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ABSTRACT: Helical instability induced by gly residues in the transmembrane domain (TMD) of G protein,
the fusion protein of vesicular stomatitis virus (VSV), was speculated to aid in the later steps of the
fusion process, because G protein with ala’s substituted for the two TMD gly’s was inactive (Cleverley,
D. Z., and Lenard, J. (1998proc. Natl. Acad. Sci. U. S. A. 98425-30). Here we examine the
conformations of synthetic peptides corresponding to fusion-active (GGpep) and inactive (AApep; G’s
replaced by A’s) TMDs by CD spectroscopy, and then their effects on the kinetics of poly (ethyleneglycol)
(PEG)-mediated fusion of small unilamellar vesicles. GGpep and AApep both assumed history-dependent,
non-interconvertible ordered structures. Both peptides were largely helical under all conditions if derived
from trifluoroethanol solutions, and aggregated jf+sheet form if derived from acetonitrile solutions. In
solvent, detergents or lipid bilayers, GGpep showed a greater range of secondary structural features than
did AApep. The two peptides had large but different effects on PEG-mediated fusion. Both enhanced the
rate but not the extent of lipid mixing. AApep significantly inhibited the extent of fusion pore formation
while GGpep had no effect. The initial rate of fusion was enhanced 6-fold by GGpep and less than 2-fold
by AApep. Addition of 5 mol % hexadecane overrode all peptide-induced effects. We suggest that both
GGpep and hexadecane promote pore formation by stabilizing the nonlamellar structures in fusion
intermediates or initial small pores. AApep, which had fewer nonhelical features in its CD spectrum than
GGpep, actually inhibited fusion pore formation.

The mechanisms by which viral and cellular proteins that the external domains were anchored to the membrane
mediate membrane fusion have been intensively studied inby a GPI linkage could mediate hemifusion (lipid mixing
recent years. Structural and functional studies of the fusion between outer leaflets of the donor and acceptor membranes),
proteins of several enveloped viruses, especially HIV (gp41) but not aqueous contents mixing 35, 37, 41, 52), which
and influenza (HA), and of the cellular SNARE proteins, requires lipid mixing between the inner leaflets and requires
have generated the suggestion that many protein-mediatedormation and/or enlargement of a fusion po@. (The
fusion reactions proceed by similar mechanis#g 61). mechanism(s) by which TMDs of fusion proteins facilitate
Further, studies of protein-free bilayer fusion mediated by pore formation remains unknown.
poly(ethylene glycol) (PEG have shown that this reaction Efforts to elucidate the role of TMDs in protein-mediated
proceeds via a series of steps that closely resemble thoséusion have included studies that address the importance of
occurring during protein-mediated fusio@3. A unified specific TMD residues or amino acid sequences. Chimeric
picture of membrane fusion may thus be emergiag.(

Itis now Wel_l-eStab“S_hEd that the transmembr_ane doma'”s ! Abbreviations: AApep, 24-residue peptide identified in Materials;
(TMDs) of fusion proteins are essential for efficient fusion. accN, acetonitrile: AcCN-HO-TFA, 50% acetonitrile-49.9% -

A role for the TMD in the later stages of fusion was 0.1% trifluoroacetic acid;3-BODIPY500-PC, 2-(4,4-difluoro-5,7-
demonstrated for several viral fusion proteins by substituting diphlenyl-4-gorﬁ-3a,ﬁa-ﬂial;saind;geDr;g-séds%dg%an;yg-i-giradecgr;oyl-
glycerylphOSphatidylinO,SitOI (GPI) moieties fpr T_MDS' A gzgglgr?ﬁtg-bor;a%s; 4?5\(3di(;gﬁdacene-S-dodece{nO)(/l)i1-h|e;;drgca’noyl-
GPI anchor uses a lipid to attach the proteins in a fairly snglycero-3-phosphoethanolamine; C8E5, pentaoxyethylene octyl ether;
nonperturbing way only to the outer leaflet of the membrane CD, circular dichroism; CH, cholesterol; DOPC, 1,2-dioleoys8-

; ; i phosphatidylcholine; DOPE, 1,2-dioleoylsB-phosphatidylethanola-
I?H%yer’ IE. COI?]tl’ta).Sir':Ol a]jl'l\:lD,FWh!Ch tra\;e.rses an.d pertL(erbs mine; DPA, dipicolinic acid; DPC, dodecylphosphocholine; GG peptide,
pid packing in both leatlets. Fusion proteins engineered SO 24.-residue peptide identified in Materials; GPI, glycerylphosphatidyli-

nositol; HIV, human immunodeficiency virus; NMR, nuclear magnetic

T Supported by USPHS GM32707 (BRL) & GM59204 (JL). resonance; POPC, 1-palmitoyl-2-oleoyb3phosphatidylcholine; SDS,

* To whom correspondence should be addressed. E-mail: uncbrl@ sodium dodecyl sulfate; SM, sphingomyelin; SUVs, small unilamellar
med.unc.edu. Phone: 919-966-5384 Fax: 919-966-2852. vesicles; TES,N-[tris(hydroxymethyl)methyl]2-2-aminoethane sul-

* Department of Biochemistry & Program in Molecular/Cell Bio-  phonic acid; TFE-HO, 90% trifluoroethanol-10% #D; TMD(s),
physics. transmembrane domain(s); TN buffer, 0.112 M; NaCl, 0.055 M; tris,

§ Department of Neurobiology and Cell Biology. pH 6.7; VSV, vesicular stomatitis virus; PEG, poly (ethylene glycol);

' Department of Physiology and Biophysics. SUVs, small unilamellar vesicles.

10.1021/bi0203233 CCC: $22.00 © 2002 American Chemical Society
Published on Web 11/14/2002



14926 Biochemistry, Vol. 41, No. 50, 2002 Dennison et al.

proteins have been constructed in which TMDs from various AA) alter the structure of a synthetic TMD peptide? How
nonfusion proteins have been substituted for those of thedoes this alteration affect the ability of synthetic TMD
fusion proteins. Many different sequences were found to peptides to influenceesicle fusion mediated by PEG?
support fusion activity, implying that specific TMD se- We report here that the TMD-like peptides GGpep and
guences were not require84 37). At the same time, other ~ AApep, both have large but different effects on fusion of
findings indicate that not all TMD sequences support PEG-aggregated phospholipid vesicles. The effects are
membrane fusion and that certain residues are critical. Weconsistent with the previously reported lack of fusion activity
have shown that, in the VSV fusion protein, G protein, of VSV G protein containing the corresponding TMD AA
substitution of the two TMD gly residues in the native mutation (0). Further, AApep was found to be more helical
structure with ala or leu abolished fusion without affecting than GGpep, suggesting that a TMD sequence with the ability
insertion, processing, or transport of the protein to the plasmato explore conformations involving significant deviations
membrane 10). Substitution of only one of the two gly  from complete helicity may be required for a TMD sequence

residues reduced fusion activity but did not abolish it. The
inactive mutant proteins retained the ability to mediate
hemifusion (0), again indicating that the TMD promotes a
step in the fusion process beyond formation of the initial or
hemifusion intermediate.

It was reported recently that a similar AA substitution in

to promote fusion pore formation. Finally, we showed that
the peptide-mediated effects are largely overridden by
addition of hexadecane, suggesting that the influences of
TMDs and hexadecane on the fusion process might be
similar, reflecting their ability to compensate for hydrophobic
mismatch within nonlamellar regions associated with fusion

a shortened, synthetic peptide based on the VSV TMD also intermediates.
reduced lipid mixing relative to the corresponding GG-
containing peptideZ1). While this report did not establish ~MATERIALS AND METHODS
whether incorporation of the TMD peptide into vesicles  jaterials. The two peptides used in this study are shown
promoted fusion or some other form of lipid reorganization i, the diagram below:
(212), it still suggested a correlation between a bilayer
perturbation induced by a TMD-like peptide and the fusion
role of the corresponding TMD sequence in the intact protein.
A similar correlation has been noted for gly residues of the
HA fusion peptide, the N-terminal sequence of HA2 that is
also essential for HA-induced membrane fusion. Thus, The GG peptide (GGpep) has the sequence of the 20-residue
substitutions for certain gly residues in a synthetic HA fusion TMD of wild-type VSV G protein plus a lys and arg residue
peptide interfered with vesicle lysi83), while the corre- that flank it on the N- and C- terminal sides in the G protein
sponding substitutions in the intact HA fusion protein limited sequence, respectively. One additional N-terminal lys and
viral fusion activity @0). These results lead us to adkay one additional C-terminal arg, not present in the G protein
the specific (and perhaps related) roles of the TMD and sequence, were introduced to improve solubility. The AA
fusion peptide regions afiral fusion proteins be modeled peptide (AApep) represents the corresponding sequence in
by studying the effects of corresponding synthetic peptideswhich the two boldface gly residues within the TMD
on liposome fusion? sequence have been replaced by ala residues. GGpep and
Since the TMD is only one small part of a viral fusion AApep were synthesized and purified using reverse-phase
protein, it clearly cannot perform the necessary docking or HPLC by GenoSys (The Woodlands, TX). Chromatographic
membrane-aggregating functions of the intact protein. We profiles and mass spectrometric analysis indicated that both
therefore examined the effect of the VSV TMD peptide on peptides were-90% pure. Additional purification by reverse-
fusion of vesicles aggregated by PEG. Previous studies havephase HPLC (C4 oiC;8 columns) increased the purity
shown that PEG promotes vesicle fusion by aggregating andslightly. Repurified samples behaved similarly to those used
pressing bilayers close to one another without interacting without further purification. Dodecylphosphocholine (DPC)
directly with them R4), and by providing a compressive and chloroform stock solutions of 1-palmitoyl-2-oleoyl-3-
osmotic stress that makes vesicles more fusog&dic The snphosphatidylcholine (POPC), 1,2-dioleoykB8phosphati-
latter effect is not necessary for fusion, while PEG-mediated dylcholine (DOPC), 1,2-dioleoyl-3nphosphatidylethano-
aggregation is not sufficient for fusior2g). In the work lamine (DOPE), bovine brain sphingomyelin (SM), and
reported here, we have used PEG to aggregate vesicles soholesterol were purchased from Avanti Polar Lipids, Inc.
that we could determine the effect of VSV TMD on the (Birmingham, AL). All except cholesterol were used without
ability of aggregated vesicles to fuse. We have used vesiclesfurther purification. The concentrations of all the stock lipids
composed of a lipid mixture that is optimized for fusidrb) were determined by phosphate assdy Cholesterol was
so that our studies could be carried out at a low concentrationpurified as previously reportedd®). 2-(4,4-difluoro-5,7-
of PEG. We have focused on highly curved vesicles both diphenyl-4-bora-3a,4a-diazindacene-3-dodecanoyl)-1-
because virus-induced fusion seems to occur at highly curvedhexadecanoy$nglycero-3-phosphoethanolamine  (BO-
local contact points18) and because curvature has been DIPY530-PE), 2-(4,4-difluoro-5,7-diphenyl-4-bora-3a,4a-
demonstrated to promote efficient, nonleaky fusian, 30, diazas-indacene-3-dodecanoyl)-1-hexadecarmyglycero-
48). Using this model system, we askan the VSV TMD  3-phosphocholine (BODIPY500-PC) were the products of
alone affect fusion of these model membranes?, Nvbich Molecular Probes (Eugene, OR). Terbium Chloride was
steps in the process are affecteslifce certain mutationsin ~ obtained from Johnson Matthey Co. (Ward Hill, MA).
the TMD of VSV G protein block complete membrane fusion Dipicolinic acid (DPA), pentaoxyethylene octyl etheiEs),
(10), we also ask:How does one of these mutations (66 andN-[tris(hydroxymethyl)methyl]-2,2-aminoethane sulfonic

462 483
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GG peptide
AA peptide
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acid (TES) were purchased from Sigma Chemical Co. (St.
Louis, MO). Poly(ethyleneglycol) of molecular weight

7000-9000 (PEG 8000) was purchased from Fisher Scien-

tific (Fairlane, NJ) and further purified as reported previously
(27). Dodecyloctaethylene glycol monoethet:fEs) was
purchased from Calbiochem (La Jolla, CA). All other
reagents were of the highest purity grade available.

MATERIALS AND METHODS

Sample Preparation for CD Spectroscopic StudiGpep
and AApep were dissolved either in TFE®I (9:1 v/v) or
in AcCCN—H,O-TFA (50:49:1 v/v) at ca. 1 mg/mL, with

sonication to give optically clear solutions as necessary.

Aliquots of these stock solutions were mixed with aliquots

of amphiphiles dissolved in the same solvent as the peptide

and the mixture was dried under a stream of &hd

lyophilized to remove any remaining solvent, generally
overnight. The dried film was resuspended in TN buffer
(0.112 M NacCl, 0.055 M tris, pH 6.7) and sonicated to
optimize dispersion. Final peptide concentrations were

determined using the Biuret reaction, and ranged from 120

to 155 uM, although similar results were obtained from

preparations containing as little as ca. one-tenth as much,

with corresponding increases in final amphiphile:peptide
ratios. Final concentrations of amphiphiles were 20 mM
DPC, 100 mM C8E5, and 2.56 mM POPC.

CD SpectroscopycD spectra were measured on an Aviv

model 620S spectropolarimeter (Lakewood, NJ) using a 1

mm quartz cell. Spectra were obtained at'25at 0.25-0.5

nm intervals and time averaged from 1to 2 s. The raw spectrays 10
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assay (Geno Technology, Inc., St. Louis, MO) was used to
estimate the concentration of peptides in the vesicle samples.
These controls showed that the lipid/peptitdéP) ratio was,
within experimental error, the same before and after frac-
tionation of vesicles and matched the expedt&iratio in

the dried lipid-peptide sample before addition of buffer. This
demonstrates that all peptide associated with vesicles.

Contents Mixing and Leakage Assajhe TIF"/DPA
contents mixing and leakage assays were based on those
initially proposed by Wilschut et al.5@) and adapted to
monitor PEG induced fusiort8). The buffer contained 100
mM NaCl, 10 mM TES, 1 mM EDTA, and 1 mM Caglin
the contents mixing assay, the lipids were suspended in either
80 mM DPA or 8 mM ThC{ plus 60 mM sodium citrate
and 10 mM TES, pH 7.4. For the contents leakage assay,

'lipids were suspended in 4 mM ThC40 mM DPA and

10mM TES, pH 7.4. Untrapped probe-containing buffer was
removed from the vesicles using a Sephadex G-75 column
equilibrated with probe-free buffer (100 mM NacCl, 10 mM
TES, 1 mM EDTA, and 1 mM CaG). To measure contents
mixing due to fusion, stock PEG solutions (10 wt %) were
added rapidly and with mixing to a 1:1 mixture of b

and DPA-containing vesicles equilibrated at’Z3(final PEG
concentration 5 wt % and total lipid concentration 0.2 mM),
and the increase in Pbfluorescence was recorded with time,
after whichC,,Es was added to obtain the fluorescence of
Tbh**/DPA released from the vesicles as a reference. The
percentage of content mixing was obtained by comparing
the signal from the vesicle mixture with that of co-
encapsulated Th/DPA vesicles, which was taken as indicative
0% content mixing 7). Leakage of contents was

were smoothed using the variation of the method of Savitsky monitored with time by following the fluorescence of vesicles

and Golay 43) supplied by Aviv using a moving window
of 10—25 points and a polynomial order of 3.

Vesicle Preparation for Fusion Studi€dmall unilamellar
vesicles (SUVs) composed of DOPC/DOPE/SM/CH (35:30:
15:20 molar ratio) were prepared as reported earli€y. (
We have shown previously that this particular lipid composi-
tion, which mimics the composition of naturally fusogenic
synaptic vesicles, is optimized for providing stable vesicles
that nonetheless fuse readily with minimal loss of trapped
contents 16). Mixtures of different lipids at this molar ratio
in chloroform were dried under a stream of nitrogen and
dried in vacuo for an hour to remove any remaining solvent.
Appropriate amounts of stock solution (1 mg/mL) of GGpep
or AApep in TFE-HO (9/1 v/v) were added to the lipids
dried on the wall of a glass vial, and the lipid was dissolved
in this solvent, which was again removed under nitrogen.
The residues were dissolved in cyclohexane with addition
of a small amount of ethanol, frozen in a dry ice/acetone
bath, and then lyophilized overnight. The dried lipids with

and without peptides were suspended by rapid agitation in

an appropriate buffer at 23C. The lipid suspensions were

sonicated for about 15 min at 50% duty cycle using a Heat

Systems Model 350 Sonicator (Plainview, NY) equipped
with a Titanium probe tip. Vesicles were fractionat@jl l§y
centrifugation at 70000 rpm for 25 min af@ using a
Beckman TL-100 ultracentrifuge (Palo Alto, CA). For some

preparations, controls were performed in which the concen-

containing coencapsulated J#DPA, with treatment with
Ci2Es used to mark 100% leakage of trapped conteRt. (
Contents mixing was corrected for contents leakage as
described 48).

Lipid-Mixing Assay.The mixing of lipids was measured
using the fluorescent lipid probes BODIPY500-PC and
BODIPY530-PE 81). Vesicles containing both probes in a
1:1 molar ratio were mixed with probe-free vesicles at a 1:4
ratio, diluted with buffer, equilibrated in a fluorescence
cuvette at 23C, and an appropriate amount of stock PEG
solution (10 wt %) added to produce a final concentration
of 5wt % PEG and 0.2 mM total lipid. The details of these
measurements and the calculation of percent lipid mixing
are given elsewherg&{). Both the lipid mixing and content-
mixing assays assume that the mix of vesicles within a fusing
aggregate is the same as the bulk mix. When aggregates
contain very few vesicles, one can correct for the probability
that any aggregate contains this m#8(55). However, this
correction is small for SUVs, which form fairly large
aggregates in the presence of PEG (roughly 16 SUVs per
aggregate; Evans, Haque, and Lentz, unpublished results),
increasing the probability that each aggregate contains a
random mix of vesicles. Thus, the lipid- and content-mixing
assays have comparable scales.

RESULTS

tration of phospholipid in the vesicle samples was measured Secondary Structure of GGpep and AApEmRe CD spectra

using the activity of the radioactive lipid added in trace
quantity to the phospholipid mixture. A noninterfering protein

of these two peptides in two different organic solvents are
shown in the top frames of Figure 1. In TFE®| both
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Ficure 2: Gradient SDS gel of GG peptide (lanes 1,2,5,6) or AA

AcCN/CBE5S

[6] x 10 deg. - cm?dmol

0 40 |- TFEICBES peptide (3,4,7,8) dried from 90% TFE:# (lanes 2, 4, 6, and 8)
10 2046 or from AcCN-HO-TFA (lanes 1,3,5,7) and redissolved in 1% SDS
20 0 b without (lanes 14) or with (lanes 5-8) boiling for 3 min. 16-

-20 20% precast gradient gels (Fisher Supragel) were run at 100 v under

-30 - -40 standard buffer conditiongt4).
-40 — -60 S

‘3‘ |_AcCN/POPC o L TFE/POPC decrease in helicity of tha-helical form of both peptides

2 - 5 was observed upon heating to 80, with no evidence for

(1) B -10 —M a discrete thermal transition, as seen for many highly helical
A 15 - peptides. This decrease was reversible, since identical spectra
20 :gg TN were obtained before and after heating (not shown). Although

200 220 240 260 200 220 240 260 the -sheet forms tended to precipitate at elevated temper-

Wavelength, nm Wavelength, nm atures, the spectra retained their characteyfissheet nature,
and no detectable-helical spectral component was seen.
SDS-gel electrophoresis showed that the TFE-derived
helical form migrated as a monomer, while the AcCN-
derived 5-sheet structure formed a high molecular weight
complex that did not penetrate the gel (Figure 2). Boiling
these samples in SDS solution did not change their electro-
phoretic behavior, providing further evidence of the thermal
stability of both peptide structures. An attempt was made to
peptides had spectra characteristic of largehhelical interconvert the two forms by mixing them together and
structures but the negative molar ellipticity at 222 riipp4) incubating for an extended period. The two forms of each
was ca. 35% greater for AApep than for GGpep. In contrast, peptide were mixed together in varying ratios and incubated
peptides dissolved in AcCNH,O-TFA exhibited CD spectra  at 30 °C for one month. Gel electrophoresis after this
characteristic of largely-sheet structures. However, struc- prolonged incubation period showed no change from the
tural differences between the two peptides were evident alsooriginal proportions of helical an@-sheet structures (not
in this solvent system, as the spectral minimum for GGpep shown), indicating that prion-like recruitment of the mono-
was red-shifted compared with that for AApep. meric helical peptide to thes-sheet structure had not
Neither peptide could be solubilized in the aqueous buffer occurred.
alone, i.e., in the absence of any amphiphile. To study the A comparison of the conformations of GGpep and AApep
conformation of these peptides in membrane-like environ- that had been incorporated into amphiphiles by identical
ments, each peptide that had been dissolved in either TFE-procedures showed that these were always different. The
H,O or AcCN—H,O-TFA was mixed with an amphiphile (a mean residue ellipticityf2, ) of GGpep from TFE-HO was
nonionic detergent, C8E5; an ionic detergent, DPC; or a less than that of AApep in all three amphiphilic environ-
liposome-forming phospholipid, POPC) dissolved in the same ments. Differences i,z ranged from ca. 20% to nearly
solvent. After exhaustive removal of the solvent under high 50%, being greatest for TFE and C8E5 and least for a
vacuum, the residue was resuspended with sonication in TNmembrane-like environment (POPC and DPC). Similarly, the
buffer. The CD spectra obtained from the two peptides spectral minimum of the5-sheet form of GGpep from
resuspended in the presence of each amphiphile are arrangecCN—H,O-TFA was always red-shifted relative to that of
in Figure 1 such that samples derived from the TFE solvent AApep.
are shown on the right and samples derived from the AcCN Ideally one would like to obtain a detailed analysis of the
solvent are on the left. Figure 1 shows that those peptidessecondary structures of the peptides incorporated into phos-
that were initially dissolved in TFE-}D remained helical,  pholipid vesicles. Unfortunately, scattering from the vesicles
while those that were initially dissolved in ACCNH,O-TFA greatly distorts CD spectra, precluding their use for detailed
retained thgs-sheet form, despite being brought into identical structural analysis. The CD spectra of the AA and GG

Ficure 1: CD spectra of GGpep (filled circles) and AApep (open
circles) in different environments. Row 1: In AcCNH,O-TFA
(left), or inTFE-H,O (right). Rows 2-4: Peptides were dried down
from AcCN—H,O-TFA (left panel) or TFE-HO (right panel)
together with the indicated amphiphile dissolved in the same
solvent. Residues were resuspended in TN buffer to final concentra-
tions of 20 mM DPC (row 2), 100 mM C8ES5 (row 3), or 2.67 mM
POPC (row 4).

aqueous amphiphile environments.

Attempts to interconvert thei-helical and thes-sheet
forms of these two peptides in agueous or solvent conditions
were unsuccessful, even after heating t0°@0 A gradual

peptides from TFE-ED in DPC, however, were qualitative

similar to those of TMD in POPC membranes (see above)
and of sufficient quality to be analyzed in detail, since
solutions of this detergent do not scatter light. Computer
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Table 1. Secondary Structure Content of GGpep and AApep in 40
DPC A GG
program peptide % alpha % beta % other _g 30 Contrel
K2D AA 68.0 5.0 26.0 s 50| e
GG 52.0 16.0 32.0 2
CDNN AA 719 55 25.9 3
GG 51.3 10.3 38.7 x 10
Average AA 70.0 5.3 26.0
GG 51.7 13.2 35.4 0 _ — ___ ___ _ GG%PEG)
a“other” structures include beta bends, which are not well-estimated 104 B

by the methods employed here. GG

Control

programs, namely, CDNNgJ and K2D (1), which estimate
the secondary structure of peptides from CD data by neural
net analysis, were used to analyze the spectra obtained with
DPC solubilized peptides. These programs, which utilize a
database of proteins with known conformations to train a i y
network that is then used to analyze the spectra of protein 81 C A
or peptides with unknown conformations, provide a good
estimate of and other structures and a very good estimate
of a-helix (13). In both analyses, AApep had significantly
higher helical content than GGpep, which contained contri- el
butions from a broader range of local peptide bond geom- 2 h A Control
etries (Table 1). L |
We conclude that the VSV TMD peptides we have ° 100 200 300 400 500
examined have very stable, history-dependent conformations
corresponding to an-helical form and an aggregatgesheet Seconds

; ; Ficure 3: Effects of GGpep and AApep on PEG-induced fusion
;orm. S.T(.:e .We hav_%lbeten unablﬁ_t(; mter;:onvetr_t these tWoof DOPC/DOPE/SM/CH SUV'’s. Time dependence of lipid mixing
orms, It IS Impossibie 1o Say which coniormation corre- (A), contents mixing (B), and contents leakage (C) are shown for

sponds to the global free energy minimum. For the purpose peptide-free control SUVs and for SUVs containing GGpep and
of these fusion studies, we have focused on dHeelical AApep at peptide:lipid ratio 1:200. Representative data for lipid

form for reasons summarized in the Discussion. The possibleMixing, contents mixing, and contents leakage for vesicles contain-
functional implications of the different degrees of helical ;”9 GGpep in the absence of PEG are shown as dashed lines; data
. . - or peptide-free control vesicles and vesicles containing AApep were
content of the two TFE-derived peptides were next examined neaiy the same (not shown).
by asking how they affected fusion of model membrane
vesicles. Figures 47, summarized in Table 2, and described below.
Effects of GGpep and AApep on the Kinetics of PEG-  Lipid Mixing. Biexponential kinetics of lipid mixing were
Mediated SUV FusioiWWe have studied the effect of GGpep observed previously for PEG-mediated fusion of both
and AApep in their helical form (peptides initially dissolved moderately and highly curved vesicle&2( 22). It was
in TFE-H,0) on the PEG-mediated fusion kinetics of DOPC/ suggested that these two rates corresponded to two processes
DOPE/SM/CH SUVs. Figure 3 shows representative time of lipid movement: first, between contacting outer leaflets,
courses of lipid mixing (A), contents mixing (B), and and second, between noncontacting inner leafle?s 22).
contents leakage (C) for peptide-free control vesicles and Both peptides enhanced to a similar extent the initial rate of
for vesicles containing AApep and GGpep at a peptide/lipid lipid mixing (inset in Figures 4A and 5A), an effect that
ratio (P/L) of 1/200. Several distinct peptide-mediated effects reflected an increase in both the raitg @nd the extent@,)
are seen in these data. Both peptides enhanced the initiabf the fast process (circles in Figures 4 and 5). The major
rate of lipid mixing, but theextentof lipid mixing at long difference between the effects of the two peptides on lipid
times remained essentially unaffected by the presence ofmixing was that the magnitude of the fast component
either peptide. AApep increased by less than 2-fold the initial (expressed a€,) increased more dramatically with GGpep
rate of contents mixing but significantly impeded the extent than with AApep. Since the final extent of lipid mixing was
of this process at longer times. GGpep, on the other hand,not influenced significantly by either peptid€,(+ C; in
increased the initiatate by 6-fold and also theextentof Table 2), the contribution of the slow component necessarily
contents mixing at all times up to 500 s. Contents leakage, decreased more markedly with increasing AApep than with
minimal in control vesicles, was unaffected by GGpep, but GGpep.
was enhanced ca. 2-fold by AApep. Contents Mixing.Contents-mixing time courses were
To make a more detailed comparison of the different adequately described by a single exponential for peptide-
effects of AApep and GGpep, we repeated these experimentdree control vesicles (Figures 6 and 7). The single rate
at severaP/L ratios. The simplest fit for the resulting kinetic  constant describing contents mixing in the peptide-free con-
data required two exponentials, which provided two rate trols was nearly identical to the rate of the slow component
constantsk; andk;) and two preexponential factor€{and of lipid mixing (Table 2), as has been observed previously
C,), which expressed the extent of the contribution of the for PEG-mediated fusion of SUV42). This is consistent
corresponding kinetic process. The results are shown inwith the idea that the slow lipid-mixing process corresponds

AA
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GG (0% PEG)
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Ficure 4: Kinetic parameters and the extent of lipid mixing as a
function of mole fraction of GGpepXsg). A: The rate constants
ki (circles) andk; (squares) and initial rate of lipid mixing (inset).
B: The preexponential factof3; (circles),C, (squares), and extent
of lipid mixing (inset).
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of lipid mixing (inset).

to inner leaflet lipid mixing that occurs simultaneously with
pore formation in peptide-free vesicles2( 22).
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Ficure 6: Kinetic parameters of contents mixing and contents
leakage as a function of mole fraction of GGpefaf). A: Rate
constantk; (circles) andk; (squares). B: initial rate of contents
mixing. C: The preexponential facto@; (circles) andC, (squares).

D: Initial rate of leakage.

Fusion of peptide-containing vesicles showed a very
different behavior. When peptides were present, a fast
component of contents mixing appeared in addition to the
slow component that was present in the absence of peptide
(Table 2). Both components were comparable in rate to the
two components of lipid mixing. Although small in magni-
tude, this fast component increased the initial rate of contents
mixing by a factor of 6 or 7 for GGpep but only slightly for
AApep. Since the rate constants of the slow and fast
components of contents mixing were about the same for
either peptide, the principal difference between the two
peptides was the greater extent of rapid contents mixing
induced by GGpep@; in Table 2), and the significantly
reduced magnitude of the slow compone@t in Table 2)
in the presence of AApep. In summary, GGpep significantly
increased the rate of contents mixing, although it had no
effect on the extent of the process;(+ C; in Table 2),
while AApep caused a small increase in the initial rate of
contents mixing and actually significantly inhibited the extent
of this process@; + C; in Table 2).

GGpep did not increase the rate of leakage up to a mole
fraction of 1/200, in contrast to the enhanced leakage caused
by AApep. However, extensive vesicle leakage70%
by 500 s atP/L = 1/100) was observed for vesicles
containing either peptide at highBrL ratios. Thus, fusion
experiments could not be performed at higher peptide
concentrations.
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0.035 mechanistic origin and that the influence of hexadecane
0.030 {A / dominated the specific effects of the two peptides.
0.025 | L] 3
< 0.020 | DISCUSSION
xz 8'8:2 Effects of GGpep and AApep on PEG-Mediated Fusion.
= 0'005 | Figure 3 shows that GGpep or AApep had striking, sequence-
e specifi(_: effects on PEG-mediated fusion beha_vior of SUVs.
015 | Analysis of these effects reveals a complex picture. GGpep
e 0.10 B induced a 6-fold increase and AApep only a 2-fold increase
5 © T in the initial rate of contents mixing (Figures 6 and 7). Both
2 & 0054 L, a2 peptides promoted a 2- to 3-fold increase in the initial rate
- 0.00 5 of lipid mi>_<ir_lg (Figures 4 and 5). Two aspects of th_ese results
1 | are surprising: (1) the enhz_incement_ of_t_he |n|_tm11e of _
s 10 | 3 contents mixing occurred without a significant increase in
g 8 ® the extentof contents mixing, and even a decrease in the
<, 6 | case of AApep, and (2), in the case of GGpep, the increase
0__ 4 ] in the rate of contents mixing was greater than the increase
o 5 | in the rate of lipid mixing. Thus, although both peptides did
o L. , , ‘ ' enhance somewhat the rate of initial intermediate formation
2 & 0.016 4 D i ' ' ' ‘ (measured by lipid mixing), the main effect of GGpep on
=8 0.012 4 // fusion is on a later step leading to formation of a functional
£ 2 0.008 1 fusion pore.
= © 0.004 —

M ) M 3 4 5 The Differential Effects of GGpep and AApep Arise from
Both the Fast and Slow Components of the Fusion Process.
For all experiments, with the single exception of contents
Ficure 7: Kinetic parameters of contents mixing and contents mixing between lipid vesicles in the absence of added

leakage as a function of mole fraction of AApegag). A: Rate . : .. .
constantk; (circles) andk, (squares). B: initial rate of contents peptide, the time courses for lipid mixing and contents

mixing. C: The preexponential facto@; (circles) andC; (squares). mixing were best described by a biexponential equation
D: Initial rate of leakage. (Table 2). This analysis provided, for each process, two first-
Effects of Hexadecan®e have reported elsewhere that order rate constants and two preexponential factors that
5 mol % hexadecane enhances contents mixing with little expressed the relative contribution of the two first-order
effect on lipid mixing, presumably due to its ability to help Processes. We have argued previously that the slow and fast
fill and stabilize regions of hydrophobic mismatch associated components of contents mixing between 22 nm SUVs likely
with the nonlamellar intermediate structures of the fusion correspond to the two types of pores that form during PEG-
process 80). To test whether TMD peptides perform a mediated fusionX2). In 45 nm vesicles, the first type of
similar function, we included 5 mol % hexadecane in the Pore is transient, is associated with the initial hemifused
peptide-lipid mixture from which SUVs were prepared and intermediate, and conducts only protor22)( The second
examined the effects on PEG-mediated fusion in the presence?@sses larger solutes and seems to constitute the final fusion
and absence of TMD peptides, as reported in Figure 8. AsPore €2). An analogy has been drawn between these two
summarized in Table 2, 5 mol % hexadecane had little effect types of pores and the “flickering” pores and *fusion” pores
on either the rate or extent of PEG-mediated lipid mixing in 0bserved by patch clamping exocytotic ceBS)( The times
the absence of peptides. However, both peptides enhance®f appearance of these two types of pores were separated in
the rate of the rapid component of lipid mixing in the 45nm vesicles by a lag during which an initial intermediate
presence of hexadecane to the same extent as they did i$lowly converted to a final, committed intermedia22) In
the absence of hexadecane (Table 2). Thus, the effects ofmore highly curved, 22 nm vesicles, such as those examined
TMD peptides and hexadecane on the initial step of the here, no lag phase was detected between formation of an
fusion process seem to be independent and not re|atedjnitial intermediate and the fusion pore, although fusion pore
However, there were Signiﬁcant similarities between the formation at minimal PEG concentrations still followed a
effects of hexadecane and those of TMD peptides on contentsSingle, slow exponential time course that had the same rate
mixing. First, hexadecane induced a second, rapid componen€onstant as the slow component of lipid mixing2). At
of contents mixing, similar to the fast component induced higher PEG concentrations, a fast component of contents
by both TMD peptides. Second, hexadecane, like both mixing accompanied lipid mixing and formation of the initial
peptides, also caused a small increase in the rate of the slowfusion intermediate1(2).
component of contents mixing (Table 2). The only difference  Perhaps the most striking effect revealed by our results is
between TM peptides and hexadecane was in the specificthe development, in both peptide- and hexadecane-containing
effects of TM peptides on the extent of contents mixing: vesicles, of a rapid component in the kinetics of contents
hexadecane and GGpep both had little effect on the extentmixing (k; andC; in Table 2) that is absent in the protein-
of content mixing, while AApep inhibited it (Table 2). free reaction (Figures-47). This has two possible interpreta-
Finally, neither peptide had a significant effect on contents tions. First, the peptide and/or hexadecane might stabilize
mixing in the presence of hexadecane, suggesting that thethe transient pore associated with the initial intermediate so
effects of TMD peptide and hexadecane have a commonthat it can pass larger molecules. Alternatively, these agents

Xpp x 107
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Table 2. Rate Constants and Preexponential Factors of Lipid Mixing and Contents Mixing of Peptide-Free Control Vesicles and Vesicles
Containing GGpep and AApep (&L ratio 1/400) with and without 5 mol % Hexadecane.

lipid mixing contents mixing
k1, s1 kz, st Ci+ kl, s1 kz, s Ci+
(x1073) Cu, % (x107%) Co, % Co, % (x1073 CuL % (x107®) Co, % Co, %
Without n-Hexadecane
control 1.00+0.10 7.68+1.37 2.60+0.20 34.93-0.73 42.61 2.06:0.00 10.69+0.04 10.69
GGpep 2.36:0.03 15.95-0.11 2.50+0.10 25.05-0.11 41.00 2.4A0.01 2.25-0.06 2.40+0.10 7.88+-0.15 10.13
AApep 2.70+0.05 9.12+0.12 4.20+0.00 27.9740.08 37.09 2.36-0.17 1.414+-0.07 3.60:0.20 2.63+-0.03 4.04
With 5 mol %n-Hexadecane
control 1.19+0.03 14.88-0.71 3.00+0.10 27.34-0.41 42.22 2.04£0.04 3.70+0.07 2.30+0.10 6.52+0.07 10.22
GGpep 2.8A4 0.03 18.48+-0.03 3.90+0.10 19.74-0.07 38.22 2.95%0.11 2.62+-0.08 3.10+0.10 8.08+£0.05 10.70
AApep 2.75+£0.02 16.26t0.14 4.40£0.00 23.45-0.08 39.71 2.9%0.04 3.51+0.04 3.10+0.02 7.07+0.02 10.58

@ Rate constantk( andk,) and preexponential factor€{ andC,) were obtained by fitting the time courses of lipid mixing and contents mixing
to the expressiolCa[1 - exp(—kit)] + C[1 - exp(—kat)].

40 on the extent of contents mixing associated with the fast pore.
However, hexadecane did not affect the rate of initial
intermediate formation (Table 2). We conclude that both
hexadecane and GGpep mainly act to stabilize a small,
rapidly forming pore, formed as one of the unstable structures
(22, 46) associated with the initial intermediate, but also seem
to promote the conversion of the initial intermediate to a
stable fusion pore. Hexadecane is known to partition into
and stabilize hydrophobic interstice®) @nd is thought by
this means to promote fusiod,(50). The similarity of the
effects of GGpep and hexadecane as well as the ability of
hexadecane to substitute for and override the pore-promoting
effect of GGpep (Table 2) suggests that GGpep may also
function by stabilizing intermediates leading to pores or
structures associated with small initial pores.

30
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Our results also showed that both TMD peptides enhanced
the rate of formation of the initial fusion intermediate.
However, the fact that hexadecane did not have a similar
effect suggests that this does not result from peptide-induced
stabilization of nonlamellar structures. It may be that the

TMD peptides destabilize the bilayers of intact liposomes,
thus lowering the activation energy for formation of the first
intermediate. There is certainly president for such an effect
of trans-membrane peptide20.

How Do TMD Peptides Increase the Rate But Not the

0 100 200 300 400 500
Seconds

Ficure 8: Kinetics of PEG (5 wt %)-induced fusion of DOPC/

DOPE/SM/CH SUVs with 5 mol %-hexadecane. Time courses  Extent of Contents Mixir®yThe extent of lipid mixing has
of lipid mixing (A), contents mixing (B), and contents leakage (C)

; : e . been shown to reflect the size and geometry of vesicle
are shown for peptide-free control vesicles (solid line) and vesicles

containing GGpep (long dashed) and AApep (short dashed) at a@d9regates formed in the presence of PE&%5). However,
peptide/lipid ratio of 1/400. the extent of contents mixing should also reflect the

probability that any intervesicle contact can proceed to a
might lower the free energy barrier between the initial and fusion pore 6). Since neither peptide nor hexadecane
final intermediates, increasing the probability of conversion significantly altered the extent of lipid mixing, we can rule
to a committed pore. Both interpretations seem to contribute out any influence of these agents on the extent of aggregation.
to the effect of TMD peptide. The second possibility is For this reason and because the peptides were present in our
supported by the fact that there was a slight increase in thevesicles at very low copy numbers { per 200 lipids), we
rate of slow pore formation associated with the presence of presume that they exerted their influence by concentrating
both GGpep and AApep, meaning that both lowered slightly in and altering the regions of contact between vesicles. The
the free energy barrier between the initial intermediate and fact that GGpep did not appreciably change the extent of
either the final intermediate or fusion pore. However, a much content mixing suggests that it did not affect the number of
larger effect was that both peptides doubled the rate of intervesicle contacts within aggregates, although the fact
formation of the initial lipid-mixed fusion intermediate and that it affected the rate suggests that it did change the
stabilized a fast pore associated with this. This supports thenature of the contacts. In contrast, the fact that AApep
first possible interpretation as the major effect of TMD significantly inhibited the extent of fusion suggests that it
peptides. Only GGpep, however, was able to sustain andid interfere with either the quality or quantity of these
appreciable extent of contents mixing through this pore contacts. Such regions of contact are expected to contain
(Figures 5 and 7). Similarly, hexadecane had a large influencedistorted or nonbilayer lipid arrangemen#ég) into which
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“impurities” (i.e., TMD-like peptides or hexadecane) might the precise structure of the VSV TMD and therefore cannot
partition. Apparently, AApep and GGpep are sufficiently demonstrate a “glycine hinge”, they do show that the
different structurally that they have different effects on presence of gly residues produces conformational diversity
the ability of these unstable, nonbilayer structures either to consistent with the “hinge” idea. The results of point

form or to progress toward a fusion pore. mutations in the TMDs of several other lipid-sheathed virus
Possible Role of TMD Structural Differences in Fusion proteins lend further credence to this linkage between TMD
Differences. TMD Structural Dersity and Fusion.A conformational diversity and fusion. In most casé¢a),

remarkable result of this study is that both TMD peptides substitutions that arguably should promote formation of a
exist in very different and noninterconvertible conformations more stable helix abrogated fusion activifyr( 34, 38). Our
depending on the solvent used to disperse them. We assumetesults add considerable support to this concept by showing
that theo-helical conformation would be most relevant to direct correlation between a demonstrated increase in con-
the conformation of the TMD in VSV G-protein. No X-ray formational diversity and an increase in the ability of an
crystal or NMR structure of the TMD of any intact fusion isolated TMD peptide to promote fusion.

protein has yet been obtained, so we do not know with  How Might a Less Helical Structure Promote FustoWe
certainty that the TMD of intact VSV G-protein is helical. argue above that the similar effects of GGpep and hexade-
However, for several reasons, it is reasonable to presumecane on the initial rates of content mixing suggests that both
that the TMD exists as a trans-membrane helix. First, the might act by partitioning into and stabilizing nonlamellar
G-protein TMD consists of twenty mostly hydrophobic structures at the point of contact between closely apposed
amino acid residues that are predicted by the structure membranes. How might the added structural diversity of
predicting routine PROFsedZ) to form a helix that would ~ GGpep allow it to do this job better than AApep? Small pores
just span the hydrophobic portion of a bilayer. Indeed, the must involve highly curved lipidic structures that necessarily
peptides we have used are of an optimal length to form have nonlamellar regions that cannot be accommodated by
helical structures that span the bilayer roughly perpendicular the lamellar leaflets of hemifused membranes. We might
to the plane of the bilayerl(). Second, single-pass TMDs  expect that the highly helical AApep would have a difficult
such as the VSV G-protein TMD tend to be helica), time adapting to such highly bent structures. GGpep,
while the common example of TMDs in thg-sheet  however, would be expected to adapt better to, and might
conformation is a multipass protei8@). In fact, a synthetic  even stabilize, such structures because of its helix-destabiliz-
peptide of the analogous fusion protein of influenza virus ing gly residues that cause it to explore a larger range of
has been shown to exist as a helical bilayer-spanning conformational space (Table 1). The more helical AApep
structure 49). Finally, thef-sheet form of VSV TMD forms ~ mjght limit the range of nonlamellar lipid structures that can
large aggregates that are not likely to form when this peptide be formed at these contact points, and create “dead-end
is attached to the large extra-cytoplasmic portion of the VSV intermediates” that cannot function in fusion. This would
G-protein, makingx helix the most likely conformation of  explain the decrease in extent of fusion seen with AApep.
the TMD in the native protein. Nonetheless, it is possible The stabilization of highly curved small pores by hexadecane
that a helix-sheet conformational change, as has beenwould be expected to negate any thermodynamic advantage
suggested to occur in the influenza virus fusion peptide uponto peptide association with this region, explaining why the
interaction with specific lipids39), might occur inthe TMD  presence of hexadecane could largely override the influence
and contribute to the fusion reaction. However, in light of of both peptides (Figure 8 and Table 2).

the extreme structural stability of each form of the TMD Relation to Biomembrane FusioiThe pore-promoting
peptides studied here, any such conformational change wouldxffact of GGpep is consistent with the results of several
probably have to be potentiated by interactions occurring gy ,dies that show the importance of, but not absolute

elsewhere in the whole molecule. _ requirement for, TMDs in the timely formation of a normal
In this context, it is clear from our results (Figure 1 and fsion pore 82, 34, 35, 38). This suggests that the TMDs
Table 1) that the presence of two gly residues in the VSV ot jntact fusion proteins may play a role in pore formation

TMD increases the number of conformations that can be gjmilar to the role suggested by our results for the synthetic
explored by the TMD in lipid, detergent, or solvent environ- Tyvp peptides examined here. In addition, we note a
ments. Thls agrees with the report thgt gly residues are h_e"XsimiIarity between the effects of TMD peptide that we have
breakers in trans-membrane peptides in a membrane environyescribed here and the effects of an influenza virus HA fusion
ment QS)._A similar resul_t has been reported prew_ously i heptide (5) and a HIV gp41 fusion peptidel) on PEG-
an organic solvent, using a model TMD peptide, not mediated vesicle fusion. In all three cases, these membrane-
corresponding to any authentic TMD sequence, containing |ocated portions of fusion proteins had minimal effects on
three gly residues dispersed at regular inten2®, §howing  the initial step in the fusion process, as measured by lipid
that incomplete helicity within the TMD could be induced yixing, but all promote rapid pore formation. We have also
by any one of several amino acid residues including gly and gnown that the gp41 fusion peptide, like the VSV TMD,
leu. _ o promotes fusion in a way that is over-ridden by the presence
We have previously shown that substitution of the gly of hexadecanel@). Thus, our results suggest a general theme

residues examined here in the VSV G-protein TMD with i, \which these portions of fusion proteins insert into bilayers
either ala or leu abolished VSV-mediated fusid@)( We

noted that gly residues are present in fusion protein TMDs 3 —
in greater abundance than in other, nonfusion protein TMDs _, . We note that several mutations in the TMD of HA from the X-31
strain of influenza virus are reported not to influence infectivity

and speculated that a TMD “glycine hinge” might promote  sjgnificantly ¢). This makes it clear that not all amino acid substitutions
virus-mediated fusionl(). While our results do not establish  in viral TMDs lead to loss of infectivity.
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at the points of fusion contacts and promote pore formation

by stabilizing nonbilayer structures that are part of fusion
intermediates or of initial small fusion pores.
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