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ABSTRACT: The Respiratory Syncytial Virus (RSV) fusogenic glycoproteinvias characterized using
biochemical and biophysical techniques. Two heptad-repeat (HR) regions withier& shown to interact.
Proteinase-K digestion experiments highlight the HR1 region (located proximal to the fusion peptide
sequence) of the;fprotein to which an HR2-derived (located proximal to the membrane-spanning domain)
peptide binds, thus protecting both the protein and peptide from digestion. Solution-phase analysis of
HR1-derived peptides shows that these peptides adopt helical secondary structure as measured by circular
dichroism. Sedimentation equilibrium studies indicate that these HR1 peptides self-associate in a monomer/
trimer equilibrium with an association constant of x2.0° M~2. In contrast, HR2-derived peptides form
random monomers in solution. CD analysis of mixtures containing peptides from the two regions
demonstrate their propensity to interact and form a very stable=( 87 °C), helical (86% helicity)
complex comprised of three HR1 and three HR2 members.

Respiratory syncytial virus (RSV)s a member of the  of the viral fusion protein involve exposure and insertion of
pneumovirus group in thBaramyxairidae family, and the the hydrophobic F amino-terminus into the target cell
primary cause of lower respiratory infection and pneumonia membrane, juxtaposition of the two membranes, and creation
in infants, young children, bone marrow transplant patients, of a fusion pore. At least two conformational states are
the elderly, and other immunocompromised individuals proposed to exist: the native state, in which the fusion
(1,2). RSV is an enveloped virus which contains two major peptide is masked until the target cell is bound, and the
surface glycoproteins: a receptor binding protein (G) which fysogenic state, in which the fusion peptide has been inserted
facilitates attachment to cells, and a fusion protein (F) into the target membrane.

(3, 4. The RSV-F protein is a class | integral membrane Structural studi iral fusi e d id
protein which is comprised of two subunits,d&nd kb, which tructural studies on viral Tusion proteins and peptides
are linked by a single disulfide bridge (see Figure 1A). F _denved from their _subdor_nams_ have demonstrated the
anchors the protein in the viral membrane via a hydrophobic |mpprtance of the coiled-coil motif in the native a,m.j fuso-
sequence (“transmembrane anchor”). Another hydrophobic 9€NiC states of Influenza¢-10), Human Immunodeficiency
sequence located at the amino terminus pééves as the  Virus (HIV) (11~14), Simian Immunodeficiency Virus (SIV)
“fusion peptide” domain which anchors the fusion protein (15—18), Ebola (9, 20), Moloney murine leukemia virus
into the target cell membrane during the membrane fusion (MULV) (21), and Simian Virus 5 (SV5)22, 23). Earlier
process §—7). identification of heptad-repeat regions within the ectodomains

Membrane fusion is an essential Step in the life Cyc|e of of viral fusion proteins had Imp“Cated coiled-coil motifs in
enveloped viruses; it allows the viral contents to be depositedthe structure of these protein8, 4—28). A heptad repeat
into the cytoplasm and is followed by subsequent production (HR) is defined by hydrophobic residues appearing and
of infectious virions §—7). Fusion begins after the virus  d positions of a sequence designagdtdefg This primary
binds to the target cell, through an association of a viral sequence has been shown to have the propensity to fold into
attachment protein with the appropriate cellular receptor(s). coiled-coils, in which two or more:-helices wind around
This attachment is followed by conformational changes of each other, forming a supercodq, 30). The fusion proteins
the viral fusion protein which disrupt the target cell of enveloped viruses contain at least two heptad-repeat
membrane, permitting the viral and cellular membranes to regions: one located proximal to the fusion peptide (HR1,
coalesce, allowing viral entry. These conformational changes see Figure 1A) and one located close to the membrane (HR2).
——, | 1 bo add L on 9101 406 Crystallographic studies implicate a common structural motif
S T e eceecemons o 2adopted by these two HR regions: a cenlraltimeric coied-

# Present Address: Cogent Neuroscience, Inc., 710 West Main St., C0il formed by the interaction of three HR1 domains and
Durham, NC 27701. three HR2 domains aligned in an antiparallel fashion along

 Abbreviations: RSV, respiratory syncytial virus; HR1, heptad- the grooves located between the helices of the central HR1
repeat region 1; HR2, heptad-repeat region 2; HIV, Human Immuno-

deficiency Virus; HPIV-3, Human Parainfluenza Virus Type 3; CD, CO?IEd'COi_I @ 12-15, 17, 19, 20, 23). Thus, a six-membered
circular dichroismM,, weight-averaged molecular weight. coiled-coil is formed.
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Ti12 35 VFPSDEFDASISQVNEKINQSLAFIRKSDELLHNYV
T1580 a3 VLHLEGEVNKIKksALLsSTNKAVVSsSLsnNGVsvLTskKVLDLKkNYI
T1582 a5 VLHLEGEVNKIKsSALLSTNKAVVSLsNGVsvLTskVLDLKNYIDK
T1581 46 VLHLEGEVNKIKSALLSTNKAVVSLsNGVsvLTskVLDbLkNYIDKAQ
T1772 50 AVSKVLHLEGEVNKIKSALLSTNKAVVsLsNGVsvLTskVLDbLkNY Il DKAQ
T1584 51 AVvSKVLHLEGEVNKIKSALLSTNKAVVYSsSLsNGVsvLTskVipLkNYIDKQL
T1623 54 SGVAVSKVLHLEGEVNKIKSALLSTNKkAVVSLsNGVsvLTskVLoLknNYIDKQL
Heptad Repeat: a d a d a d a d a d a d a d a d

Ficure 1: Protein and peptide reagents used in this study. (A) Schematic of the ectodomain of the &&MFsubunits, illustrating the
relative positions of the heptad-repeat regions 1 (diagonal stripe), 2 (vertical stripe), and 3 (gray). Recombinant prot&imMdRviH,
MF—IIl, and MF—IV used herein are derived from the HR1 region; the peptide T-112 is derived from the HR2 region. Numbering of
amino acids follows Collins et al58). (B) Sequences of synthetic peptides. All peptides have blocked amino and carboxy terminii.

In the case of HIV-1, Wild et al. demonstrated that could be the HR1 region of the protein. The goals of the
synthetic peptides derived from each of these potentially present study are to identify the target HR1 binding region
helical regions within the transmembrane protein gp41 were on the RSV-F; protein and to characterize the interaction
potent inhibitors of viral fusion and infectiot3{—33). Our between the two heptad-repeat regions in the solution phase.
laboratory reported that HR2-derived peptides from the We have simplified this approach through the use of synthetic
paramyxoviruses RSV, Human Parainfluenza Virus Type-3 peptides derived from the HR2 region. The HR1 target region
(HPIV-3), and measles (MV) exhibit specific and selective is represented by recombinant protein constructs which
antifusion and antiviral activity34). Similar antiviral pep- include varying lengths of the RSV, protein. These studies
tides derived from heptad-repeat regions contained in theare essential for drug discovery efforts in this important
fusion proteins of HPIV-3, HPIV-2, Feline Immunode- therapeutic area. Inhibition of the HRHR2 interaction in
ficiency Virus (FIV), Newcastle Disease Virus (NDV), and HIV-1 gp41 has been demonstrated as a viable therapeutic
Sendai virus have been identifieB5-38). Previous studies  target @5). An understanding of the solution-phase HR1
in HIV-1 and NDV have suggested a mechanism of action HR2 interactions is essential both in designing molecular
for these antiviral peptides based on a high affinity associa- screens to discover inhibitory agents and in laying the
tion between peptide and protein models of the two heptad- groundwork for crystallographic analysis of this protein
repeat domains30—43). This mechanism of action for protein interaction.

HIV-1 was reinforced by genetic studies that clearly mapped

resistance for HR2-derived peptides to the HR1 domédh ( MATERIALS AND METHODS

The related mechanistic models were further solidified and  Cloning and Expression of Recombinant RSVJon-
structural details of the complexes elucidated by X-ray structsThe full-length RSV F protein gene cDNA was cloned
crystallographic analysis of the HIV-1 HR1/HR2 core by standard recombinant techniques (J. Antczak, unpub-
(12—14). A recent report has demonstrated similar crystal- lished) using a recombinant vaccinia virus containing the
lographic evidence for HR1/HR2 binding interactions within RSV (strain A2) F protein gene (a gift from Dr. Peter Collins)
the F protein of the paramyxovirus SV33). as a PCR template&l6). The entire F protein gene (clone FO

Previous work in our laboratory identified two hepta- AA1—574 of the F protein) and a truncated versiodAHR2/
d-repeat regions of the RSV, Bubunit and a third hepta- FP (AA 142-485) were initially cloned into the pFLAG-
d-repeat region (designated HR3, see Figure 1A) in the F ATS vector (IBKodak) and then subsequently recloned
subunit B4). Peptides from the HR2 region showed potent, into the pMAL c2 vector (New England Biolabs, Boston,
specific anti-viral activity, presumably by inhibiting the viral MA) to generate hybrids with thEscherichia coli(E. coli)
fusion process. By analogy to the HIV system, it is reason- maltose binding protein (MBP). Thereafter, specific PCR
able to speculate that the target of these anti-viral peptidesprimers were designed such that they contained restriction
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sites permitting in-frame hybrids between MBP and RSV F with coupling reactions proceeding for 30 min. For some
protein-gene truncations depicted in Figure 1A [sense primer, residues (arginine, asparagine, glutamine, histidine, tryp-

5-GGA AGG AAT TCC CGG TTA GG-3 (TO-223);
antisense primer, for MFIV, 5'-TGC TCT AGA CTATTG
TAC TAC ATA TGC-3 (TO-225); for MFIIl, 5'-TGC
TCT AGA CTA CTT AGA TAC AGC AAC G-3 (TO-229);
for MF—I1I, 5'-TGC TCT AGA CTATTG TTT ATC TAT
ATA GTT TTT-3' (TO-383); and for MFI, 5'-TGC TCT
AGA CTA GTC TAA CAC TTT GCT GG-3 (TO-384)].
The primers were used in PCR reactions with thARR2/

tophan, and proline), double coupling reactions were rou-
tinely performed. Removal of the FMOC group was per-
formed using 20% Piperidine (PIP, Chem Impex International,
Wood Dale, IL.) in dimethylformamide (DMF, Allied/
Burdick and Jackson, Muskegon, MI) with the residual PIP
being removed by three consecutive DMF washes. Peptide
cleavage from the resin support was performed using 90%
trifluoroacetic acid (TFA), 5% dithiothreitol (DTT), and 5%

FP (pJAMCF4.C12) recombinant clone as template. The water (10 mL/400 mg of resin) f® h atroom temperature,

PCR products were purified and ligated into pMAL-c2 vector
and transformed int&. coli. Resulting recombinants were

followed by precipitation in cold ethyl ether. The precipitated
peptide was centrifuged to pellet (1250g for 5 min, Jouan,

verified by sequence analysis. Recombinant protein wasInc., Winchester, VA) and washed three times with ethyl

expressed in culture and biochemically purified by affinity

ether. Peptide pellets were dried under vacuum and redis-

chromatography using an amylose resin as recommended bysolved in 50% acetonitrile (ACN, Allied/Burdick and Jack-

New England Biolabs.

Proteinase-K Protection ExperimentA. total of 60 ug
each of the various RSVF, constructs were incubated for
1 h at room temperature with or without g of T-112
peptide in 8QuL of final reaction volume containing 10 mM
Tris (hydroxymethyl) aminomethane (TRIS, Sigma, St.
Louis, MO), 200 mM sodium chloride (Sigma, St. Louis,
MO), 50 mM maltose (Fisher, Pittsburgh, PA), and 1 mM
EDTA (Fisher, Pittsburgh, PA), at pH 7.4. Mixtures were
treated with 5ug/mL proteinase-K (Sigma, St. Louis, MO)
or an equivalent volume of buffer, vortexed, then incubated
1 h at 37 °C. Phenylmethanesulfonyl fluoride (PMSF,
Boehringer Mannheim, Indianapolis, IN) was added to
achiee a 2 mM final concentration to stop proteolytic
digestion. A total of 20uL of each sample was removed
and added to 1AL of a sample buffer (NE Biolabs, Boston,
MA) containing 6 w/v% sodium dodecyl sulfate, DTT, 187.5
mM TRIS, 30% glycerol, and bromophenol blue. The
mixtures were heated 5 min at 9C. A total of 15uL of
the samples was run on a-120% tricine polyacrylamide
gel (Novex, San Diego, CA), stained with Coomassie brilliant
blue and destained with a 10% methand0% acetic acid
(Fisher, Norcross, GA) mixture. All proteins were treated
identically, except that the MFIl samples were lyophilized

son). Peptides were analyzed and purified by reversed-phase
high-performance liquid chromatography (RP-HPLC) on a
C-8 column (Vydac C-8, 4.6< 250 mm or 5.0x 25 cm,
Vydac Separations Group, Hesperia, CA) using an ACN/
water/TFA buffer system (buffer A, 0.1% TFA in water;
buffer B, 0.1% TFA in ACN). Analytical HPLC absorbance
profiles at 220-nm were obtained on a Rainin/Varian
analytical system using a 3®0% B over 30 min at 1.0
mL/min. The purification of peptides was performed on a
Waters Prep 4000 or Rainin/Varian SD-1 Prep system using
a gradient of 30 to 60% B over 60 min at 50 or 60 mL/min,
respectively. Fractions were collected and analyzed as
previously mentioned and pooled to obtain peptides that were
>95% pure. The pooled effluent was lyophilyzed and dried
peptide stored at 4 020 °C with desiccant. Peptide identity
was confirmed with electrospray mass spectrometry (Finni-
gan LCQ).

Peptide content was determined by amino acid analysis
performed at the University of Michigan, Protein & Carbo-
hydrate Structure Facility (Ann Arbor, MI). Peptide solutions
were prepared with PBS buffer containing 100 mM NacCl
(Sigma, St. Louis, MO) and 50 mM sodium phosphate
(Sigma, St. Louis, MO) adjusted to pH 7. Peptide concentra-
tions were determined by one of two methods: either based

after the addition of PMSF and resuspended in a smaller on weight and volume, corrected for peptide content or by
volume to achieve solute concentrations comparable to thedirect amino acid analysis of the prepared stock solutions
other three constructs. Treatment of the other constructs in(Biosynthesis, Inc., Lewisville, TX). Dilution of the stock

this manner produced results identical to those reported.solutions to final concentrations as noted in the text were

N-Terminal sequencing was performed by Argo BioAna-
lytical Inc. (Morris Plains, NJ).

Peptide Synthesis and PurificatidPeptide synthesis was
performed on a Rainin Symphony multiplex peptide syn-
thesizer (Rainin Instrument Company, Woburn, MA) using
9-fluorenylmethoxycarbonyl (FMOC) chemistry protocols
(47, 48). Peptides were synthesized on Rink Amide MBHA
resin (0.40 mequiv, Peptides International, Louisville, KY)

performed in PBS.

Circular Dichroism Spectroscopgircular dichroism (CD)
spectra were obtained using an AVIV Associates 62DS
spectrometer equipped with a thermoelectric temperature
controller. Spectra were obtained in 0.1, 0.5, and 1.0 cm
quartz cells at £C with 0.5 nm steps from 200 to 260 nm,
1.5 nm bandwidth, and an averaging time of 4 s/step. After
the cell/buffer blank was subtracted, spectra were smoothed

for C-terminal amides and acetylated on the N-terminus using using a third-order least-squares polynomial fit with a

acetic anhydride (Mallinckrodt Baker Inc., Phillipsburg, NJ)
and NMM in DMF (1:1:20 v/v). FMOC amino acids (10
equiv, Rainin Instrument Comp., Chem Impex International,

conservative (510 point) window size to give random
residuals. Mixing experiments were performed by comparing
the spectrum of the two peptides mixed together in a 0.1 cm

Peptides International and Genzyme Pharmaceuticals, Campath length cell at the desired concentraticggperimentdl

bridge, MA) were activated in situ using 1-hydroxybenzo-
triazole (HOBt, Chem Impex Internationa®);(benzotriazol-
1-y)-N,N,N',N'-tetramethyluronium hexafluorophosphate
(HBTU, Quantum Biotechnologies, Montreal, Qc, Canada)
andN-methylmorpholine (NMM, Chem Impex International)

to the sum of the individual spectra of the peptides, each
solution in a 0.1 cm path-length cethpdel for no interac-
tion). Raw ellipticity values were converted to mean residue
ellipticity using standard method49); the conversions for
the mixing experiment spectra were performed using a
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peptide length corresponding to the average of the two or 37 692 (corresponding to four HR1 plus four HR2
peptides. Thermal stability measurements were performedpeptides). The other ideal species was taken to be 8400, the
in 2 °C steps, with 1 min equilibration times. Spectra were average molecular weight of the HR1 peptide T-1772
smoothed, converted to mean residue ellipticity, and the (12 797, see results) and HR2 peptide (4030).
corresponding value at 222 nm noted from each spectrum.

The midpoints of the thermal melting transitions were taken RESULTS

to be the temperature at which the ellipticity value (at 222
nm) corresponded to half of the difference between the "' . ! X
ellipticity value obtained TC and the ellipticity value of ~ Binding Region of the HR2 Peptid€o begin our study of

the final, fully denatured sample. Percent helicity values were th€ HRI-HR2 interactions in the RSV iFprotein, several
calculated using single value decomposition with a basis setchimeric proteins were prepared in which the amino terminus
of 33 protein spectras). of different portions of the Fectodomain were linked to

Analytical UltracentrifugationSedimentation equilibrium ~ the carboxy terminus oE. coli maltose binding protein

experiments were performed on a Beckman Optima XL-A (MBP). Figur_e 1A presents the amino and carboxy termini
analytical ultracentrifuge at #C. Six-channel cells (12 mm  ©f the R portions of the chimera sequences; each of these

optical path length) were used with an An-60 Ti rotor proteins lack the amino terminal hydrophobic fusion peptide

operated at 13 500, 16 000, 17 000, 20 000, 21 000, 24 000,21 include increasing lengths of. Fhe full F, sequence
25000, 27 500, 30 000, and 35 000 rpm. The cell radii were Of RSV, strain A2, can be found in Collins et al., whose
scanned using 0.001 cm steps with 10 averages/scan. Dat§umPering scheme is followed hereisg|. The protein
were analyzed using Beckman XLA data analysis software MF— mcludes _reS|dues 142156 W.h'Ch |mmed|§1tely follow
(version 3.01 for Windows) and Beckman-Origin software the fusion peptlde sequence. MH includes residues 142
(version 3.78 for Windows). The methods described by Laue .194’ MFIIl includes residues 142202, and MFIV

et al. were used to calculate partial specific volumes (v-bar,

Proteinase-K Protection Experiments Identify the HR1

includes residues 142302. The latter three proteins include

mL/g: T-1581 = 0.7539: T-1582= 0.7574; T-1772= either portions (MFII, MF—III) or the complete (MF1V)

0.7546° T-1584= 0.7574: T-1623= 0.7557: T-112= region previously identified as heptad-repeat3#)( This
0:72305 and the solvent dénsit;z;/(: 1.00é95) at £C (51). region, designated HR1, is analogous to other viral systems
For peptide mixtures, a concentration-weighted average v-barVhich have such heptad-repeat regions proximal to the fusion

was used (for T1772:T112 ratios: v-bar0.7388 for 50:50 peptide sequence.

uM; 0.7493 for 50:10uM; 0.7335 for 50:100uM). The To identify the HR1 region of RS¥F; to which the HR2-
partial specific volumes were held constant for all models region peptide binds, limited proteolysis experiments were
considered. performed. These experiments used the HR2 peptide T-112

Single data files were normalized to 270 nm absorbance Which bound to and protected the HR1 proteins from
values using Beer's law. The data obtained with solutions Proteolytic digestion (see below). Similar protection was not
containing the HR1 peptides were then analyzed using aobserved for two other 35-residue peptides derived from the
single ideal species model to determine a weight-averagedHR2 region which were shifted by five residues to the amino
molecular weight¥l,,). Diagnostic plots oM,/Muo Vs rpm/ terminus and seven residues to the carboxy terminus,
rpme and M,, vs radial concentration were used to test for respectively (N. Moore, unpublished). Therefore, our work
sample homogeneitpp—54). When systematic residuals or  focused on the use of T-112 as our HR2-domain model
a M, higher than the monomer molecular weight indicated Peptide (see Figure 1B for sequence).
the presence of self-association, associative models, such as Figure 2A presents the SDFAGE results of an experi-
monomer/trimer, monomer/tetramer, and monomer/dimer/ ment in which binding of an HR2 peptide T-112 to the MF
tetramer were investigated. The suitability of a particular IV protein protects both the peptide and a portion of MF
model (goodness of fit) was judged by the trends observed|V from proteolytic digestion. Nondigested MRV is shown
in the residuals §5). Using the associative model which in lane 2 with the major component at approximately 60 000
produced random residuals when fitting individual data files, apparent molecular weight (theoretical molecular weight
a simultaneous, global, weighted-fit of multiple data files 60 524). Treatment of M1V alone with proteinase-K (lane
(up to nine files with different concentrations and speeds) 3) yields two doublet bands at approximately 40 and 20 kDa.
was performed (Beckman-Origin software) to determine the These bands appear to be derived from the MBP portion of
association constant and 95% confidence intervals. To the fusion protein since the same pattern was observed upon
convert the resulting association constant from absorbanceprotease digestion of MBP (data not shown). Nondigested
units to concentration units, it was assumed that the absor-T-112 peptide is shown in lane 4; treatment of the peptide
bance of then-mer isn times that of the monomer. with proteinase-K (lane 5) digests the peptide into species

The data obtained with HRAHR2 peptide mixtures were  which are too small to be detected on this gel. Lane 6
first analyzed with a single ideal species model. When a presents the mixture of MHV with T-112. Comparison of
systematic trend in residuals coupled with Mg not equal the proteinase-K treated mixture of MV and T-112 (lane
to a precise multimer of HR%¥ HR2 was obtained, an  7) with the proteinase-K treated protein MFV (lane 3) and
alternate fitting scheme was explored. For this approach, wepeptide T-112 (lane 5) reveals two short fragments which
assumed that the solution contained fully associated-HR1 are only apparent following digestion of the mixture of T-112
HR2 complexes and unassociated HR1 and HR2 peptidesand MFIV. One band is coincident with the native T-112
The mixtures were analyzed with a two-ideal species model, (sequence molar mass 4030) and a second band of
choosing one species to have a molecular weight of eitherapproximately 4500 appears as well. N-terminal sequencing
28 269 (corresponding to three HR1 plus three HR2 peptides)of the second fragment reveals the sequence “VLHLE”,
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Figure 2B presents the next series of experiments which T -35000

identify the approximate C-terminus of HR1 required for -40000
binding of the HR2 peptide. Proteinase-K protection experi-

ments identical to those described above were done using

the shorter protein constructs, corresponding to different FIGURE 3: Circular dichroism spectra and thermal stability results

: ; for HR1 peptides in PBS pH 7. (A) CD spectra (mean residue
lengths of the Fprotein (Figure 1A). The constructs M oL ¥ 38’ v solutions for T1590@), T-1582 ©), T-1581

and MF-II show no protection from proteinase-K digestion  (y) ' 1.1772 ), T-1584 @), and T-162310). (B) Mean residue
as a result of mixing with T-112 (lane 3 vs 4 and lane 6 Vs ellipticity at 222 nm as a function of temperature for 8M
7, respectively). However, the construct MHE shows solutions of T-1590 @), T-1582 ©), T-1581 (), T-1772 (),
proteton fom prteinase'X igesion (ane 9 vs 10)aue 1564 ), 2 TG00 (© Newn e iy 222
to the presence of T-112, similar to that observed with the ‘
longer M1V protein. It is interesting to note that the MF T-1772: 1uM (@), 104M (©), S04M (¥), and 100uM (V).
1l protected fragment iS VISIbly ShortervngO Da) than by the proteinase_K experiments on MF vs MF—III.
that produced by the longer MRV construct (-4500 Da).  peptide T-1590 is two residues shorter than T-1582, while
Taken together, these data suggest that the minimal C-the remaining peptides, T-1581, T-1772, T-1584, and T-1623
terminal end of the HR1 target region required for HR2- 4re longer than T-1582, as depicted in Figure 1B.
binding is within the sequence “LKNYIDKQ". As a control CD Studies of HR1 Peptides Suggest Helical Self-Associa-
for nonspecific binding, comparison of lanes 12 and 13 tjon. The solution-phase secondary structures of these
demonstrate that the T-112 peptlde does not bind to an MBP peptides were examined using CD Spectroscopy_ Figure 3A
fusion protein containing the ectodomain of the HIV-1 fusion presents the normalized CD spectra (mean residue ellipticity)
protein gp41 89), as no protease-protected fragment is of each of these RSV HR1 peptides at/@@ concentration
observed in the presence of T-112. and 1°C. As the length of the peptide increases, more helical
Figure 1B presents the sequences of HR1 peptidescharacter is adopted by the peptide in solution, as demon-
synthetically prepared to examine the heptad-repeat domainstrated by the two minima at 208 and 222 n49)( This
interactions of the RSV Jprotein. Peptide T-112 is derived helicity reaches maximal levels for T-1772, T-1584, and
from the HR2 region. The remaining six peptides represent T-1623. Calculation of the amount of helical secondary
different lengths of the HR1 region identified by the SBS  structure (see methods) results in the following helicity
PAGE experiments. Peptide T-1582 has the exact N-terminalvalues: 10% (T-1590), 49% (T-1582), 69% (T-1581), 83%
sequence which was identified from the proteinase-K experi- (T-1772), 90% (T-1584), and 88% (T-1623). The midpoints
ments on MF1V and the C-terminal sequence suggested of the melting transitions (Figure 3B) also increase as the

0 10 20 30 40 50 60 70 80 90 100
Temperature (°C)
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peptide length increases:10°C (T-1590), 22°C (T-1582),

Table 1: Sedimentation Equilibrium Results for HR1 Peptides
31 °C (T-1581), 42°C (T-1772), 53°C (T-1584), and 55

weight-averaged

°C (T-1623), indicating increased thermal stability as the monomer  molecular weight range of
peptide length increases. This increase reaches a maximumHR1  molecular  of 35uM HR1 x-squaéed
for T-1584, as no significant increase in stability is demon- PePtide weight  peptide (g/mof) value N-mer
strated by T-1623. T1582 4897 7521 271 (4%) 12860¢ 105, 15
. . . . 6.6022x 10

The above experiments identify T-1772 as the peptide Ti581 5007 9125 466 (5%) 4.9958¢ :E((re’ 18
containing the minimal sequence required for maximum 1.1037x 17(r4
helicity of the HR1 region (8590%), while T1584 dem- ~ T1772 5393 1289%398(3%)  1BO97x 100~ 2.4
onstrates mg_ximum thermal stability. Despite the higher 1584 5506 11703 653 (6%)  9.704% 10°5, 21
thermal stability of T-1584, we chose T-1772 to use as our . 2.8735x 1504
HR1 model because it was easier to prepare in sufficient 11623 5750 1289%1225(10%) 4038k 10 % =~ 2.2

guantities in comparison to T1584. The size of the HR1 pro-

. . ) . a Molecular weight based on sequence and mass spectrometric
tected fragments in the proteinase-K experiments support theanalysis. b On the basis of calculations which model the solution as

choice of HR1 model peptides in this molecular weight range. containing a single ideal species (see Materials and Methods). Reported

Further examination of the thermal stability of T-1772 is are averages of nine data points: three independent solution preparations
presented in Figure 3C. As the concentration of T-1772 measured at rotor speeds of 25, 30, and 35K rpm. Errors are expressed
increases, the mean residue ellipticity at 222 nm increases s standard deviations and relative standard deviations of those nine

Theref th di t of helicit lculat dvalues.C Value reported is a 2aM concentration determination; see
eretore, the corresponding amount of helicity, as calculated 1,6 3 for rotor speeds usetSmallest and largegt values from

from the full spectra at £C (data not shown), increases: the set of single ideal species fits used to produce the repdfied
67% (LuM), 80% (10uM), 83% (35uM), 84% (50uM), ¢Value is equal to the weight-averaged molecular weight (column 3)
and 90% (100uM). In addition, as the concentration of divided by the monomer molecular weight (column 2).

T-1772 increases, the midpoint of the thermal melting curve

increases, demonstrating increased stability*GQ@1 uM), Table 2: Sedimentation Equilibrium Results for HR1 Model Peptide

32°C (10uM), 42 °C (50uM), and 46°C (100uM). Similar T-1772 vs Concentration

concentration-dependent results are obtained for the other weight-averaged

HR1 peptides (data not shown). The concentration depen-concentration molecular weight range ofy-squared

dence of the helicity and thermal stability suggest self- (uM) (g/moly value$

association of the HR1 peptide, involving helical secondary 15 11 915+ 699 (6%)  9.2561x 1078, 2.9123x 10°°

structure. 25 12 897+ 398 (3%)  1.869% 1077,2.7917x 1075
Sedimentation Equilibrium ExperimentsJeal Homoge- ?g 1‘; ;g;i ggg (5%)  1.479% 10} 2.6800x 16:

- . (3%)  7.2019¢ 1074, 4.9504x 10~
neous Self-Association of the HR1 PeptldTés. further 100 13 036+ 637 (5%) 3.1340¢ 1075, 9.2988x 1076
investigate self-association of the HR1 peptides, their oli- 150 12 523+ 465 (4%)  8.3774< 1075, 1.6254x 1075

gomgrizatipn state; were .measu_r.ed. using an‘_"llytical ultra-""4 On the basis of calculations which model the solution as containing

centrifugation. Sedimentation equilibrium experiments were a single ideal species (see Materials and Methods). Value is an average
performed on 3%M samples at rotor speeds of 25K, 30K, of seven data points: one solution preparation tested at four rotor speeds
and 35K rpm. The data were fit using a single ideal species (13500, 16 000, 24 000, and 27 500 rpm) and one solution preparation

- P—— tested at three rotor speeds (17 000, 21 000, 30 000 rpm). Errors are
model to determine a weight-averaged molecular weigi) ( expressed as standard deviations and relative standard deviations.

for each sample. HomOQenEitY_ of each Sample was demon- smallest and largese values from the set of single ideal species fits
strated by the constamdl,, obtained at the different rotor  used to produce the reportéd,.

speeds (data not shown). The resultivig listed in Table 1

are averages of results obtained from three independent. .o irations (data not shown). THe shows a very slight
sample preparations tested at three rotor speeds. Each of thgoncentration dependence, in which theid6 value is 7%

HR1 peptides giveM, values higher than that of the lower than the average d¥l,, (calculated from the five

monomer molecular weights calculated from their sequences,, . . : . )
ranging from 1.5 for the shortest peptide (T-1582) to 2.2 for Qggnhseztrgwfﬁ?,trziﬂ,ogf %hgg?/frzs éh?r::;gearvg:]:;; i(;og cilentra
the longest peptide (T-1623). These data suggest that a self; ge. '

association is occurring; and the trend suggests that the exten{'mes.th.e monomer molecular weight, indicating a self-
of self-association is dependent on peptide length. association.

To further examine the self-association of the HR1 region, This homogeneous self-association was further investigated
sedimentation equilibrium experiments were performed on Py choosing different association models and testing them
T-1772, the shortest peptide demonstrating maximum helicity first for their ability to reproduce the individual data files.
from the CD analysis. Two independent preparations of a Figure 4 presents these results for 10 T-1772 at 24 000
range of concentrations (15, 25, 50, 75, 100, and A9) rpm. Details of the calculation results are presented in the
were tested at a range of rotor speeds (13500, 16 000/figure legend. The single ideal species model (Panel A)
17 000, 21 000, 24 000, 27 500, and 30 000 rpm). Thesepredicts aM,, of 12925 and produces a fit with some
individual data files were fit using a single ideal species Systematic trend in the residuals, indicative of more than one
model to determine a weight-averaged molecular weight for species in solution. Of the self-association models monomer/
each concentration, presented in Table 2. Homogeneity oftetramer (panel B), monomer/trimer (panel C), and monomer/
each sample was demonstrated by the consfigrabtained dimer/tetramer (panel D), the monomer/trimer model pro-
at the three different rotor speeds, and by the overlappingduces random residuals over the entire concentration and
traces on a graph d¥l,, vs radial concentration for the six  speed data set. This indicates that the trimeric self-association
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Ficure 4: Sedimentation equilibrium dat®), representative mathematical models (superimposed solid lines) fartM00G1772 in PBS

pH 7 measured at 24 000 rpm; €. Residuals are displayed above each data and calculation pair. (A) Single ideal species model fit to the
single data fileM,, = 12 925 {2 = 9.299 x 10°%). (B) Self-association model fit to the single data file assuming a monomer/tetramer
equilibrium,K, = 6.95x 1022 M3 (32 = 6.766 x 1079). (C) Self-association model fit to the single data file assuming a monomer/trimer
equilibrium, K, = 2.45 x 1® M2 (y> = 2.015x 10°9). (D) Self-association model fit to the single data file assuming a monomer/dimer/
tetramer equilibriumKaiz = 2.47 x 10* M™%, Kqa= 3.72 x 108 M3 (32 = 4.12 x 1079).

best reproduces the data and was therefore examined in more 2 100
detail. S 0.00

A global fit of multiple data files was then performed, 2 100
using a monomer/trimer equilibrium. The data set was o
divided into two groups of nine files each: group 1 contained £ 04
15, 50, and 10@M at 16 000, 24 000, and 27 500 rpm; group s
2 contained 25, 75, and 15M at 16 000, 24 000, and 5
27 500 rpm. The calculation was performed by first holding E{ 03
the baseline offset for each file constant at zero, while £
allowing the association constant to vary. After this minimum =

_ . . S 02}

was found, the association constant and each file’s baseline 4
offset were allowed to vary. Figure 5 presents the 40D <
T-1772 at 24 000 rpm data and the resulting fit. The random 0.1 - L

1 L
6.35 640 645 650 6.55 6.60

residuals for these data file and the other 17 files suggest
Radius (cm)

that the monomer/trimer equilibrium is an appropriate model.
Both groups of data produced virtually identical results for FiGure 5: Example of the result from a global analysis of multiple

the association constantk§ and 95% confidence limits data files of T-1772 in PBS pH 7 measured &G4 Sedimentation

. _ -2 _ equilibrium data shown is for 10@M concentration at 24 000 rpm
(CL): group 1K, =5.03x 1® M2 [CL = (4.16-6.10) x rotor speed. The self-association model is for a monomer/trimer

10° M2, goodness of fit= 0.078 24); group X, = 5.37 x equilibrium, K, = 5.2 x 108 M~2 [goodness of fit= 0.078 24;
18 M2 [CL = (4.49-6.71) x 10°® M2, goodness of fit= 95% confidence limit= (4.2-6.4) x 10® M~2 See text for
0.1342]. The average values d&g= 5.2 x 108 M2, with additional details.
CL = (4.2-6.4) x 1® M2,

Studies of HR2 Peptide Reals Random Monomeric  concentrations of 10 and 50M at 1 °C (Figure 6A).
Secondary Structurdhe HR2 peptide T-112 demonstrates Calculations based on these spectra predict less than 10%
little secondary structure as seen by its CD spectra athelicity in PBS solution. In addition, CD melting curves of
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o} A Table 3: Sedimentation Equilibrium Results for Mixtures of the
™ HR1 Peptide T-1772 and the HR2 Peptide T-112
© 20007 T-1772 T-112 weight-averaged range of
.g -4000 | concentration concentration molecular weight x?-squared
-~ (M) (M) (g/molp value$
o~ -6000 [
£ 50 10 15269 649 (4%)  1.4774< 1078,
o, 8000 1.4195x 107
@ _10000 } 50 50 22 021+ 1050 (5%) 6.7290« 1078,
A 1.2966x 1074
o, 712000 £ 50 100 17 282+ 1396 (8%) 1.5072 1075, \
e 8.1949x 10~
200 210 220 230 240 250 260 20n the basis of calculations which model the solution as containing
Wavelenath a single ideal species (see Materials and Methods). Value is an average
aveleng of seven data points: one solution preparation tested at four rotor speeds
(13500, 16 000, 24 000, 27 500 rpm) and one solution preparation
) tested at three rotor speeds (17 000, 21 000, 30 000 rpm). Errors are
g or expressed as standard deviations and relative standard deviations.
o b Smallest and largegf values from the set of single ideal species fits
N; -10000 | used to produce the reportddl,.
©
g-zoooo - (86%) is greater than that which would be present if no
j..;).’ interaction occurred (55%). This demonstrates that an
= 30000 } increase in helicity of the peptides in solution results from
N their interaction. The thermal stability (panel C) of the HR1
200 210 220 230 240 250 260 HR2 mixture T, = 87 °C, A) is much greater than that of
Wavelength (nm) the HR1 peptide alone (42, ®). Thus, the interaction of
m 0 C HR1-HR2 produces an extremely stable, helical moiety.
g -5000 | \orssosssnssorsnssctd Sedimentation Equilibrium Experiments:eal Hexameric
S 10000 } : Oligomerization State of the HRIHR2 Interaction PairTo
% . . investigate the oligomerization state of the HRAR2
S +15000 s N peptides, sedimentation equilibrium experiments were per-
&' -20000 F . formed on two independent sample preparations of different
"y 25000 } . - ratios of the peptides T-1772 and T-112: 5010 uM; 50
o~ oot + 50 uM; and 50+ 100 uM, respectively. These samples
2, -30000 M were run at seven rotor speeds: 13500, 16 000, 17 000,
-35000 21 000, 24 000, 27 500, and 30 000 rpm. Table 3 presents

0 10 20 30 40 50 60 70 80 90 100 the results of fitting these data to a single ideal species model
Temperature (°C) to obtain a weight-averaged molecular weight. Migvalue
FIGURE6: (A) Circular dichroism spectra (mean residue ellipticity) reaches a maximum for the sample containing equimolar
of 10 uM (@) and 50uM (O) HR2 peptide T-112. (B) Circular ~ concentrations of 5aM for each peptide, suggesting a 1:1
dichroism spectra for mixtures of T-1772 and T112, comparing stoichiometry of the interaction. Diagnostic graphshbf/

the model for no interaction® see text) with the experimental f
spectrum of a mixture of 5@M T-1772 and 5QuM T-112 (). Muwo vs rpm/rpm for the 50+ 10 and 50+ 50 uM mixtures

(C) Mean residue ellipticity as a function of temperature compared indicate a homogeneous association (data not shown). Panel
for 50uM T-1772 @) and a mixture of 5@&M T-1772 and 5uM A of Figure 7 presents the single ideal species fit of the
T-112 (). 27 500 rpm data. Two factors suggest that this is not an
appropriate model. First, the systematic pattern of residuals
10 and 50uM solutions reveal little thermal stability, indicates that it is unlikely that only one species is present
independent of concentration (data not shown). Sedimenta-in solution. Second, the average molecular weight is 22 021,
tion equilibrium studies of 5Q«M samples of T-112 at  which approaches but does not precisely correspond to an
25000, 30 000, and 35 000 rpm results iM@aof 3984 (data  even multiple of the monomeric molecular weights of the
not shown); comparison to the molecular weight based on HR1 and HR2 peptides (20% lower than a species which
the peptide sequence (4030) demonstrates that T-112 behavesontains three of each peptige 28 269).
as a monomer in solution. Since it is possible that the hetero-complex is not fully
CD Studies of HRXHR2 Peptide Mixtures Real an formed at these concentrations, another modeling approach
Increase in Helicity upon Interactio.o probe the interac-  was considered. This approach takes into consideration that
tion of the HR2 peptide T-112 with the HR1 peptide T-1772, small amounts of unassociated HR1 and HR2 peptides could
the CD spectra of mixtures of these peptides were comparedbe present in solution. For simplicity, our approach to
to a model for no structural change upon interaction (see modeling these data simply added a second ideal species to
Materials and Methods). Figure 6 presents the CD spectrathe original model. We tested two models for the final
(panel B) and thermal stability results (panel C) for an oligomerization state of the HRAHR2 moiety: a six-
equimolar mixture (50t 50 uM) of the two peptides. The  membered complex and an eight-membered complex. In both
1 °C spectrum of the mixture of the peptides) (s markedly models, the second species was taken to have a molecular
different than the model for no structural change upon weight of 8400, corresponding to the average of the weight-
interaction @). Indeed, the helicity value of the mixture averaged molecular weights for the individual peptides
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FiGure 7: Sedimentation equilibrium results for a mixture of /@@ T-1772 and 5Q:M T-112, 27 500 rpm, 4C. (A) Single ideal species
model,M,, = 21 097 {? = 1.297 x 104). (B) Two-ideal species model (see text for additional details) emploMpg= 28 269 (three
HR1 and three HR2 peptides), akt},, = 8400; Col= 0.30, Co2= 0.15 {? = 1.349x 1079). (C) Two-ideal species model (see text for
addjtional details) employiniyl,,; = 37692 (four HR1 and four HR2 peptides), alkl, = 8400; Col= 0.20, Co2= 0.23 (> = 2.230x
10°4).

measured at these concentrations (12 797 for T-1772 andconstructs and the HR2 peptide provide a valuable starting
3984 for T-112). This approach is similar to that taken by point for the identification of the HRTHR?2 interaction core.
Laue et al. in their examination of a heteroassociation Digests of the MFII or MF—IIl mixed with the HR2-
between two proteins{). In this work, the authors used a  peptide identify the FHR1 region required for adoption of
monomer/dimer equilibrium with a hypothetical monomer a structure resistant to proteinase-K digestion. The slightly
having a molecular weight equal to the weight-averaged larger protected band observed in the MV + HR2 peptide
molecular weight of the reacting species. In our RSV HR1/ digestion indicates that the HR1-protected region extends
HR2 system, we have a more complicated hetero-associatiorbeyond the C-terminus of MHII. Detailed studies of the
scheme, involving a self-association reaction for the HR1 synthetic peptides prepared in light of these results allow
peptide in addition to the hetero-association of apparently for a more rigorous identification of specific residues
multiple monomers of HR1 and HR2 peptides. Therefore, responsible for stabilizing the secondary structure and
we have not attempted to extract an association constant foroligomerization of this region.
this hetero-association, but have Slmply tried to aSSigﬂ the Our choice of Concentrating on the b|nd|ng of the HR2
correct oligomerization scheme. We assume the solution peptide T-112 is based on several lines of evidence. Lambert
contains four species: fully associated HR1/HR2 complexes, et al. reported antiviral results from a 35-residue peptide
monomeric HR2 peptide, trimeric HR1 complexes, and “walk” through the putative HR2 domair84). The results
monomeric HR1 peptide. Our simplification of this scheme gy ggested that optimal antiviral activity was associated with
is to utilize a model which contains two ideal species: one the T-112 peptide and overlapping peptides extending four
being the fully formed complex, and the other representing residues N-terminal and seven residues C-terminal to T-112.
the average of the weight-averaged molecular weights for sjgnificant loss of anti-viral potency was associated with
the HR1 and HR2 peptides, determined above. peptides further removed from the T-112 sequence. These
The results of this approach are presented in panels B andstudies suggest that the T-112 sequence is centrally located
C of Figure 7. Panel B presents the fit obtained taking the in the biologically “active” region of HR2, and that the HR2
primary species to have a molecular weight corresponding region in the context of the viral protein could extend beyond
to a six-membered complex (28 269, formed by three HR1 the 35-residue model peptide employed here. However, since
and three HR2 peptides). Panel C presents the fit obtainedthe peptides shifted by five and seven residues to the N-
taking the primary species to have a molecular weight and C-termini, respectively, do not protect the HR1 model
corresponding to an eight-membered complex (37 692, proteins from enzymatic digestion, it is likely that T-112
formed by four HR1 and four HR2 peptides). As can be seen contains the most energetically important contact points for
by the residual plots, the trimeric complex (panel B) is clearly this interaction. This hypothesis is also supported by
the best model, producing random residuals for these datapreliminary work using alanine-scanning methodology.
and the other speeds (data not shown). The relative concen- 1n1 Model PeptidesStudies of the HR1 peptides reveal
trations reported by the calculation (*loading concentrations” e resting aspects of the sequences and structures involved
of species 1 and 2: Cox 0.30, Co2= 0.15) predict that j, yhe self-association of this region of the protein. First, the
the S|x-membered pomplex comprises approxw.nately' 70% cp spectra demonstrate dramatic increases in helicity as
of the solution species, and the remaining 30% is a mixture ,qitional residues of the HR1 region are included in the
of unassociated HR1 and HR2 peptides. synthetic peptide model. For example, adding two residues
to T-1590 to make T-1582 produces an increase from 10 to
DISCUSSION 49% helicity. Adding another residue to T-1582 to make
Length of the HR1 and HR2 Domain$he protease  T-1581 produces another increase from 49 to 69% helicity.
digestion experiments of mixtures of the RSV, protein Last, adding four residues to the amino terminus of T-1581
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to make T-1772 causes a further increase from 69 to 83%,(T-1590, T-1582, T-1581, T-1584, and T-1623) with the HR2
an almost fully helical peptide. The further sequence addi- peptide T-112 result in identicdl, values for the complexes
tions that define T-1584 and T-1623 also adopt fully helical (R. Sen, and M.K. Delmedico, unpublished data). Since the
structure. These results could suggest that the DKQ andthermal stability of these HR1 peptides (ranging from 43 to
AVSK sequences that lead to the dramatic changes are54 residues) are dependent on the peptide length (Figure 3B),
responsible for the helical self-association of this protein the stability of the HRTHR2 complexes appears uniquely
region. However, studies of 35-residue peptides derived from dependent on the presence of the HR2 peptide.

this region which contain these sequences are primarily Sedimentation equilibrium results for the peptide mixtures
random in solution (M.K. Delmedico, and G. Merutka, confirm that an interaction does occur upon mixing the
unpublished). Therefore, these two sequences are importantHR1—-HR2 peptides, as evidenced from the higher molecular
but not individually sufficient for helical self-association of weight observed for the complex. The results from mixing
this protein region. The development of secondary structure different ratios of the two peptides strongly suggest that the
is critically dependent on the length of the peptide. stoichiometry of the complex is 1:1. Mathematical fitting of

The weight-averaged molecular weight of the HR1 pep- these results with a model incorporating_ two idgal species
tides as measured by sedimentation equilibrium increases aglémonstrates that the best model for the interaction complex
the model peptides lengthen, mirroring the helical increases!S & Six-membered bundle containing three HR1 and three
observed in the CD spectra. The additions of one residue toHHR2 peptides. Requirement for a small amount of unasso-
T1582 to make T1581 and then four residues to make T-1772¢1ated peptide in the model suggests that the mixtures are
generate modest increases in the weight-averaged moleculaf©t fully associated at the concentrations analyzed. Presum-
weight (see Table 1); these are the same sequence chang@sbly- higher concentrations would shift the association to a
which are responsible for dramatic secondary structure More fully associated complex.
changes. The peptides T-1772, T-1584, and T-1623 dem- Model for the RSV HRiHR2 Core. Our data are
onstrate approximately the same extent of self-associationcOnsistent with a six-membered helical bundle with a 1:1
as evidenced by their weight-averaged molecular weight, and'@tio 0f HR1 and HR2 peptides. The evidence that the HR1

these peptides also display nearly identical secondarypeptide independently exhibitsamonomer/trimgrequilibrium
structure. leads to the most likely geometry for a six-membered

complex being established by three HR1 peptides forming
an inner trimeric helical core and three HR2 peptides coiling
along the grooves of the HR1 trimer. Our data does not

The CD spectra of T-1772 reflect a modest change in
secondary structure with concentration. As the concentration

increases 1;rom 1t 10 to 10@!\/!), the dhelipity c?ntent . address the respective orientation of the HR1 and HR2
increases from 67 to 80 to 90%, indicative of a self- pojices By analogy to the crystallographic results on the

association. The weight-averaged molecular weight of this ¢,gjon proteins of the paramyxovirus SV5 and other viruses
peptide determined by sedimentation equilibrium remains (12—15, 17, 19, 20, 23) it is probable that these helices also

approximately the same in the concentration range 6f 25 adopt an antiparallel arrangement. This six-membered ge-

150 uM. However, the sample at the lowest concentration ometry has been demonstrated by crystallographic studies

of T-1772 observable with our absorbance optics .14 of similar regions of the fusogenic proteins from other viruses
demonstrates a slightly lowé#,, than those of the other five (9, 12—15, 17, 19, 20, 23). Another similarity to other studies

concentrations, consistent with a self-associating complex. s found in the extreme stability of the HRHR2 complex.
Thus, the small overlap in concentration ranges detectableTpe v core has &, of 90 °C. SIV has aT,, > 90 °C,
by both CD and sedimentation equilibrium produces con- gpgja has aT,, of 90 °C, and SV5 has &, > 90 °C
sistent results. Due to sample limitations, we were unable 11, 18, 19, 22). Although participation in other stages of

to increase the concentration in these experiments beyondysion protein structure and dynamics cannot be eliminated,
150 uM to measure the fully associated complex, but the e high thermal stabilities of the HRHR?2 core structures
data set obtained and analyzed herein clearly demonstrateguggestS that these six-membered helical bundles are parts
the adoption of a monomer/trimer self-association reaction ¢ ihe final, fusogenic states of the proteins.
by the HR1 peptide. Other indirect evidence for the participation of the HR1
Interaction of the HR+HR2 RegionsWe have identified ~ HR2 core in the fusogenic state comes from studies which
the primary and secondary structures and oligomerization demonstrate that peptides derived from the HR2 region of
state involved in a stable association of two regions of the RSV, HIV, HPIV-2, HPIV-3, FIV, NDV, and Sendai virus
RSV—F, protein. The CD and sedimentation equilibrium are potent, specific inhibitors of viral fusiol31—38, 58).
results have demonstrated that the HR2 peptide T-112 adopt#\s shown in HIV @4), these HR2 peptides likely target the
a random, monomeric conformation by itself in solution, HR1 region in halting the function of the fusion protein. This
while the HR1 peptide T-1772 exhibits a highly helical, is suggestive that at some stage of the transition from native
trimeric self-association. Mixing the two peptides together to fusogenic states, the HR1 core must be formed without
results in greater helicity than predicted by the sum of the association of the HR2 region, so that the HR2 peptides can
individual spectra, indicating that a structural change results bind and prevent further conformational changes. It is
upon interaction of these two peptides. This increase in difficult to predict whether the native states of fusion proteins
helicity is most likely due to the HR2 peptide adopting a contain a trimeric HR1 core. Further studies are needed to
more helical structure upon binding to the HR1 peptide. address these issues. Another interesting question specific
Thermal stability studies on the complex indicate that it is a to the RSV fusion mechanism relates to the role of a third
highly stable species with, = 87 °C. Similar experiments  heptad-repeat motif (HR3) located on thestbunit, whose
on mixtures of the other HR1 peptides reported in this study structure and function remains obscure. Also not established
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is the structure and function of the250 residues which lie 4.
between the HR1 and HR2 domains.

Summary and Prospectsike fusogenic proteins on other
enveloped viruses, the RS\F; protein exhibits a specific
association of two heptad-repeat regions, one proximal to 7.
the fusion peptide (HR1) and one proximal to the membrane- 8.
spanning region (HR2). Our peptide studies demonstrate that -
this association is mediated by a trimeric coiled-coil HR1 10
structure to which three HR2 regions bind by adopting helical '
structure. The result is a very stable, helical complex 11,
containing three HR1 and three HR2 members. This work
adds RSV to the growing group of viral fusion proteins which 12
contain this six-membered helical bundle. 13

For the HIV system, we previously correlated the antiviral '
activity of HR2-derived peptides with their ability to bind  14.
to an HR1 target in solution4(). One of these peptides,

T-20, is showing efficacy in Phase Il clinical trials, and is 1
the first viral fusion inhibitor to be tested in humans

(45, 59). This demonstrates the proof of concept that 1g
preventing the activity of the viral fusion protein is a viable
target for therapeutic intervention. We are exploiting this
approach to the discovery of antiviral compounds for a 17
variety of enveloped viruses, including RSV.

18.
NOTE ADDED IN PROOF

. . . . 19.
During the review process of this article, a related paper

on the HREHR2 interactions of the RSV fusion protein of
subgroup B, strain 18537 appear&d)( There are several 20.
differences between the two studies: (1) A much greater
increase in helicity as a result of HRHR2 binding is
observed herein (30% increase) than observed in the other =
study (7% increase); (2) The HR1 association constant 22,
obtained herein (5.% 10 M~?) is lower than that obtained

in the other study (2.2 10 M~?); and (3) The HR*+ 23.
HR2 complex is~70% formed at the concentrations used
herein, whereas the other study reports a molecular weight =
close to that corresponding to a fully-formed six-membered
complex, following purification over an analytical gel  25.
filtration column (unreported final concentrations). Some of
these differences may be due to differences in the peptide 26.
models employed. In particular, the lengths of the peptides 5g’
differ. As demonstrated by our data, the secondary structure
and self-association behavior of the HR1 model peptides are 29.
length dependent. Also, there are four HR1 residues and three
HR2 residues that differ between subgroup A and B viruses
for the overlapping HR1 and HR2 peptide sequences. Despite
these differences, similar conclusions are reached regarding
the stoichiometry and secondary structure of the RSVHR1  32.

HR2 core.
33.
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