. 1994). 

The structural transition of VSV G depends on the protonation of His residue 

(Carneiro eta/. 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 a- 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 

(Carneiro eta/. 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 I and Class II fusion peptides and could therefore be classified as a Class 

Ill 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 eta/. 1993, Zhang and Ghosh 1994). Photolabeling experiments 

further suggest that the residue between amino acids 59- 221 of the G protein is 

involved in membrane fusion (Durrer et a/. 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 a/. 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 eta/. 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 a/. 2002, Langosch et a/. 2001 ). It has 

been suggested that the transmembrane domain could act at the later step of 

membrane fusion (Langosch eta/. 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. 



117 

5. REFERENCES: 

Allison S.L, Stiasny K, Stadler K, Mandl C.W and Heinz F.X. (1999). Mapping 
of functional elements in the stem- anchor region of Tick-borne 
encephalitis virus envelope protein. J. Viral. 73, 5605-5612. 

Bailey C.A, Miller D.K and Lenard J. (1984). Effects of DEAE - dextran on 
infection and hemolysis by VSV evidence that nonspecific 
electrostatics interaction mediate effective binding of VSV to Cells. 
Virology 133,111-118 

Bailey M.J, Mcleod D.A, Kang C and Bishop D.H.L. (1989). Glycosylation is 
not required for the fusion activity of the G protein of vesicular 
stomatitis virus in insect cells. Virology 169, 323- 331. 

Ball L.A and White C.N (1976). Order of transcription of genes of vesicular 
stomatitis virus. Proc. Natl. Acad. USA 73, 442 - 446. 

Barbey-Martin C., Gigant B., Bizebard T., Calder L.J., Wharton S.A, Skehel 
J.J. and Knossow M. (2002). An antibody that prevent the 
hemagglutinin low pH fusion transition. Virology 294, 70-74. 

Bhella R.S, Nichol S.T, Wanas E. and Ghosh H.P. (1998). Structure 
expression and phylogenetic analysis of the glycoprotein gene of 
Cocal virus. Virus Res. 54, 197 - 205. 

Blumenthal R, Bali-Puri A, Walter A, Covell D. and Eidelman 0. (1987). pH 
dependent fusion of vesicular stomatitis virus with vera cells. 
Measurement by dequenching of octadecyl rhodamine 
fluorescence. J. Bioi. Chern. 262, 13614- 13619. 

Bullough P.A, Hughson F.H, Skehel J.J and Wiley D.C. (1994) Structure of 
influenza hemagglutitinin pH of membrane fusion. Nature 371, 37-
43. 

Bunda - Marital K., Gibson S. and Lenard J. (1988). Radiation inactivation 
analysis of fusion and hemolysis by vesicular stomatitis virus. 
Virology 163, 622 - 624. 

Capone J, Leblance P, Gerber G.E. and Ghosh H.P. (1983). Localization of 
membrane proteins by the use of a photoreactive fatty acid 
incorporated in vivo into vesicular stomatis virus. J. Bioi. Chern. 
258, 1395-1398. 



118 

Capone J. and Ghosh H.P. (1984). Association of the nucleocapsid protein N 
of vesicular stomatitis virus with phospholipid vesicle containing the 
matrix protein M. Can J. Biochem Cell Bioi. 62, 1174- 1180. 

Capone J., Toneguzzo F. and Ghosh H.P. (1982). Synthesis and assembly of 
membrane glycoprotein membrane anchoring COOH-terminal 
domain of vesicular stomatitis virus envelope glycoprotein G 
contains fatty acids. J. Bioi. Chern. 257, 16-19. 

Carlsson J., Drevin H., and Axen R. (1978). Protein Thiolation and reversible 
protein-protein conjugation N-succinimidyl 3-(2-pyridyldithio) 
propionate, a new heterobifunctional reagent. Biochem. J. 173, 
723-737. 

Carneiro F.A, Ferradosa A.S and Da Poian A.T. (2001) Low pH induced 
conformational changes in vesicular stomatitis virus glycoprotein 
involve dramatic structure reorganization. J. Bioi. Chern. 276, 62-
67. 

Carneiro F.A, Stauffer F, Lima C.S, Juliano M.A Juliano Land Da Poian A.T. 
(2003). Membrane fusion induced by vesicular stomatitis virus 
dependent on Histidine protonation. J. Bioi. Chern 278, 13789-
13794. 

Carneiro F.A. Bianconi M.L, Weissmuller G., Stauffer F. and Da Poian A.T. 
(2002). Membrane recognition by vesicular stomatitis virus involves 
enthalpy- driven protein lipid interactions. J. Virol. 76, 3756-3764. 

·Carr C.M and Kim P.S (1993). A spring loaded mechanism for the 
conformational change of influenza hemagglutinin. Cell 73, 823 -
832. 

Carr C.M., Chaudhry C. and Kim P.S. (1997). Influenza hemagglutinin is 
spring- loaded by a metastable native conformation. Proc. Natl. 
Acad. USA 94, 14306-14313. 

Chan D.C, Fass D, Berger J.M. and Kim P.S. (1997). Core structure of gp41 
from t~e HIV envelope glycoprotein. Cell89, 263-273. 

Chatis P.A. and Morrison T.G. (1983). Characterization of the soluble 
glycopmtein released from vesicular stomatitis virus infected cell. J. 
Virol. 45, 80-90. 



119 

Chen L., Colman P.M, Cosgrove L.J, Lawrence M.C, Lawrence L.J, Tulloch 
P.A and Gorman J.J. (2001). Cloning, expression and 
crystallization of the fusion protein of Newcastle disease virus. 
Virology 290, 290-299. 

Chernimordik L.V, leikina E., Frolov V., Bronk P. and Zimmerberg J. An early 
stage of membrane fusion mediated by the low pH conformation of 
influenza hemagglutinin depends upon membrane lipids. J. Cell 
Bioi. 136, 81-93. 

Chernomordik L., Kozlov M.M., and Zimmerberg J. (1995). Lipids in biological 
membrane fusion. J.Membrane Bioi. 146, 1-14. 

Clague M.J, Knutson J.R, Blumenthal R and Herrmann A (1991 ). Interaction 
of influenza hemagglutinin amino terminal peptide with 
phospholipids vesicle: a fluorescence study. Biochemistry, 30, 5491 
-5497. 

Clauge M.J, Schoch C, Zech Loren and Blumenthal R. (1990). Gating kinetics 
of pH activated membrane fusion of vesicular stomatitis virus with 
cells: stopped flow measurements by dequenching of 
octadectlrhodamine fluorescence. Biochemistry 29, 1303- 1308. 

Coii.J.M. (1995). The glycoprotein of rhabdoviruses. Arch Virol. 140, 827-851. 

CoiiJ.M (1997). Synthetic peptide from the heptad repeats of the 
glycoproteins of rabies, vesicular stomatitis and fish rhabdovirus 
bind phosphatidylserine. Arch Virol142, 2089-2097. 

Crannell S, Takimoto T, Portner A and Taylor G. (2000). Crystal structure of 
the multifunctional paramyxovirus hemagglutinin neuraminidase. 
Nature struc. Bioi. 7, 1098- 1074. 

Crimmins D.L, Mehard W B., and Schlesinger S. (1983) Physical properties of 
a soluble form of the glycoprotein of vesicular stomatitis virus at 
neutral and acidic. Biochemistry 22, 5790-5797. 

Crise B., Ruusala A., Zagouras, P., Shaw, A. and Rose, J.K. (1989). 
Oligomerization of glycolipid- anchored and soluble forms of the 
vesicular stomatitis virus glycoprotein. J. Virol63, 5328-5333. 

Daniel P.S, Jeffries S, Yates P, Schild G.C, Rogers G.N, Paulson J.C, 
Wharton S.A, Douglas A.R, Skehel J.J. and Wiley D.C. (1987). The 



120 

receptor binding and membrane-fusion properties of influenza virus 
variants selected using anti-hemagglutinin monoclonal antibody. 
EMBO 6,1459- 1465. 

Dennison S.M, Greenfield N, Lenard J. and Lentz B.R. (2002). VSV 
transmembrane domain (TMD) peptide promotes PEG-mediated 
fusion of liposome in a conformationally sensitive fashion. 
Biochemistry 41 , 14925 - 14934. 

Doms R.W,Keller D.S, Helenius A. and Balch W.E. (1987). Role for 
adenosine triphosphate in regulating the assembly and transport of 
vesicular stomatitis virus G protein trimers. J. Cell Bioi. 105, 1957 -
1969. 

Durrer P, Galli C, Hoenke S, Corti C, Gluck R Vorherr Tand Brunner J. 
(1996). H+ induced membrane insertion of influenza virus 
hemagglutinin involve the HA2 amino terminal fusion peptide but 
not the coiled coil region. J. Bioi. Chern. 271, 13417- 13421. 

Durrer P., Gaudin Y, Ruigrok R.W.H., Graf R., Brunner J. (1995). 
Photolabeling identifies a putative fusion domain in the envelope 
glycoprotein of rabies and vesicular stomatitis viruses. J. Bioi. 
Chern. 270, 17575-17581. 

Durieu P. and Ochatt S.J. ( 2000). Efficient intergeneric fusion of pea (Pisum 
sativum L.) and grass pea (Lathyrus sativus L.) protoplast. J. Exp. 
Bot. 51, 1237- 1242. 

DOzgOnes N and Wilschut J. (1993). Fusion assay monitoring intermixing of 
aqueous content. Method enzymology 220, 2 - 14. 

Eckert D.M. and Kim P.S. (2001). Mechanism of viral membrane fusion and 
its inhibition. Ann. Rev. Biochem. 70, 777-810. 

Ellen, H, Bentz, J and Szoka F.C (1985). H+ and Ca2+ induced fusion and 
destabilization of liposomes. Biochemistry 24, 3099 - 31 06. 

Epand R.F, Macosko J.C, Russell C.J, Shin Y.and Epand R.M. (1999). The 
ectodomain of HA2 of influenza virus promotes rapid pH dependent 
membrane fusion. J.Moi.Biol286, 489-503. 



121 

Epand R.M, Epand R.F, Marin I and Ruysschaert J.M. (2001). Membrane 
interaction of mutant form of the influenza fusion peptide. 
Biochemistry 40, 8800-8807. 

Frangioni J.V and Neel B.G. (1993). Solubilization and purification of 
enzymatically active Glutathione S -Transferase (pGEX) fusion 
protein. Biochemistry 210, 179-187. 

Fredericksen B.L and Whitt M.A . ( 1996). Mutation at two conserved acidic 
amino acids in the glycoprotein of vesicular stomatitis virus affect 
pH- dependent conformational changes and reduce the pH 
threshold for membrane fusion. Virology 217, 49-57. 

Freed E.O and Martin M.A. (1995). The role of human immunodeficiency virus 
type 1 envelope glycoprotein in virus infection. J.Biol. Chern 270, 
23883-23886. 

Freed E.O, Myers D and Risser R. (1990). Characterization of fusion domain 
of the human immunodeficiency virus type 1 envelope glycoprotein 
gp41. Proc. Natl. Acad. USA 87, 4650-5654. 

Garreis - Wabnitz C. and Kruppa J. (1984). lnteracellular appearance of 
glycoprotein in VSV - infected BHK cells lacking the membrane -
anchoring oligopeptide of the viral G- protein. EMBO J. 3, 1469-
1476 

Gaudier Martin, Gaudin Y, and Knossow M. (2002). Crystal structure of 
vesicular stomatitis virus matrix protein. EMBO J. 21, 2886-2892. 

Gaudin Y, Ruigrok R.W.H and Brunner J. (1995). Low pH induced 
conformational changes in viral fusion proteins: implications for the 
fusion mechanism. J.Gen. Viral. 76, 1541-1556. 

Gaudin Yves. (2000). Reversibility in fusion protein conformational changes 
the intriguing case of Rhabdovirus- induced membrane fusion. 
Subcell. Biochem. 34, 379-408. 

Gething M.J, Dams R.W, York D and White J. (1986). Studies on the 
mechanism of membrane fusion: site-specific mutagenesis of the 
Hemagglutinin of influenza virus. J. Cell Bioi. 1986 102, 11-23. 



122 

Gibbons D.L, Ahn A., Chatterjee P.K and Kielian M. (2000) Formation and 
characterization of the trimeric form of the fusion protein of semliki 
forest virus. J. Virol. 74, 7772-7780. 

Gibbons D.L. and Kielian M. (2002). Molecular dissection of the semilki forest 
homotrimer reveals two functionally distinct region of the fusion 
protein. J.Virol. 76, 1194-1205. 

Grigera P.R, Walter K, and Wagner R.R. (1992). Disulphide - bond 
discontinuous epitope on the glycoprotein of vesicular stomatitis 
virus (new jersey serotype). J.Virology 66, 3749-3757. 

Hall M.P, Burson K.K. and Huestis W.H. (1998). Interaction of Vesicular 
stomatitis virus G protein fragment with phosphatidylserine: NMR 
and fluorescence studies. Biochemica at Biophysica Acta 1415 1 0-
113. 

Han X, Bushweller J.H, Cafiso D.S and Tamm L.K (2001). Membrane 
structure and function - triggering conformational change of the 
fusion domain from influenza hemagglutinin. Nature stru. Bioi 8, 
715-720. 

Haque M.E. and Lentz B.R. (2002). Influence of gp 41 fusion peptide on the 
kinetics of poly( ethylene glycol)- mediated model membrane fusion. 
Biochem. 41, 1 0866 - 1 0876. 

Harter C, Bachi T, Semenza G and Brunner J.(1988). Hydrophobic 
photolabeling identifies BHA2 as the subunit mediating the 
interaction of bromelain soluble influenza virus hemagglutinin with 
liposome at low pH. Biochemistry 27, 1856-1864. 

Harter C, James P, Bachi T, Semeha G and Brunner J. (1989). Hydrophobic 
binding of the ectodomain of influenza hemagglutinin to membrane 
occurs through the fusion peptide. J. Bioi. Chern 264, 6459-6464. 

Heinz F.X and Allison S.L. (2000). Structure and mechanisms in flavivirus 
fusion. Adv. Virus Research 55, 231 - 269. 

Heinz F.X and Allison S.L. (2001). The machinery for flavivirus fusion with 
host cell membranes. Curr. Opinion. Microbiol. 4, 450- 455. 

Heinz F.X, Mandl C.W, Holzmann H, Kunz C, Harris B.A, Rey Felix and 
Harrison S.C. (1991 ). The flavi virus envelope protein E: isolation of 



123 

a soluble form from tick born encephalitis virus and its 
crystallization. J. Virology 5579-5583. 

Hernandez L.D, Hoffman L.R, Wolfsberg T.G and White J.M. (1996). Virus 
cell and cell-cell fusion. Annu. Rev. cell Dev. Bioi. 12, 627-661. 

Hoekstra D. and DOzgOnes N (1993). Lipid mixing assay to determine fusion 
in liposome systems. Methods in Enzym. 220, 15-19. 

Hoekstra D. and DOzgOnes N. Lipid mixing assay to determine fusion in 
liposome systems. Methods in Enzym. 220, 15-19. 

Hughson F.M. (1999). Membrane fusion: structure snared at last. Curr Bioi 9, 
49-52. 

Irving R.A and Ghosh H.P. (1982). Shedding of vesicular stomatitis virus 
glycoprotein by removal of carboxy-terminal peptide. J.Virol. 42, 
322-325. 

Irving R.A, Toneguzzo F, Rhee S.H, Hofmann T., and Ghosh H.P. ( 1979) . 
Synthesis and assembly of membrane glycoprotein: Presence of 
leader peptide in nonglycosylated precursor of membrane 
glycoprotein of vesicular stomatitis virus. Proc. Natl. Acad. 76, 570-
574. 

Jeetendra E, Ghosh K, Odell D, Li j, Ghosh H.P and Whitt M. A. (2003). The 
membrane proximal region of vesicular stomatitis virus glycoprotein 
G ectodomain is critical for fusion and virus infection. J. Virology 77, 
12807- 12818. 

Jeetendra E, Robison C.S, Albritton L.M and Whitt M.A. (2002). The 
membrane proximal domain of vesicular stomatitis virus G protein 
functions as a membrane fusion potentiator and can induce 
hemifusion. J. Virol. 76, 12300- 12311. 

Kemble G.W, danieli T. and White J.M. ( 1994). Lipid anchored influenza 
hemagglutinin promotes hemifusion, not complete fusion. Cell 76 
383-391. 

Kielian M (1995). Membrane fusion and the alphavirus life cycle. Adv. Virus 
Research 45, 113- 149. 



124 

Kim G.N, Choi W.Y, Park M. and Kang C.Y. (2002). Replication and 
transcription of viral RNA by recombinant L proteins of New Jersey 
Serotype of vesicular stomatitis virus. 90, 347 -364. 

Korte T, Epand R.F, Epand R.M and Blumenthal R. (2001 ). Role of the Glu 
residue of the influenza hemagglutinin fusion peptide in the pH 
dependence of fusion activity. Virology 289, 353-361. 

Kreis T.E and Lodish H.F. (1986). Oligomerization is essential for the 
transport of vesicular stomatitis virus glycoprotein to cell surface. 
Cell 46, 929-937. 

Krug R.M (1989). The influenza virus. New York: plenum press. 

Laemmli U.K. (1970). Cleavage of structural proteins during the assembly of 
the head of bacteriophage T 4. Nature 227, 680 - 685. 

Langosh D, Brosig B. and Pipkorn R. (2001 ). Peptide mimics of the vesicular 
stomatitis virus G protein transmembrabne segment drive 
membrane fusion in vitro. J.B.C. 276, 32016- 32021. 

Lear J.D and deGarado W.F (1987). Membrane binding and conformational 
propertied of peptides representing the NH2 terminus of influenza 
HA2. J. Bioi. Chern 262, 6500- 6505. 

Lefrancois L. and Lyles D.S (1982). The interaction of antibody with the major 
surface glycoprotein of vesicular stomatitis virus. Virology 121, 157-
167. 

Lescar J. Roussel A., Wien M.W., Navaza J., Fuller S.D, Wengler G., 
Wengler G. and Rey F.A. (2001 ). The fusion glycoprotein shell of 
semliki forest virus: an icosahedral assembly primed for fusogenic 
activation at endosomal pH. Cell105, 137-148. 

Li Y, Drone C, Sat E and Ghosh H.P. (1993). Mutation analysis of the 
vesicular stomatitis virus glycoprotein G for membrane fusion 
domains. J.Virol. 67, 4070-4077. 

Lomant A.J and Fairbanks G. (1976). Chemical probes of extended biological 
structures: synthesis and properties of the cleavable protein cross­
linking reagent [35S] Dithiobis(succinimidyl propionate). J.MoiBiol. 
104, 243-261. 



125 

Lorber B, Bishop J.B and DeLucas J.L (1990). Purification of octyl ~-D­
glucopyranoside and reestimation of its micellar size. Biochimica et 
Biophysica Acta 1 023, 254-264. 

Lu M, Blackow S.C and Kim P.S (1995). A trimeric structural domain of HIV-
1 transmembrane glycoprotein. Nature Struct. Bioi 2, 1075 - 1 082. 

Lucast L.J., Batey R.T., and Doudna J.A. (2001 ). Large scale purification of a 
stable form of recombinant tobacco etch virus protease. 
Biotechniques 30, 544-554. 

Lyles D.S., Varela V.A and Parce J.W. (1990). Dynamic nature of the 
quaternary structure of the vesicular stomatitis virus envelope 
glycoprotein. Biochem. 29, 2442-2449. 

Maillard A, Domanski M, Brunet P, Chaffotte A, Guittet E and Gaudin Y 
(2003). Spectroscopic characterization of two peptides derived from 
the stem of rabies virus glycoprotein. Vitus resh 93, 151-158. 

Melikyan G.B., White J.M. and Cohen F.S. (1995). GPI- anchored influenza 
Hemagglutinin induces hemifusion to both red blood cell and planer 
bilayer membrane. J. Cell Bioi. 131, 679- 691. 

Mondigler M. and Ehrmann M. (1996). Site - specific proteolysis of 
Escherichia coli SecA protein In Vivo. J. Bacteriology 178, 2986 -
2988. 

Moore J.P, McKeating J.A, Weiss R.A and Sattentau Q.A. (1990). 
Dissociation of gp 120 from HIV - 1 virion induced by soluble CD4. 
Science 250, 1139 - 1142. 

Odell D, Wanas E, Van J. and Ghosh H.P. (1997). Influence of membrane 
anchoring and cytoplasmic domains on the fusogenic activity of 
vesicular stomatitis virus glycoprotein G. J. Virol 71, 7996-8000. 

Ohnishi S. (1988). Fusion of viral envelopes with cellular membrane. Curr. 
Top. Memb. Transp. 32: 257- 296. 

Pak C.C, Puri A, and Blumenthal R. (1997). Conformational changes and 
fusion activity of vesicular stomatitis virus glycoprotein: C251] 
lodonaphthyl azide photolabeling studies in biological membranes. 
Biochemistry 36, 8890-8896. 



126 

PHD structure prediction program (2000). http://www.embl-
heidelberg.de/predictprotein/predictprotein.html 

Puri A, Winick J, Lowy R.J, Covell D, Eidelman 0. and Walter A. (1988). 
Activity of vesicular stomatitis virus fusion with cells by pretreatment 
at low pH. J.B.C 263, 4749-4753. 

Puri A, Grimaldi S and Blumenthal R. (1992). Role of viral envelope sialic acid 
in membrane fusion mediated by the vesicular stomatitis virus 
envelope glycoprotein. Biochemistry 31, 10108-10113. 

Paternoster M.T, Lowy R.J. and Blumenthal R. (1989). pH dependent fusion 
of reconstituted vesicular stomatitis virus envelopes with vero cells. 
Measurement by dequenching of fluorescence. FEBS Lett. 243, 
251-258. 

Qiao H, Armstrong R.T, Melikyan G.B, Cohen F.S and White J.M. (1999). A 
specific point mutation at position 1 of the influenza Hemagglutinin 
fusion peptide displays a hemifusion phenotype. Mol. Bioi. Cell 10, 
2759-69. 

Rafalski M., Ortiz A, Rockwell A, Ginkel L.C, Lear J.D., DeGrade W.F and 
Wilschut J. (1991 ). Membrane fusion activity of the influenza virus 
hemagglutinin: interaction of HA2 N- terminal peptide with 
phospholipids vesicles. Biochemistry 30, 10211 - 10220. 

Rey F.A, Heinz F.X, Mandl C., Kunz C and Harrison S.C. (1995). The 
envelope glycoprotein from tick- born encephalitis virus at 
2Aresolution. Nature 375, 291-298. 

Ruigrok R.W.H., Martin C., Kunz C and Harison S.C. (1986). Conformational 
change in the hemagglutinin of influenza virus which accompany 
heat-induced fusion of virus with liposomes. Virology 155, 484-497. 

Schlegel R, Tralka T.S., Willingham M.C., Pastan I. (1983). Inhibition of VSV 
binding and infection by phosphatidylserine: is phosphatidylserine a 
VSV binding site. Cell 32, 639-646. 

Schnell M.J, Buonocore L., Borit E., Ghosh H.P Chernish R., and Rose J.K. 
(1998). Requirement for a non specific glycoprotein cytoplasmic 
domain sequence to drive efficient budding of vesicular stomatitis 
virus. EMBO J. 17, 1289-1296. 



127 

Shangguan T, Alford D and Bentz J (1996). Influenza virus liposome lipid 
mixing is leaky and largely insensitive to the material properties of 
the target membrane. Biochemistry 35, 4956-4965. 

Shokralla S, Chernish R, and Ghosh H.P. (1999). Effects of double-site 
mutations of vesicular stomatitis virus glycoprotein G on membrane 
fusion activity. Virology 256, 119-129. 

Shokralla S, He Y, Wanas E and Ghosh H.P. (1998). Mutations in a Carboxy­
terminal region of vesicular stomatitis virus glycoprotein G that 
affect membrane fusion activity. Virology 242, 39-50. 

Skehel J.J, Bayley P.M., Brown E.B, Martin S.R, Waterfield M.D, White J.M, 
Wilsin I.A and Wiley D.C. (1982). Changes in the conformation of 
influenza virus hemagglutinin at the pH optimum of virus-mediated 
membrane fusion. Proc. Natl. Acad. 79, 968-972. 

Sreerama. N. (1999), CD Pro software. http://www.CDPro.html 

Stegmann T, Delfino J.M, Richards FM and Helenivs A (1991). The HA2 
subunit of influenza hemaglutinin inserts into the target membrane 
prior to fusion. J. Bioi. Chern 266, 18404- 18410. 

Stiasny K, Allison S.L, Marchler- Bauer A, Kunz C and Heinz F.X. (1996). 
Structural requirements for low - pH induced rearrangements in the 
envelope glycoprotein of tick- born encephalitis virus. J. Virol 70, 
8142-8147. 

Stiasny K., Allison S.L, Mandl C.W. and Heinz F.X. (2001). Role of 
metastability and acidic pH in membrane fusion by tick born 
encephalitis virus. J. Virol. 75, 7392-7398. 

Stiasny K., Allison S.L., Schalich J., and Heinz F.X. (2002). Membrane 
interactions of the tick borne encephalitis virus fusion protein E at 
low pH. J. Virol. 76, 3784-3790. 

Struck D.K, Hoekstra D and Pagano R.E. (1981 ). Use of resonance energy 
transfer to monitor membrane fusion. Biochemistry 20, 14093-
14099. 

Talbot W.A, Zheng L.X and Lentz B.R (1997). Acyl chain unsaturation and 
vesicle curvature alter outer leaflet packing and promote 
polyethyleneglycol mediated membrane fusion. Biochemistry 36, 
5827-5836. 



128 

Taube S.E and Braun P.C (1982). Structural study of Vesicular stomatitis 
virus G protein in the virion envelope. J. Virol59, 319-327. 

Toneguzzo F and Ghosh H.P. (1978). In vitro synthesis of vesicular stomatitis 
virus membrane glycoprotein and insertion into membrane. Proc. 
Natl. Acad. USA 75, 715 - 719. 

Tsurudome M., Gluck R, Graf R, Falchetto Rocco, Schaller U and Brunner J. 
(1992). Lipid interaction of the hemagglutinin HA2 NH2 - terminal 
segment during influenza virus induced membrane fusion. J. Bioi 
Chern. 267, 20225-20232. 

Vandepol S.B., Lefrancois L., and Holland J.J. (1986). Sequences of the 
major antibody binding epitopes of the Indiana serotypes of 
vesicular stomatitis virus. Virology 148, 312-325. 

Walker P.J. and Kongsuman K. (1999). Deduced structural model for animal 
rhabdovirus glycoproteins. J.Gen. Virol. 80, 1211-1220. 

Wangner R.R (1987). The Rahbdovirus. Plenum Press. 

Wangner R.R. and Rose J.K. (1996). Fundamental virology. Raven publishers 
Phildelphia. 

Wanitz G.C and Kruppa J. (1984). Intercellular appearance of a glycoprotein 
in VSV-infected BHK cells lacking the membrane- anchoring 
oligopeptide of the viral G-protein. The EMBO J. 3, 1469-1476. 

Wengler G, Wengler G and Rey Felix. The isolation of the ectodomain of the 
alphavirus E1 protein as a soluble Hemagglutinin and its crystal. 
Virology 257, 472-482 (1999). 

Wharton S.A, Martin S.R, Ruigrok R.W.H, Skehel J.J and Wiley D.C (1988). 
Membrane fusion peptide analogues of influenza virus 
hemagglutinin. J. Gen virol69, 1847-1857. 

Wharton S.A, Ruigork R.W.H, Martin S.R, Skehel J.J, Bayley P.M. Weis W 
and Wiley D.C. (1988). Conformational aspects of the acid-induced 
fusion mechanism of influenza virus Hemagglutinin. JBC 263, 4474 
- 448). 

White J, Matlin K., and Helenius A. (1981). Cell fusion by semliki forest, 
Influenza and Vesicular stomatitis virus. J. Cell Bioi. 89, 674-679. 



129 

White J.M (1992). Membrane fusion. Science 258, 917-924. 

Whitt,M.A, Zagouras P, Crise B, and Rose J.K. (1990). A fusion defective 
mutant of the vesicular stomatitis virus glycoprotein. J. Virol. 64, 
4907-4913. 

Wilcox M.D, McKenzie M.O, Parce J.W and Lyles D.S. (1992). Subunit 
interactions of vesicular stomatitis virus envelope glycoprotein 
influenced by detergent micelles and lipid bilayers. Biochem. 31, 
1 0458-1 0464. 

Wiley D.C (1998). Conformational aspect of the acid induced fusion 
mechanism of influenza virus hemagglutinin. J. Bioi. Chern 263, 
4474-4480. 

Wiley D.C and Skehel J.J (1987). The structure and function of the 
hemagglutinin membrane glycoprotein of influenza virus. Ann. Rev. 
Biochem 56, 365 - 94. 

Wilson T.A, Skehel J.J and Wiley D.C (1981 ). Structure of the hemagglutinin 
membrane glycoprotein of influenza virus at 3A resolution. Nature 
289, 366-373. 

Yamada S. and Ohnishi S.l. (1986). Vesicular stomatitis virus binds and fuses 
with phospholipids domain in target cell membranes. Biochem. 25, 
3703-3737. 

Yao Y, Ghosh K, Epand R.F, Epand R.M and Ghosh H.P. (2003). Membrane 
fusion activity of vesicular stomatitis virus glycoprotein G is induced 
by pH but not by heat or denaturant. Virology 310, 319-332. 

Zagouras P and Rose J.K. (1993).Dynamic equilibrium between vesicular 
stomatitis virus glycoprotein monomers and trimers in the golgi and 
at the cell surface. J. Virol. 67, 7533-7538. 

Zhang L. and Ghosh H.P. (1994). Characterization of the putative fusogenic 
domain in vesicular stomatitis virus glycoprotein G. J.Virol 68, 
2186-2193. 



130 

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 I and class II fusion proteins (Bullough 

et a/. 1994, Wilson et a/. 1981, Lescar et a/. 2001, Rey et a/. 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 ~-sheets 

are the predominating structure, but a- helix structures are also present in 

substantial amounts, whereas in the case of TBE E glycoprotein, ~ -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 NaCI. The Gs was then loaded 

onto a 5-ml Q- column (Pharmacia), pre-equilibrated with 50 mM tris pH 8 and 

100 mM NaCI 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 

NaCI. Therefore, Gs was eluted by running a linear NaCI gradient containing 

0.5% octylglucoside. The protein was eluted between 300 - 350 mM NaCI and 

also at 500 mM and 1M NaCI concentrations. The fractions collected between 

300 - 350mM NaCI were pooled, and the salt concentration was adjusted to 180 

mM NaCI. For the initial crystal trial, the protein was concentrated to 4 mg/ml and 

set for crystal screening at different conditions using HAMST AN I I II and a 

Sigma Membrane crystallization kit at 4°C. Detailed crystallization conditions are 

summarized in Table - I, Table - II, and Table - Ill. The hanging drop vapor 

diffusion method was used for the crystallization, as this method has been 

successfully used for crystallization of other class II fusion proteins. For typical 

crystal screening, 1 Ill of concentrated protein was mixed with 1 Ill of screening 

buffer and set for crystallization. The initial crystal trial did not yield any crystal. 
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Table - I. Summary of the crystal trial using a Sigma Membrane Kit 

Crystal screening buffer Crystal 
1. Na-chloride 0.1 M, Na-acetate (pH4.6) 0.1 M, 2-methyl-2,4- No 

pentanediol 12% 
2. Zn-acetate 0.1 M, Na- acetate _{QH4.6l 0.1 M, PEG4000 12% No 
3. NH4-sulfate 0.2M, Na-acetate {2H4.6) 0.1 M, PEG 4000 1 0% No 
4. Na-chloride 0.1 M, Na acetate (pH4.6) 0.1 M, 2-propanol 12% No 
5. Na - acetate (pH4.6) 0.1 M, PEG4000 12% No 
6.NH4-sulfate 1M, Na acetate (pH4.6) 0.1 M No 
7. Mg-sulfate 1M, Na acetate (pH4.6) 0.1 M No 
8. Mg-chloride 1M, Na acetate (pH4.6) 0.1 M, PEG 400 18% No 
9. NH4- dihydrogenphosphate 1M, Li-sulfate 0.1 M, Na acetate (pH4.6) No 

0.1M 
10. Na-chloride 0.1 M, Na acetate JpH4.6) 0.1 M, PEG6000 12% No 
11. Mg-chloride0.1 M, Na acetate (pH4.6) 0.1 M, PEG 6000 12% No 
12. Na-chloride 0.1 M, Na-citrate (pH5.6) 0.1 M, PEG 400 18% No 
13. Li-sulfate 0.1 M, Na-citrate (pH5.6) 0.1 M, PEG 4000 12% No 
14. Na-citrate (pH5.6) 0.1M, 2-propanol10% No 
15. Na-chloride 0.1 M, Na-citrate (pH5.6) 0.1 M, 2-methyl-2,4- No 

pentanediol 12% 
16. Mg-sulfate 1M, Na-citrate (pH5.6) 0.1 M. No 
17.Na-chloride 0.1 M, Na-citrate (pH5.6) 0.1 M, PEG 4000 12% No 
18. Li-sulfate 0.1 M, Na-citrate (pH5.6) 0.1 M, PEG 6000 12% No 
19. Mg-chloride 0.1 M, Na-citrate (pH5.6) 0.1 M, 2-methyl-2,4- No 

pentanediol4% 
20. Na-chloride 0.1 M, Na-citrate (pH5.6) 0.1 M. No 
21. Li-sulfate 0.1 M Na-citrate (pH5.6) 0.1 M, PEG 400 4% No 
22. NH4-sulfate 1M, ADA (pH6.5) 0.1 M No 
23. Li-sulfate 0.1 M, ADA (pH6.5) 0.1 M, 2-propanol2%, PEG 4000 12% No 
24. NH4-dihydrogenphosphate 1M, ADA (pH6.5) 0.1 M No 
25. Mg- chloride 0.1 M, ADA (pH6.5) 0.1 M, PEG 6000 12% No 
26. ADA (pH6.5) 0.1 M, 2-methyl-2,4-pentanediol No 
27. Mg-sulfate1 M, Li-sulfate 0.1 M, ADA (pH6.5) 0.1 M No 
28. Li-sulfate 0.3M, ADA (pH6.5) 0.1 M, 2-propanol 2%, PEG 400 4% No 
29. K-,Na-hydrogenphosphateeach 0.5M, NH4-sulfate, HEPES Na-salt No 

(pH7 .5) 0.1 M 
30. Na-chloride 0.1 M, , HEPES Na-saltJpH7.5) 0.1 M, PEG 4000 10% No 
31. Mg-chloride 0.1 M, , HEPES Na-salt (pH7.5} 0.1 M, PEG 400 18% No 
32. K-, Na- tartrate 0.1 M, HEPES Na-salt (pH7.5) 0.1 M. No 
33. NH4-sulfate 0.1 M, , HEPES Na-salt (pH7.5) 0.1 M, PEG 400 18% No 
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34. NH4-sulfate 0.1M,, HEPES Na-saltJpH7.5) 0.1M, PEG 4000 10% No 
35 Na-citrate 0.1 M, HEPES Na-salt (pH7.5) 0.1 M, 2-methyl-2,4- No 

. pentanediol 12%. 
36. Na-citrate 1M, , HEPES Na-salt (pH7.5) 0.1 M No 
37. Mg-sulfate 0.6M, , HEPES Na-salt (pH7.5) 0.1 M, PEG 400 4% No 
38. Mg-sulfate 0.6M, HEPES Na-salt (pH7.5) 0.1 M, 2-methyl-2, 4- No 

. p_entanediol 4%. 
39. K-,Na-tartrate 0.1 M, Li-sulfate 0.1 M HEPES Na-salt (pH7.5) 0.1 M No 
40. Na-chloride 0.15M, TRIS-HCI (pH8.0) 0.1 M, PEG 6000 12% No 
41. Na -chloride 0.1 M, TRIS-HCI (pH8.0) 0.1 M, 2-methyl-2,4- No 

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

12% 
43. K-,Na-hydrogenphosphate each O.SM, NH4-hydrogenphosphate No 

0.1 M, TRIS-HCI (pH8.0) 0.1 M 
44. Na-acetate 0.1 M, TRIS-HCI (pH8.0) 0.1 M No 
45. Na-chloride 0.1 M, TRIS-HCI (pH8.0) 0.1 M No 
46. NH4-hydrogenphosphate 0.1 M, TRIS-HCI (pH8.0) 0.1 M, PEG 6000 No 

12% 
47. K-,Na-tartrate 0.1 M, Mg-sulfate 0.4M, TRIS-HCI (pH8.0) 0.1 M No 
48. Li-sulfate 0.2M, TRIS-HCI (pH8.0) 0.1 M No 
49. NH4-sulfate O.SM, TRIS-HCI (pH8.0) 0.1 M No 
50. Na-citrate 0.1 M, TRIS-HCI (pH8.0) 0.1 M, PEG 400 5% No 
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Table - 11. Summary of crystal trial using Hampton 2 Kit 

Crystal screening buffer Crystal 
1. 10% PEG 6000, 2.0M sodium chloride No 
2. 0.5M sodium chloride, 0.1 M CTAB, 0.1 M 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. 1 O%Ethanol, 1 .5M sodium chloride No 
9. 2.0M Sodium chloride, 0.1 M Na-acetate (~H 4.6) No 
10.30% MPD, 0.1M Na-acetateJp_H 4.6), 0.2 M Sodium chloride No 
11. 1.0M 1 ,6 Hexanediol, 0.1 M Na-acetate (pH 4.6), 0.01 M No 

cobaltchloride 
12. 30% PEG 400, 0.1 M Na-acetate (pH 4.6), 0.1 M Cadmium chloride No 
13. 30% PEG MME 2000, 0.1 M Na-acetate (pH 4.6), 0.2M Ammonium No 

sulfate 
14. 2.0M Ammonium sulfate, 0.1 M Na-Citrate (pH 5.6), 0.2 M KINa No 

tartrate 
15. 1.0M Li-sulfate, 0.1 M Na-Citrate (pH 5.6), 0.5M ammonium sulfate No 
16. 2%Polyethyleneimine, 0.1 M Na-Citrate (pH 5.6), 0.5M Na-chloride No 
17. 35%tert-butanol, 0.1M Na-Citrate (pH 5.6) No 
18. 1 O%Jeffamine M-600, 0.1 M Na-Citrate (pH 5.6), 0.01 M Ferric No 

chloride 
19. 2.5M1.6 Hexanediol, 0.1 M Na-Citrate (pH 5.6) No 
20. 1.6M Mg-sulfate, 0.1 M MES pH (6.5) No 
21. 2.0M Na-chloride, 0.1 M MES pH (6.5), 0.2 M Na/ K phosphate No 
22. 12% PEG 20,000, 0.1 M MES pH (6.5) No 
23 10% Dioxane, 0.1 M MES pH (6.5), 1.6M ammonium sulfate No 
24. 30% jeffamine M- 600, 0.1 M MES pH (6.5), 0.05M Cs-chloride No 
25. 1.8M Ammonium chloride, 0.1 M MES _pH(6.5)_, 0.01 M Co-chloride No 
26. 30% PEG MME 5000, 0.1 M 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), 0.5M 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), 0.1 M 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 JpH 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, 0.1 M TRIS-HCI (pH 8.5), 0.2M Mg-chloride No 
40. 25% tert-Butanol, 0.1 M TRIS-HCI (pH 8.5) No 
41. 1.0M Li-sulfate, 0.1 M TRIS-HCI (pH 8.5), 0.01 M Ni(ll)-chloride No 
42. 12% Glycerol, 0.1 M TRIS-HCI (pH 8.5), 1.5M ammonium sulfate No 
43. 50% MPD, 0.1 M TRIS-HCI_(I:>_H 8.5), 0.2M ammonium phosphate No 
44. 20% Ethanol, 0.1 M TRIS-HCI (pH 8.5) No 
45. 20% PEG MME 2000, 0.1 M TRIS-HCI (pH 8.5), 0.01 M Ni(ll)chloride No 
46. 20% PEG MME 550, 0.1 M Bicine (pH 9.0), 0.1 M Na-chloride No 
47. 2.0M Mg-chloride, 0.1 M Bicine (pH 9.0) No 
48. 10% PEG 20,000, 0.1 M Bicine {pH 9.01, 2% Dioxane. No 
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Table - Ill. Summary of crystal trial using Hampton 1 Kit 

Crystal screening buffer Crystal 
1. 30% MPD, 0.1 M 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, 0.1 M 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, 0.1 M TRIS HCI pH 8.5, 0.2 M Mg-chloride No 
7. 1 .4M Na-acetate, 0.1 M Na-cacodylate pH 6.5 No 
8. 30% iso-propanol, 0.1 M Nacacodylate pH 6.5, 0,2M Na- citrate No 
9. 30% PEG 4000, 0.1 M Na citrate pH 5.6, 0.2M ammonium acetate No 
10. 30% PEG 4000, 0.1 M 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, 0.1 M Na-cacodylate pH 6.5, 0.2M ammonium No 

sulfate 
16. 1.5 M Li-sulfate, 0.1 M 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, 0.1 M Na- cacodylate pH 6.5, 0.2 M rna-acetate No 
19. 30% iso-propanol, 0.1 M TRIS-HCI pH 8.5, 0.2M ammonium acetate No 
20. 25% PEG 400, 0.1 M Na-acetate _2H 4.6, 0.2M ammonium sulfate No 
21. 30%MPD, 0.1 M Na cacodylate pH 6.5, 0.2M Mg-acetate No 
22. 30% PEG 4000, 0.1 M 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-pro_Q_anol, 0.1 M Na-Acetate pH 4.6, 0.2M Ca-chloride No 
25. 1.0M Na-acetate, 0.1 M 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, 0.1 M Na cacodylate pH 6.5, 0.2 M Na- acetate No 
29. 0.8M K,Na tartrate, o.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, 0.1 M Na acetate pH 4.6 No 
35. 1.6M Na,K phosphate, 0.1 M Na HEPES pH 7.5 No 
36. 8% PEG 8000, 0.1 M 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, 0.1 M Na HE PES pH 7.5, 2.o M ammonium sulfate No 
40. 20% iso-propanol, 0.1 M Na citrate pH 5.6, 20% PEG 4000 No 
41. 10% iso-propanol, 0.1 M Na-HEPES !:JH 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, 0.1 M Nacacodylate pH 6.5, 0.2M Zn-acetate No 
46. 18% PEG 8000, 0.1 M 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, 0.1 M 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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