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ABSTRACT OF DISSERTATION

TRIMERIC COILED-COILS AS VIRAL FUSION PROTEIN MIMICS

a-Helical coiled-coils, a protein structural motif formed by supercoiling of two or
more component polypeptide strands, are ubiquitous mediators of biological structure and
function. Their characteristic primary heptad repeat, denoted abcdefg, makes these
complexes attractive scaffolds for studying self-assembly and molecular recognition.
Assembly of these structures is driven by the hydrophobic effect in which the
hydrophobic sidechains associated with positions a and d are specifically packed
together. Recently we have described methods for controlling the assembly of 1:1:1
heterotrimeric coiled-coils using only interior hydrophobic core residues. These core
residues assemble according to steric matching, one large sidechain packs against two
small sidechains. In the following text we have explored new sidechain parings.

This steric matching strategy affords maximal sequence flexibility in the
patterning of exterior surface residues, which we have exploited to create mimics of
therapeutically significant protein-protein interfaces. The Human Immunodeficiency
Virus (HIV) envelope protein gp4l facilitates infection by promoting fusion of cellular
and viral membranes. At the heart of its function is formation of a trimer-of-hairpins
structure in which a C-terminal ligand peptide binds to an N-terminal coiled-coil surface.
This interaction is reminiscent of those in numerous other viral systems, including visna,
the sheep analog of HIV. The design of protein mimics for viral systems by installation
of key contact residues onto heterotrimer coiled-coils will be further discussed.

The following text will highlight the structural verification of these mimics

through various spectroscopic techniques. Also the validation of these mimics will be
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tested by exposure to known viral inhibitors. The work included in this text builds on
previous research conducted in our laboratory, but it provides new avenues for future
projects to explore the detailed interactions within the viral fusion mimics. This will
hopefully lead to a better understanding of the viruses being studied as well as the

underlying molecular interactions taking place.

Philip Travisano III
Department of Chemistry
Colorado State University

Fort Collins, CO 80523
Fall 2008
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Chapter 1

Background



The molecular recognition principles underlying protein-protein interactions have
become the focus of recent attention. In particular, trimeric a-helical coiled-coils have
inspired numerous investigations.' Coiled-coils mediate protein complexation in a wide
variety of systems from DNA binding to viral membrane fusion mechanisms.” Their
ubiquity and simplicity renders them particularly suited for studies in the design of
tunable self-assembling systems.

1-1: The Natural System, a-Helical Coiled-Coils
Coiled-coils are comprised of two or more a-helical strands that supercoil onto

one another. Interhelical sidechain interactions stabilize the overall structure (Figure 1).

Side View

Core residues_

Figure 1. The side view of a dimeric coiled-coil. Core residues are shown as a space
filling model. Peptide backbones are shown as ribbons. The supercoiling can be seen
with the blue ribbon going from the front of the page on the left to the back of the page
on the right, and the red ribbon goes from the back of the page on the left to the front
on the right.

The primary sequence consists of a heptad repeat (abcdefg). The a and d positions have
non-polar residues, such as valine (val), leucine (Leu), or isoleucine (Ile) and make up the
hydrophobic core. Core close-packing is critical to complex stability, and a, d sidechains
also control the oligomerization state.” The e and g positions flank the a, d sidechains
and usually contain polar residues, forming a hydrophilic interhelical interface. The
remaining positions are solvent exposed and more variable, containing good helix

promoters and hydrophilic sidechains (Figure 2).



Figure 2. Schematic diagram of coiled-coil heptad positions. Hydrophobic residues
at a and d positions control assembly. Core flanking e and g positions make up the
hydrophilic interface. Remaining positions b, ¢, and f are solvent exposed.

Both the hydrophobic core and the hydrophilic interface have an effect on coiled-coil
formation and oligomerization state but the hydrophobic core has more control over the
oligomerization state, while hydrophilic matchups often govern assembly specificity.?
The importance of hydrophobic packing on oligomerization state has been well
documented. Kim and co-workers studied the effects of buried polar core sidechains on
the oligomerization state of the leucine zipper GCN4-p1.* This peptide was derived from
the primary sequence of GCN4, which is a well studied yeast transcription factor.” It was
understood that specific regions of GCN4 were responsible for transcriptional activation,
DNA binding, and dimerization.® The last 33 residues are responsible for dimerization
and it is those residues that were incorporated the GCN4-pl sequence. In GCN4-pl all

core d positions contain leucine and all but two a positions contain valine (Figure 3). The



unique central a positions contain asparagine which specifies for parallel dimer
formation. These polar residues promote specificity by aligning with each other in the

hydrophobic core.

Figure 3. Helical wheel representation of the GCN4-pl dimer. The central
asparagines (N) residues pack up against each other in the hydrophobic core and
specify for strand orientation and oligomerization state. The electrostatic interactions
are reoresented as dashed lines.

The role of the core asparagines was later tested by Kim and Lumb in the ACID-
p1/BASE-pl system (Figure 4).> This system was modeled after GCN4 but the e and g
positions were changed to either glutamic acid (Glu) or lysine (Lys) respectively and all
the core positions except for one a position were leucines. With asparagines in the
unique core g positions ACID-pl/BASE-pl formed a stable heterodimer, but mutating

the asparagines to leucines (ACID-pLL/BASE-pLL) favors the formation of

heterotetramers. Thus the asparagines were confirmed as the source of dimer specificity.



ACID-p1 BASE-pl

Figure 4. Helical wheel diagram for the ACID-p1 and BASE-p1 peptides. The a and
d positions were substituted with leucine, except for the asparigine in the a position
14. In the ACID-pLL and BASE-pLL peptides, the central Asn was substituted with
Leu.

Further investigations of the hydrophobic core led to the design of new core
interactions. The Alber group introduced an interesting system based on GCN4-pl, in
which the central core asparagine was replaced with alanine.” The small methyl
sidechains produced a destablilizing steric void when packed against each other in the
core, which could be stabilized with the addition of small molecules. Without additives
the system forms both dimers and trimers, but with the addition of benzene or
cyclohexane the equilibrium shifts to trimers. These trimeric scaffolds support the

presence of benzene or cyclohexane packed around three alanine residues in the

hydrophobic pocket according to X-ray crystallography (Figure 5).



Figure 5. Crystal structure of Alber system with benzene bound in the hydrophobic
pocket. In the space filling models are the benzene and the three alanine sidechains
that are packing up against it. It is with the incorporation of benzene or cyclohexane

that the peptide system specifies for trimers.
1-2: Development of the Tic-Tac-Toe System

Most of the previous methods controlled both specificity and oligomerization

state by relying upon matching a hydrophilic residue in the hydrophobic pocket and by
electrostatically matching all the e and g positions on the various peptides.
Unfortunately, with all of these substitutions needed to control these parameters, it left

very little space on the designed complex to study other interactions. With the

knowledge of how important the hydrophobic residues were in controlling specificity and



oligomerization state our laboratory set out to develop a new method to control these
parameters.

Our laboratory utilized steric matching as a driving force for garnering specificity
and controlling oligomerization state. In this new trimeric model system all substitutions
would be conducted in one a layer. This layer would contain one large sidechain and two
small sidechains (Figure 6). With this model, the preferred complex would contain one
large sidechain packing up against two small sidechains. A homotrimeric complex
comprised of all peptides with small sidechains would be destabilized by the steric void
formed between the sidechains. On the other hand, the packing of more than one large
sidechain into the a layer would produce a steric clash. This conformation would be

disfavored as well.

Figure 6. New trimeric system in which steric matching dictates oligomerazation
state. The homotrimer with all small sidechains was destabilized by the steric void
created in the hydrophobic pocket. The preferred complex had a 2:1 ratio of small to
larger sidechains. The large sidechain packed against the two small sidechains created
a favorable steric match.

With an eye toward exploiting these steric match-ups, previous work in our

laboratory conducted by Nate Schnarr, incorporated cyclohexyalanine (Chx) as the large



sidechain residue for one of the peptides in a heterotrimer, while alanine was
incorporated into the two others. Specificity for heterotrimer formation was obtained by
core residue steric matching in which the favored complexes permitted formation of 2:1
alanine-cyclohexylalanine layers.® However an issue with heterotrimer specificity arose
with the one-layer substitution system. The two peptides that contained the alanine were
indistinguishable from each other with this steric matching’ system. A new system had to
be developed that differentiated between the two peptides.

The second generation systems involved a Tic-Tac-Toe strategy for 1:1:1
heterotrimer formation by modification of three consecutive a positions of the primary
sequence heptad repeat (Figure 7). In this system each peptide was unique in that it
contained a large sidechain in one of three possible a layers and a small sidechain in the
other two. Similarly to the first generation system, the large sidechains were
cyclohexylalanine residues and the small sidechains were alanine residues. In this system
the designed complex proved to be more stable than the individual components because
of the unique tic-tac-toe strategy. It would be this tic-tac-toe system that would be further

studied and later become the basis for other projects in the laboratory.

Figure 7. Large core a sidechains pack against small core sidechains in the same a
layer creating a well packed, stable core.



1-3: The Role of Coiled-Coils in Viral Infection
HIV and many other viruses depend on coiled-coil surface recognition for
infectivity. The fusion mechanism of HIV-1 highlights the important role that peptides

play in viral entry (Figure 8)."°

N-.terminr.:\I peptide  Conformational I J A -

coiled coil Rearrangement membrane
juxtaposition

C-peptide — { Juxtap

Figure 8. Model of HIV membrane fusion. In order for the two cell membranes to
fuse they must be brought closer together in space. This was achieved through the
conformational rearrangement of gp41. In this process the C-peptides bind onto the
surface of the N-terminal coiled-coil, forming a trimer-of-hairpins. Hence bringing
the membranes closer together and allowing membrane fusion.

The HIV-1 envelope protein gp4l comes from the precursor gpl60. gpl60 is
proteolytically cleaved into two subunits, gpl20 and gp41l by a cellular convertase.
gpl20 binds to CD4 and a co-receptor. The binding of gpl20 disrupts a gpl120/gp4l
interaction which leads to a conformational change that forms a pre-hairpin intermediate.
The fusion peptide, responsible for linking gp41 to the target cell membrane, is buried

prior to the conformational change; subsequently the fusion peptide inserts into the



membrane from the N-terminus of gp41. Finally, a rearrangement occurs to form the
trimer-of-hairpins structure in which a gp41 C-terminal helical sequence binds in an
antiparallel fashion to the exterior surface of the N-terminal coiled coil. Binding requires
the insertion of three C-peptide hydrophobic sidechains (Trp628, Trp631, I1e635) into the
pocket formed by the surface residues of the N-terminal coiled coils (Figure 9)'°. The
surface interaction is mediated by the b and e heptad positions of one helix and the ¢ and

g positions of the other helix.

Figure 9. Crystal structure of gp41. The key binding residues (Trp-Trp-Ile) from the
C-peptides are displayed in aqua. They are shown bound in the hydrophobic binding
pocket on the N-terminal coiled-coil, shown in yellow.
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Because the trimer-of-hairpins structure was required for membrane fusion, it has
become an attractive drug target. Although inhibition studies have been successful at
elucidating critical interactions between hydrophobic grooves, they have been limited by
the aggregation tendencies of the isolated N-terminal trimers. Instead of attempting to
model all three trimeric binding grooves, it would be much simpler to only experiment
with a single interface, thereby reducing the amount of aggregation that could occur.

The main goal of the viral project was to develop an efficient binding interface
mimic. Human Immunodeficiency Virus (HIV), Simian Immunodeficiency Virus (SIV),
and visna, the sheep analog, are all lentiviruses that utilize the trimer-of-hairpins motif

(Figure 10).
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HIV

Siv

Figure 10. HIV, SIV, and Visna all utilize the same trimer-of-hairpins motif during
viral infection. The N-terminal coiled-coil is shown in aqua with the C-peptides
bound around it in orange.

The first virus studied in our laboratory was HIV."" The heterotrimeric gp41 mimic’s
primary sequence was based on crystallographic studies by Kim and coworkers.'? These
studies detailed which residues were critical for C-peptide binding. These critical
residues were grafted onto one e/g interface, which was designed to facilitate ligand
peptide, gp41C, binding. It is important to note the heterotrimer contains favorable 2:1
alanine/cyclohexylalanine pairing at three consecutive a layers and matched Glu/Lys

electrostatic contacts at two e/g interfaces (Figure 11).
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a d a d a d a d F)

TgK  AcNH-KMKQLKKKXEELKSKAQQLKKKAAQLKKKVG-Am
T4gHIV BeNH-EMNQLLKEAEELQSEXQQLVKEAKQLQKEVL-Am

T23HIV AcNH-CMKNLEKAAEALEHLAQLLEWGXAQLEARVG-Am
551 560 570 580

gp41C  ACNH-WMEWDKEINNYTSLIHSLIEESONQQEK-AM
628 640 650

Figure 11. Helical wheel representation and primary sequences of the HIV fusion
protein mimic. Critical binding residues are highlighted in red while residues that
surround the binding pocket are in green. The conserved Trp, Trp, [le motif is shown
in blue.

Circular dichroism (CD) analysis of the trimer with gp41C showed helicity in
significant excess compared to the weighted average of the trimer and ligand peptide

alone. This suggests gp41C was binding to the trimer. One would expect the weighted

13



average signal for two entities that were not interacting during the CD experiments.
Control experiments were conducted, by mutating half of the binding pocket. These
experiments revealed that the entire trimer was necessary to facilitate ligand binding.
Nickel-affinity experiments were used to demonstrate that the trimer bound an equimolar
amount of the ligand peptide. Finally, sedimentation equilibrium studies of the trimer
and ligand complexes concluded that they bind in a 1:1:1:1 manner, while control trimer
with the mutated binding pocket, did not bind the ligand. Overall, these data suggest that
grafting the HIV gp41 binding surface onto a well defined coiled-coil heterotrimer
generates an efficient mimic capable of recognizing the native ligand.
To this point a self-assembling trimer had been developed and utilized to mimic
HIV fusion protein gp4l. To determine if this approach to fusion protein mimics was
general, I continued these studies with the visna virus. In addition to developing a visna
fusion protein mimic, I also implemented a number of new experimental techniques that
enabled us to study these systems in a new manner. But I also explored other amino
acids, namely phenylalanine, to expand the scope of the original Tic-Tac-Toe system.
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Chapter 2

Tuning the Stability of Coiled-Coil Heterotrimers



Extensive studies of natural and model coiled-coils have established firm
sequence-structure relationships, including the critical influence of hydrophobic core side
chains on stability and aggregation number.! Here I describe research I completed on the
formation of 1:1:1 coiled-coil heterotrimers whose stability varies over a considerable
range, governed by selection of specific hydrophobic core residue patterns. Each
independent complex exhibits biophysical signatures expected of well-formed coiled-coil

trimers.

Ky

Figure 1. Coiled-coil trimers of differing stability have been designed by judicious
choice of hydrophobic core sidechain identity.

2-1: Selection of Steric Matching Partners’
We previously described the use of core residue steric matching to control

> Favored complexes permit formation of 2:1

specificity of heterotrimers formation.
alanine-cyclohexylalanine layers at three consecutive a positions of the primary sequence
heptad repeat (abcdefg). To extend the application of this strategy, we have investigated

phenylalanine (Phe) as a possible replacement for cyclohexylalanine (Cha) in this

arrangement. Besides conferring the potential advantages of purely natural sequences

17



(e.g., easier in vivo expression), such an alternative should allow design of variable-
stability trimers by evaluation of mixed-core systems.

The peptides utilized contain alanine at two of the three central core positions (9,
16, 23) and cyclohexylalanine (X,) or phenylalanine (F,) at the other (Figure 2). Peptides
differ by location of the large side chain (either Cha or Phe), so that a 1:1:1 trimer of
X9:X16:X23 or Fo:Fi6:F23 has three sterically matched core layers (two Ala and one

Cha/Phe at each layer).
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X9:X16:X23 Fo'F16F23

a d
Fo AcNH-RMKQLEK

Fis AcNH-RMKQLEK
F,3 AcNH-BMKQLEK

d a2

QLKKLVG-NH,

QLKKLVG-NH,

QLKKLVG-NH,
25 30

Figure 2. Peptide sequences and helical wheel projections. F, and X, peptides have
phenylalanine or cyclohexylalanine, respectively, at the indicated positions and
alanine at the other two central core a layers (modified layers are marked by shaded
boxes). Projections of Fo:Fi6:F23 and Xo:Xj6:X23 heterotrimers are also given.
Nonhydrophobic core residues are omitted for clarity.
2-2: Structural Analysis of the Phenylalanine Matched Core System
Circular dichroism (CD) analysis of a 1:1:1 Fy:Fi6:F23 mixture revealed the high
helicity and cooperative thermal denaturation profile expected of coiled-coils (Figure 3).

In contrast, pure solutions of Fo, Fi6, and F,3 display dramatically reduced helical

structure.
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Figure 3. CD analysis of Phe-substituted peptides. Wavelength (A) and thermal
unfolding (B) data for Fo (squares), Fi¢ (triangles), F»3 (circles), and a 1:1:1 Fo:Fi6:F23
mixture (open circles).

Verification of designed trimer stoichiometry was executed using a nickel-
nitrilotriacetic acid (Ni-NTA) affinity tagging experiment. The Fis peptide was
derivatized with a Gly-Gly-(His)s tag, producing a new sequence (Tenis) that binds Ni-
NTA agarose beads. Exposure of an initial 1:1:1 Fo:Fjepis:F23 solution to the beads,
followed by rinsing to remove nonspecific binders and elution with imidazole buffer
afforded an elution fraction containing 1 equivalent of each peptide (Figure 4). This

result supported the proposed 1:1:1 stoichiometry between the three peptides.

20



025 1 Fg F23
1 F16 His
0.20 +
™~
5 |
> 0.15 - *
[72]
L0
<0.10 A L
j j { - J \- elution
0.05 U
| ”M.J L.J k ~— initial
0.00

T T ™ T T H v T 4 T T T T T ¥ H T

12 15 18 21 24 27 30 33 36
Time (min)

Figure 4. Ni-NTA analysis of Fo:Fi6:F23 complex stoichiometry. HPLC traces of
initial 1:1:1 solution along with elution fraction demonstrating retention of one
equivalent of each untagged peptide.

2-3: Development of Mixed Core Systems

Having established the feasibility of phenylalanine/alanine steric matching, we
turned to the investigation of mixed core systems, in which both phenylalanine and
cyclohexylalanine are present, in varying ratios. Equimolar mixtures of Fo:Fj¢:F23,
Fo:X16:F23, Xg:F16:X23, and Xg:Xj6:X23 should form heterotrimers with only Phe,
Phe/Cha/Phe, Cha/Phe/Cha, and only Cha side chains, respectively, at the three core a
layers (Figure 5). We hypothesized that such combinations would provide a facile

method for tuning heterotrimers stability without sacrificing specificity.
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Figure 5. Schematics of mixed core systems. Large side chains at each of the three
modified core layers are depicted. Each layer also contains two small alanine side
chains (not shown). Other core layers (including intervening d layers) and all noncore
positions have been omitted for clarity.

Through CD experiments it was demonstrated that all four mixed core trimers

exhibited similar helicity, but their thermal stabilities varied inversely with the number of

Phe residues (Figure 6). Although all four display cooperative unfolding profiles

consistent with stable structures, the observed melting temperatures are spread fairly

evenly over about a 20 °C range (Table 1).

Sample Tm (QC) AGunf (kcal/m()l) Mr obsd Mr caled
Fo:F16:F2s 61 16.27 + 0.25 10 900 11 5635
Fo:X16:F23 67 17.74 +£ 0.36 11 400 11 541
X9:F16:X23 73 18.05 £ 0.28 11 600 11 547
Xo:X16: X3 83 19.60 + 0.21 10 200 11 556

Table 1. Sedimentation Equilibrium and Thermodynamic Data

Further characterization was conducted by chemical denaturation (Figure 7). Each

complex displayed a cooperative unfolding transition, with significant variation between

the samples (Table 1). Unfolding free energies differed by over 3 kcal/mol between the

most and least stable assemblies, and the correlation with Phe content held true. The all
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Phe complex, Fo:Fi:F23, was the least stable at 16.27 kcal/mol, while the all Cha

complex, Xo:X6:X23, was the most stable at 19.60 kcal/mol.

o
1

[®lo5, (103 deg cm?2 dmol-7)
o

0 0.5 1 1.5 2 2.5 3
[GAnHCI] (M)

Figure 7. GdnHCI denaturation profiles for 1:1:1 X¢:F;6:X23 (squares), Fo:Xi6:F23
(triangles), Xo:X6:X23 (circles, and Fo:F6:F23 (open circles). Lines are fits to the data;
for unfolding free energies, see Table 1.

Considerable stability variance can indeed be programmed simply by selection of
the core makeup. The stability variance appeared to be context independent.
Wavelength and thermal melt data are very similar for all possible single Cha trimers

(Xo:F16:F23, Fo:X16:F23, Fo:F16:X23) (Figure 8).
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Figure 8. Wavelength scan (A) and thermal denaturation (B) CD data for equimolar
solutions of Xy:F;¢:Fy3 (blue), Fo:X6:F23 (red), and Fo:F6:X23 (green).

Final confirmation of trimeric assemblies was obtained by analytical
ultracentrifugation. Each of the three Phe containing complexes (Fo:Fj6:F23, Fo:X6:F23,
Xo:F16:X23) give observed reduced mass values consistent with those calculated for the
appropriate trimer molecular weights (Table 1). This was consistent with results for the
all Cha trimer (Xo:X;6:X23).

Overall, these data confirm that phenylalanine side chains can assume the role of
large hydrophobic groups in a 2:1 small:large matching scheme. Although increasing
Phe content gradually diminishes complex stability, even the Fo:Fi6:F23 assembly remains
a perfectly viable trimeric coiled-coil. Thus, in addition to providing an alternative to
cyclohexylalanine for controlling trimer assembly, introduction of phenylalanine side
chains established a mechanism for smooth variation in complex stability without

sacrificing specificity. Such systems could be useful in various applications such as

peptidic drug delivery systems where thermal triggering of trimer disassembly at tunable
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temperatures 1s desired. Another application would be to use the Fo:X;4:F,3 trimeric

complex as a linchpin to bring two expressed proteins together in solution (Figure 9).

N o A

N A

Far Near

Figure 9. Fo:X;6:F23 complex as linchpin for protein-protein interactions. Without the
X6 peptide, the two proteins (red and purple spheres) will be separated in solution.
Upon addition of the Xj¢ peptide and trimer formation the two proteins should
approach each other in solution.

The Fy sequence can be derivatized to a particular protein sequence and the F»; sequence
can be appended to a different protein. Upon the addition of the X;¢ peptide to a mixture
of the two expressed proteins, one would expect trimer formation, thereby bringing the
two proteins in close proximity to each other at relatively low protein concentration.

2-4: Experimental Section

Peptide Synthesis. Amino acids (including cyclohexylalanine) were obtained from
NovaBiochem (San Diego). Peptides were synthesized according to the in situ
neutralization protocol developed by Kent.* Each peptide was purified by reverse-phase
HPLC (C-18 column, solvent A: 1% CH3;CN in H,O, 0.1% (v/v) CF3CO,H; solvent B:
10% H,O in CH3CN, 0.07% (v/v) CF3CO,H), and the identity of purified peptides was

confirmed by electrospray mass spectrometry (Finnegan LCQ-Duo). All peptides are C-

25



terminally amidated and N-terminally acetylated; each contains an acetamidobenzoate

group on the sidechain nitrogen of a solvent-exposed lysine as a spectroscopic label.

Circular Dichroism Spectroscopy. All experiments were performed on an Aviv model
202 circular dichroism spectrometer. Equipped with a Microlab 500 series automated
titration assembly. Sample concentrations were measured by UV absorbance of the
acetamidobenzoate label at 270 nm. Wavelength data are the average of three scans from
250 to 200 nm in 1 nm steps. Thermal denaturation experiments monitored at 222 nm
were run from 0° to 90°C in two-degree steps, at a two-degrees/minute rate of increase
with one-minute equilibration and data averaging at each temperature. 7, values were
obtained from minima of the first derivative of 8 vs. 1/T plots.” Guanidinium titrations
were performed using the automated titration assembly. The signal at 222 nm was
recorded for solutions of constant peptide concentration with guanidine hydrochloride
concentrations varied from 0 to 3 M. Data were collected for one minute at each step,
with ten-minute equilibrium times (solutions were stirred during equilibration but not

data collection).

Analytical Ultracentrifugation. Sedimentation equilibrium experiments were
performed using a Beckman XL-I analytical ultracentrifuge equipped with an An60-Ti
rotor. Data were collected using 12 mm path length six-sector centerpieces at 270 nm.
Samples were dialyzed against the reference buffer at 4 °C overnight. Data were
collected at 38,000 and 48,000 r.p.m. at concentrations spanning 17-55 uM. Samples

were equilibrated at 38,000 r.p.m. for 16 hours, followed by the collection of two scans
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four hours apart. The speed was then increased to 48,000 r.p.m., followed by a 16 hour
equilibration, and collection of two scans four hours apart, as before. Each scan
consisted of 10 replicates at 0.002 cm radial steps. Solvent densities and partial molar
volumes were calculated in the manner prescribed by Laue.® Data were analyzed using

Origin and fit to ideal single-species models.

Guanidine Denaturation Fit. Guanidine denaturation profiles were obtained on an Aviv
model 202 circular dichroism spectrometer equipped with a Microlab 500 series titrator.
A 10 uM solution of peptide in PBS buffer (10 mM Phosphate, 150 mM NaCl, pH=7.4)
was titrated with a second solution identical to the first but containing 6 M guanidine
hydrochloride (GdnHCI). The raw data were converted to mean residue elipticity (MRE)
and fit using the model outlined below.

Observed MRE values (6,55) were fitted assuming that folded and unfolded

baselines are linear functions of denaturant concentration:

0,,, = 1.0, +alGanHCI))+ (1~ £, )0, + b|GdnHCI)) (1)
Where f, = fraction unfolded, §,) and 6,) are MREs of unfolded and folded peptides, and
a and b are parameters describing the guanidine dependence of the observed unfolded

and folded baselines. The fraction unfolded is calculated according to equation (2),

assuming a monomer-trimer equilibrium with equilibrium constant K.
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and Cy, = [trimer] = 1/3 [total peptide].” The equilibrium constant, in turn, is calculated
from the observed unfolding energy, assuming a linear extrapolation model in which the
true folding energy (AGup) is assumed to be a linear function of the observed value and

the denaturant concentration (equation 4).%

-AGy,0

=€ & AGy, =AG,, + m[GdnHCl ] (4)

K

The observed data were fit using this model and a non-linear least squares fit, with
AGys0, 04, 05, a, b, and m as the parameters, employing a Microsoft Excel macro.” Error

estimates were calculated according to another macro by de Levie."

Ni-NTA Affinity Tag Experiments (Figure 10). A 0.5 mL sample of a 50% slurry of
Ni-NTA agarose (Qiagen) in an Eppendorf tube was centrifuged for 30 s, followed by

removal of the supemantant. Peptide solution was added, and the tube was repeatedly
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inverted for 5 min. The sample was centrifuged (30 s), and the supernatant (flow-through
fraction) was removed. The procedure was then repeated with 1 mL of buffer (wash
fraction) and 1 mL of buffer containing 250 mM imidazole (elution fraction), except that
the wash fraction was not agitated for 5 min. Solutions were analyzed by reverse-phase

HPLC. All solutions were 10 uM in total peptide concentration.
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Figure 10. Ni-NTA affinity tag analysis scheme. Initially, peptide A is specifically
bound to peptide C, which bears an N-terminal Gly-Gly-(His)s affinity tag. Upon
exposure to Ni-NTA agarose beads, peptide C is bound to the agarose beads through
the His tag, and peptide A is bound through it’s interaction with peptide C. Only
peptide B, which does not interact with the beads or the his tagged peptide, remains
unbound. After supernatant removal and washing with blank buffer, bound material is
eluted by treatment with imidazole buffer solution. HPLC analysis reveals the identity
of unbound (supernatant fraction) and bound (elution fraction) material. Peptides A
and B are intended to represent all binding and non-binding peptides, respectively.
Thus any higher order aggregates are analyzed in the same manner.
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Chapter 3

Design of a Visna Fusion Protein Mimic



HIV, SIV, and visna depend on coiled-coil surface recognition for viral
infectivity. The fusion mechanism for lentiviruses highlights the important role that
peptides play in viral entry (Figure 1).' Because the trimer-of-hairpins structure is
required for membrane fusion, it has become an attractive drug target.” Our goal was to
develop an efficient binding interface mimic. The first virus undertaken was HIV.? Using
that successful model as a foundation we designed an interface mimic for the visna virus.
3-1: Designed Visna Fusion Protein Mimic

According to X-ray crystal structure studies performed by Kim and co-workers,

the visna virus undergoes a similar viral infection pathway to that of HIV (Figure 1).

w778

Figure 1. Crystal structure for visna trimer-of-hairpins. The coiled-coil was
represented as a molecular surface with the hydrophobic binding pocket shaded
yellow. With the N-terminal coiled-coils superimposed, two different C-terminal
peptides are shown. The visna peptides are light blue and the HIV C-terminal peptides
are shown in light green. This illustrates the similarities between the two viral
infection pathways.

Hence it utilizes a trimer-of-hairpins motif in order to facilitate membrane fusion during
viral entry. Utilizing the tic-tac-toe system to garner self-assembly we grafted the natural
visna binding pocket onto the interface between the T peptide and the T,z peptide of the

Tic-Tac-Toe self-assembly system. The helical wheel diagram illustrates the binding
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pocket on the trimer (Figure 2). All important residues identified by Kim and co-workers
are highlighted in red. The green residues surround the critical amino acids, and the

important Trp, Trp, Ile sequence is highlighted in blue on the ligand peptide.

a d a d a d a d a
ToK ACNH~KMRKQLEKKKXEELKSKAQQLKKKAARQLEKKEKVG~Am
TqgVis ACN H-EMARKLOKEAEELYSEXOQKLAKEARKLEKEVA~AM
Ty,Vis AcNH-AMKALEKVAEALEKMAQHLEKGXKILEKRVG~Am
698 20 7248

710 7

TMVis AcNH-WQOWEKETKQHEKNLKELLREAKKQVKI -Am
775 780 790 800

Figure 2. Visna helical wheel diagram with primary sequences. Critical amino acids
needed for binding in red. Amino acids that flank the critical ones are green. And the
key Trp, Trp, Ile highlighted in blue on the ligand.
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For the new visna system the trimer peptides were labeled ToK, TsVis, T23Vis and the
ligand peptide was TM Vis. The other two interfaces, one between ToK and T6Vis, and
the other between ToK and TxVis, were electrostatically matched with lysine and
glutamic acid amino acids. These two interfaces assisted in solubilizing the trimer and
discouraging aggregation.

The incorporation of the natural sequences from the visna virus brought a new set
of challenges for understanding the extinction coefficients of the peptides. Previously all
designed tic-tac-toe peptides contained an acetamidobenzoate group (Aba) as a
spectroscopic tag. The extinction coefficient of a peptide with this tag was known to be
18069 at 270 nm, but this value was true only if there are no other amino acids in the
peptide that absorb light at that wavelength. The TM Vis peptide contained two
tryptophans which are known to absorb light around 270 nm. Upon calculating the
extinction coefficient by ProtParam,’ it was found that the untagged peptide would have
an extinction coefficient of 11160 at 280 nm. This calculated extinction coefficient value
was added to the known 18069 value for the Aba tag, and the final extinction coefficient
became 29229 at 270 nm.

This extinction coefficient was indirectly confirmed through NMR experiments
with 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) as an internal standard (Appendix
1).5 DSS was a popular internal standard for use with peptides and proteins because of its
high water solubility. Because of the low electronegativity of the silicon, the three
identical methyl groups were extremely shielded, and they yielded a characteristic singlet

with a chemical shift of 0.0.
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In this experiment an unknown concentration of peptide was added to a known
concentration of DSS. A one-dimensional proton NMR study was conducted on the
peptide/DSS sample, and the integration of the aromatic protons from the peptide could
be directly related to the integration of the singlet for the three methyl groups on DSS.
By knowing the concentration of DSS in solution one can calculate the concentration of
peptide in the solution. Using Beer’s law one can back-calculate from the absorbance of
the solution the extinction coefficient of the peptide.

Although there were numerous literature precedents for using DSS as an NMR
internal standard, this experiment was repeated using ToK in order to test the validity of
the procedure. ToK was well characterized and understood to have an extinction
coefficient of 18069 at 270 nm. The internal standard NMR experiment was validated by
confirming the extinction coefficient for ToK as 18069 at 270 nm.

3-2: Proof of Principle: Visna Ligand Binding

Once the extinction coefficients had been elucidated, CD experiments
commenced on the visna mimic. ToK, TisVis, and Tp3Vis were mixed in equimolar
amounts and studied with CD to determine if a helical structure was forming. The
equimolar mixture of the three peptides showed a classical a-helical trace with minima at

208 nm and 222 nm (Figure 3).
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Figure 3. CD analysis for visna mimic. Wavelength (A) and thermal unfolding (B)
data for visna trimer (green triangles), ligand (blue squares), trimer plus ligand
complex (red circles), and weighted average of trimer signal and ligand signal (open
black circles).
A solution of only the TM Vis peptide gave a random coil signature. The truly exciting
experiment was that involving the equimolar mixture between the visna trimer and the
ligand. If the two constituents were not interacting during the CD experiment one would
expect to see a signal around the weighted average of the two individual CD signals.
Fortunately that was not the result; the CD signal for the trimer plus the ligand was much
greater that that of the weighted average. In fact, the signal for the trimer plus ligand was
more helical than the signal for the trimer only, and this implies that the ligand becomes
helical upon binding.

Although the CD experiments illustrated that the ligand was interacting with the
trimer in a favorable manner and the complex was helical, they yielded little definitive
information about the stoichiometry of the complex. Ni-NTA affinity experiments were
conducted on both the trimer and the trimer plus the ligand. In both sets of experiments
the ToK was labeled with a six histidine tag, ToKyis. For the trimer alone, all three

peptides were mixed in an equimolar ratio and after the affinity experiment the elution

fraction contained all three in an equimolar ratio (Figure 4).
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Figure 4. Ni-NTA affinity tag experiment for the visna trimer. ToKy;s with its two
trimer binding partners TsVis and T»3Vis retained in the elution fraction.

This result supports the fact that the trimer was self-assembling in solution. The affinity

experiment with the trimer plus ligand revealed that the ligand binds to the trimer in an

equimolar ratio (Figure 5). The three trimer peptides had the same extinction coefficient;

hence, the HPLC chromatographs show that the integration for each of their peaks was

equal. The ligand had a greater extinction coefficient so its HPLC peak integration was

much larger than those of the trimer peptides. Once the integrations were corrected for

the varying extinction coefficients it was determined that the elution fraction molar ratios

were equal.
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Figure 5. Ni-NTA affinity tag experiment for the visna trimer plus ligand. ToKy;
retained three binding partners TisVis, T23Vis, and TM Vis in the elution fraction.
Because of the greater extinction coefficient of TM Vis the ligand peak was larger
than the three trimer peaks. When corrected for the difference in extinction coefficient
the ratios between the four peptides were equal.

Another experiment used to test the stoichiometry between the trimer and ligand
was a continuous variation plot on the CD.” In this experiment seven solutions of varying
trimer-to-ligand ratios were analyzed by CD wavelength scans. The solutions varied
from all trimer (1.0) to all ligand (0.0). The solutions were labeled by the mole fraction
of trimer. The 222 nm helicity was plotted against the mole fraction of trimer in solution.
Since the helicity of the system increased with the binding of the ligand one would expect
the most helical signal from the correct stoichiometry. If the stoichiometry between the
trimer and the ligand were correct, one would expect the most helical data point to be
located at 0.5. If the stoichiometry between the trimer and ligand was incorrect, one
would expect the minimum to occur at different solution.

The continuous variation plot for the visna trimer and the ligand supported the
hypothesis that the stoichiometry between the two components was correct (Figure 6).

The data points between 1.0 and 0.5 fell near each other so it was very difficult to
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conclude too much from the data, other than that the ligand in solution appeared to be
bound. After the 0.5 data point the helicity took a sharp decline. Because the ligand was
a random coil in solution alone, this sharp decline indicated that there was an excess of
unbound ligand. Overall this supported the idea that the stoichiometry between the trimer

and ligand was correct.

0.0 1

5.0

-156.0 4

-20.0 1

CD MRE at 222 nm

-25.0

-35.0 v v v v v y
0.2 [¥] 02 04 06 0.8 1 12
Mole Fraction of Trimer

Figure 6. Continuous variation plot for visna trimer and ligand. Increasing the
amount of ligand in the solution increased the standard deviation of the data. The 0.2
data point proved to be extremely difficult to analyze because of abnormally low
trimer concentration.

With a well-behaved trimer that bound the ligand, analytical ultracentrifugation
(AUC) was used to confirm the molecular weights of the complexes in solution.
Analysis of the AUC data for the trimer gave an apparent molecular weight of 11700
daltons, which was only 2.3 % from the expected value of 11433 daltons. The trimer
plus ligand AUC experiment yielded an apparent molecular weight of 15100 daltons,

which was 0.8 % from the expected value of 15223 daltons. These results confirm that
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the designed trimer was self-assembling and was binding the ligand effectively in
solution.
3-3: Importance of Binding Pocket Explored

The visna fusion protein mimic trimer incorporated the appropriate residues at the
Ti6 and T3 trimer interface to bind the ligand peptide, but all of the previous experiments
did not test the possibility that the ligand was binding in a non-specific manner.
Although this seemed like a highly unlikely scenario considering the above experiments,
more empirical data was collected using a control trimer. In this control trimer half of the
binding pocket was eliminated. A new peptide, To3E/K, was substituted for the standard
T23Vis. When incorporated into the trimer, the new peptide displayed lysine side chains
into the main portion of the binding pocket (Figure 7). CD and Ni-NTA affinity

experiments were conducted with the control trimer.
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a d a d a d a d a

ToK  ACNH-KMKQLKKKXEELKSKAQULKKKAARQLKKKVG-Am
TgVis ACNH-EMAKLOKEAEELYSEXQKLAKEARKLEKEVA-Am
TiE/K ACNH—6I;(8MKQLEKKAEE%?OSKAQQLEKI§§§XQLEKKVG'-Am

728

TMVis AcNH-WQOWEKEIKQHERKNLKKLLREAKKQVKI~Am
775 780 790 800

Figure 7. Helical wheel diagram for the control trimer with the ligand. Half of the
binding pocket was removed by substituting T3E/K for T3 Vis.

The control trimer differed greatly from the original visna trimer in that the
control trimer plus ligand signal overlaid with the weighted average (Figure 8). That
implied that the ligand was not interacting with the control trimer. The helicity of the
control trimer was slightly greater than that of the original visna trimer. However this
observation made sense considering that lysine, a helix promoting amino acid, was

substituted for the original amino acids.
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Figure 8. CD analysis for control trimer. Wavelength (A) and thermal unfolding (B)
data for control trimer (green triangles), ligand (blue squares), control trimer plus
ligand complex (red circles), and weighted average of control trimer signal and ligand
signal (open black circles).

The Ni-NTA affinity assay with the control trimer supported the results found
with the CD experiments. With ToKy;s substituted in the trimer, only a minimal amount
of ligand was retained in the elution fraction (Figure 9). However, the trimer peptides
were retained in a 1:1:1 fashion, indicating trimer formation. Overall, there was some
interaction between the control trimer and the ligand, but when compared to the original

visna trimer, the interaction was quite minimal.
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Figure 9. Ni-NTA affinity experiment with the control trimer. The control trimer had
a reduced ability to bind the ligand compared with the full visna trimer mimic.

The control trimer demonstrated the importance of the full binding pocket. Upon
removal of half of the binding pocket, binding of the ligand to the trimer was greatly
reduced. This supported the validity of the visna trimer as a suitable fusion protein
mimic, but the interaction between the trimer and the ligand was not well understood.
Further studies were required to provide greater insight into which amino acids played an
important role in ligand binding.

3-4: Experimental Section

Circular Dichroism Experiments: as described in Section 2-4.

Ni-NTA Affinity Experiments: as described in Section 2-4.
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Analytical Ultracentrifugation Experiments: as described in Section 2-4 except that
Ultrascan was used instead of Origin to analyze the data. The single-component ideal

model was used to fit the data.

Extinction Coefficient Determination by NMR: UV absorbance at 270 nm recorded
for monomeric peptide solution. Known amount of 2,2-dimethyl-2-silapentane-5-
sulfonate (DSS) added to peptide solution. A 'H NMR was taken on the 500 MHz
Varian instrument. In order to calculate the concentration of peptide, the integration for
the aromatic protons and the DSS protons must be normalized according to their

respective number of protons (Equation 1 and 2).

_ Integration of aromatic protons

(D

Number of aromatic protons

s Integration of DSS protons

2)
Number of DSS protons

The ratio between the normalized aromatic proton value and DSS proton value can be

used to calculate the concentration of peptide in solution (Equation 3)

L= 2 _ wherec= peptide concentration 3)
z  [DSS]
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With the observed UV absorbance one can calculate the extinction coefficient from

Beer’s law (Equation 4)

£= bi where b = pathlength, 4 = absorbance

(4)

Continuous Variation Plot: Seven individual solutions were mixed with varying visna

trimer and ligand ratios in PBS buffer (Table 1).

These solutions were all labeled

according to their mole fraction of trimer. Peptide ratios were checked by HPLC on a

C18 reverse phase analytical column. It was important to note that the concentration of

trimer was used during the experiment to calculate the mole fraction, not the total peptide

concentration.
Solution 1 0.8 0.6 0.5 0.4 0.2 0

Set A (uM) TeK 3.33 3.08 273 2.50 2.22 1.43 0.00
™ vis 0.00 0.77 1.82 2.50 3.33 5.71 10.00
T1eVis 3.33 3.08 273 2.50 222 1.43 0.00
T2sVis 333 3.08 273 2.50 2.22 1.43 0.00

Set B (%) ToK 33.33 29.37 24.52 21.66 18.43 10.56 0.00
T™ vis 0.00 11.88 26.44 35.03 44.72 68.32 100.00
TisVis 33.33 29.37 24.52 21.66 18.43 10.56 0.00
TasVis 33.33 29.37 2452 21.66 18.43 10.56 0.00

Table 1. Individual continuous variation solutions.

component desired concentrations.

Set A showed the individual
Set B was the expected HPLC integration
percentage for each peptide peak when corrected for their extinction coefficient.

Each solution was initially mixed so the total peptide concentration was 10 uM. But all

solution concentrations were checked by UV/vis absorbance at 270 nm, and the

calculated concentration was used for the MRE calculation (Equation 5).
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MRE = mdeg
#residues x conc. xIx10

®)

After each solution contained the correct ratios of peptides, the solution was monitored
by CD. The averaging time for the CD was raised from 1 second to 5 seconds; all other
parameters for the standard wavelength experiment remained the same as in Section 2-4.
The data point at for each solution at 222 nm was plotted against the mole fraction of the
solution to produce the continuous variation plot. Error analysis was calculated from the
standard deviation of all the data collected at 222 nm from each solution.
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Chapter 4

Fluorescence Studies with the Visna Mimic



With a well-behaved visna mimic in hand we sought to investigate more specific
interactions between the trimer and the ligand as well as to get a better understanding of
the equilibria among the various peptides in solution. Fluorescence spectroscopy was
chosen as a suitable technique to further our understanding of this system." We wanted to
answer the question: do the tryptophan residues on the ligand peptide play an important
role in ligand binding to the mimic? It was already shown by Kim and co-workers using
X-ray crystallography that the two tryptophan sidechains packed into the hydrophobic
pocket.” One would hope that our mimic was performing in a similar manner to the
natural N-terminal coiled-coil. Also we hoped to determine the K, between the visna
trimer and the ligand. Other fluorescence studies between various coiled-coil systems
served as guides while we developed these new experiments.’

4-1: Understanding Tryptophan Fluorescence

There are three amino acids that contribute to the natural fluorescence of proteins,
tryptophan, tyrosine, and phenylalanine. These amino acids are called intrinsic
fluorophores. Although all three amino acids can contribute to protein fluorescence, the
tryptophan sidechains, indole groups, are the main source of intrinsic fluorescence from
proteins.* They are also responsible for the vast majority of UV absorbance. What
makes the tryptophan fluorescence so interesting is the sensitivity it displays for its local
environment. Ligand binding, protein-protein interactions, and protein unfolding can all
be studied by monitoring the spectral shift in the tryptophan amino acids involved with
the interaction.’

Tryptophan has an excitation wavelength of 280 nm and an emission wavelength

that varies within the range of 310 nm to 350 nm. This emission wavelength is
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dependent on the polarity of the environment. Tryptophans exposed to a polar
environment, like water, or that are hydrogen bonded, will emit a longer emission
wavelength, around 350 nm. On the other hand, tryptophans that are in an apolar
environment will emit a shorter wavelength, about 310 nm. Proteins with well

understood conformational structures have been used to illustrate this concept (Figure 1).

INTENSITY

300 350 400
WAVELENGTH (nm)

Figure 1. Varying tryptophan emission spectra for different local environments.
Emission spectra for apoazurin Pfl, ribonuclease T;, staphylococcal nuclease, and
- glucagon, for 1 to 4, respectively. Revised from Lakowitz.*
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The first protein, apoazurin Pfl, has the tryptophan sidechain well folded into the middle
of the protein; hence, the emission wavelength is shifted to a shorter wavelength. The
last protein illustrated, glucagon, has its tryptophan sidechain exposed to the solvent.
Therefore its emission wavelength is the longest. This same principle was used on the
visna mimic to test ligand binding.
4-2: Tryptophan Fluorescence of the Visna Mimic

Since the visna ligand peptide contained two tryptophans, initial experiments
were conducted on the ligand alone to get a baseline emission signal. Those were quickly

followed with analysis of the visna trimer plus the ligand (Figure 2).
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Figure 2. Emission spectra for two separate solutions, one containing only the ligand,
TM vis, and the other containing the ligand plus the trimer. The emission maximum
for the ligand only solution was 354 nm, and the emission maximum for the ligand
plus the trimer was shifted to 336 nm. The shorter hump in the ligand with the trimer
signal may be a result of unbound ligand or an impurity in the solution.

It is important to note that the visna trimer did not contain any intrinsic fluorophores, so

any change in spectra was from the two tryptophans on the ligand. The solution of the

ligand gave a maximum signal of 354 nm. This result was consistent with a solvent-
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exposed tryptophan sidechain, and correlated with the CD spectrum which demonstrated
that the ligand alone in solution adopted a random coil. The signal for the ligand with the
trimer shifted to 336 nm. This was consistent with a change from a polar local
environment to a nonpolar environment. The minor hump in the trimer-plus-ligand
signal could be a result of unbound ligand or an impurity in the solution, but considering
the location, it corresponded well with extra ligand.

This result was further studied by titrating the trimer against a solution of ligand.
In this new experiment, the concentration of the ligand was held reasonably constant
while a solution of trimer was titrated into the cuvette. After each titration an emission
wavelength scan was taken (Figure 3). Over the course of a 20-step titration, the
maximum emission wavelength shifted from 354 nm to 342 nm. This demonstrated that

the tryptophans were playing a role in ligand binding.

54



an
251 eave,
. .cln,.‘.
.'. PEE X '.'
vepte?tFos s 0
o::e:o'::'-.fzw".
2 S I H MO
':':..l".o ® c"...o
::’..’o“"':'."‘..-.’
. i':'. 't'::..ﬂaQO
i" . Cieteesage
- H B riey adfeva,, .
g » PR LTI
2151 TTe  wesltv.,
W CiiTe ee3lag
d coTe T pelteld
w :z A !n"o:o
b LI - 'u:'o.:o
S“,:= V:.n.:!igg
TRy, e aidid,
14 L1t R IR H T
ﬂﬁs' '\\‘:‘m" :n.' ‘ -
L byt ’l‘
sy RIS “
0.5 %gl! .
il
i} T T T T T T T T T T T T T T T ¥ T 3
280 280 300 310 320 330 340 350 360 370 380 3890 400 410 420 430 440 450 460

wavelength {(nm)

Figure 3. Emission spectra from tryptophans on visna ligand. As the trimer was
titrated into the solution the overall signal dropped but more importantly the maximum
emission wavelength shifted to 340 nm.

In order to conclude that this shift in signal was a result of the tryptophans
binding into the hydrophobic pocket, these experiments were repeated with the visna
control trimer which had half of the binding pocket mutated. Over a similar range of
trimer concentrations, the control trimer exhibited a different effect on the tryptophan
spectra. Instead of shifting to a shorter wavelength, the maximum emission signal
remained fairly constant.

Although there was some drop in the overall fluorescence

signal, the maximum stayed around 354 nm (Figure 4).
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Figure 4. Emission spectra for visna ligand with control trimer. The maximum signal
stayed constant over the course of the titrations.

These two experiments supported the initial hypothesis that the two tryptophans
played a central role in peptide binding. They also supported the necessity for the
presence of the whole hydrophobic pocket in order to successfully bind the ligand.
Moreover, the tryptophan fluorescence experiments illustrated that the visna mimic was
binding the ligand in a fashion similar to that bound in early X-ray crystal structures
completed by Kim and co-workers.

4-3: Fluorescein, an Extrinsic Fluorophore

Numerous investigations had studied the attachment of fluorophores to coiled-
coils.® In one study, Gellman and co-workers concluded that many fluorophores induced
higher-order aggregation amongst well-characterized coiled-coils.*® For their studies,

they fluorescently tagged the leucine zipper region of the oncoprotein Jun with four

56



different fluorophores, pyrenebutyric acid, fluorescein, 7-diethylcoumarin-3-carboxylic

acid, and 7-hydroxycoumarin-3-carboxylic acid (Figure 5).

oo

Pyrencbutyric acid Fluorescein
2 Q
AN
OH x OH
N i
)" o HO o o
7-dicthylcoumarin-3-carboxylic acid 7-hydroxycoumarin-3-carboxylic acid

Figure S. Fluorophores used by Gellman and co-workers to determine the effect they
exerted on the dimerization of Jun.

Jun was known to form a homodimer in solution. Fluorescence quenching was
monitored and used as an indication of dimerization, and the aggregation was determined
by AUC. Of the fluorophores that were tested, fluorescein was the fluorescent tag that
exerted a weaker aggregation promoting effect, although the weakest effect was exhibited
by the 7-hydroxycoumarin.

In addition to minimizing aggregation, fluorescein had a number of advantages
over tryptophan, of which the most important for the following experiments would be a
higher quantum yield. The quantum yield is the number of emitted photons relative to
the number of absorbed photons. The higher quantum yield leads to better emission

intensity, and better emission intensity allows one to study interactions at a much lower
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concentration. Fluorescein was a good fluorophore to use when studying dissociation
constants, K, in the nanomolar concentration range.

New peptides had to be synthesized to incorporate the fluorescein tag. A cysteine
was appended to the primary sequence of both ToK (ToKguer) and TM vis (TM visgyer).
Fluorescein maleimide, a thiol-reactive reagent, was used to fluorescently label the two
new peptides. With the fluorescently-labeled peptides in hand we commenced with
fluorescence polarization experiments.

4-4: Elucidation of Dissociation Constants

Fluorescence polarization experiments are dependent on molecular movements
over the course of the fluorophore’s relaxation time (Figure 6). The fluorescently-labeled
peptide in solution alone is a relatively small molecule that has a high rotational
diffusion. All fluorescently tagged peptides aligned with the excitation axis will be
excited. During the excited lifetime of the fluorescein, the peptide will rotate. Because
of the high rotational diffusion, the fluorescein will emit in a different direction than the
excitation axis. This yields a low degree of polarization. If the fluorescently-labeled
peptide is bound by the two trimer binding partners, this complex will have a slower
rotational diffusion. Once the fluorescein is excited, the peptide bound in the trimer will
not rotate as much as the free peptide, and it will emit in the same direction as the
excitation axis. This corresponds to a high degree of polarization. Plotting the
polarization versus the binding partner concentration and fitting it to a binding equation
(eq 1) yielded the dissociation constant, K; between the trimer peptides and the

fluorescently labeled peptide.

——— ) t+b (1)
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(In this equation y equals the polarization, x equals the total peptide concentration, m is a
scaling factor, b is the baseline correction factor, and H is the Hill coefficient and this

equation assumes that the K is greater than the concentration of fluorescently-labeled

peptide in solution.)

0 0

Voo

Low Polarization

Excitation light polarization ~
e \\ o
)

Excitation light polarization

High Polarization

= excited fluorescein labeled peptide
Figure 6. Diagram of polarization assay. The small peptide has a high degree of

rotational freedom which yields a low polarization while the small peptide bound in
the trimer has a much slower rotational diffusion and yields a higher polarization.
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As in the previous example, the ToK peptide was fluorescently tagged and
polarization experiments were conducted between ToKgyor and the TjsVis and T23Vis
peptides. The experiments were done on two different instruments. An Aviv ATF-105
spectrofluorometer was used for the first experiment. In this experiment 24 different
solutions were individually analyzed in a cuvette. The excitation was locked at 491 nm
and the emission was monitored at 518 nm. The intensity (/) of fluorescence emission
was recorded for each polarizer position, /vy, L, I, . From those parameters the
anisotropy of the solution was calculated. The solution anisotropies were plotted against
the solution concentrations and the binding equation was applied to calculate the Ky
(Figure 7). In this experiment the K; for the ToKqyor interacting with the T16Vis‘ and

T»3Vis peptides was found to be about 330 nM.
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Figure 7. Plot of anisotropy versus solution concentration for the ToKgyor binding
with T6Vis and T3 Vis. Data collected with the Aviv Spectrofluorometer.

This experiment was repeated on a Perkin Elmer multilabel plate reader. For this
experiment the same solutions from the above experiment were transferred to a 384 well
plate. Again the samples were excited and the emission intensities monitored. The
polarization for each sample was calculated and plotted against its sample concentration.
The data was fit to a binding equation and the K; was calculated to be about 330 nM

(Figure 8).
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Figure 8. Plot of polarization versus solution concentration for the labeled ToK
binding with Ti¢Vis and T3 Vis. Data collected with the Perkin Elmer plate reader.

Since the K, from both fluorescence instruments was nearly the same, both would
work equally well for future experiments. However other factors played into the decision
to use the Perkin Elmer instrument. First, the experiment time was much shorter for the
Perkin Elmer instrument. The average analysis time was about 30 minutes on the
automated Perkin Elmer instrument but half a day for the manual Aviv instrument. Also
the amount of material necessary to conduct the experiment was much greater for the
Aviv. Thus, the Perkin Elmer instrument was better suited for greater productivity.

The TM vis peptide was then synthesized with a cysteine appended to the end of
the sequence. It was then coupled to fluorescein maleimide and purified for fluorescence

experiments. On the Perkin Elmer instrument, 24 solutions of the labeled ligand were
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monitored against varying concentrations of the visna trimer. Again the data was plotted

and fit with the binding equation (Figure 9). The K; was calculated to be about 170 nM.
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Figure 9. Plot of polarization versus solution concentration for the labeled TM Vis
peptide binding with the visna mimic. Data collected with the Perkin Elmer plate
reader.

These fluorescence studies provided new insight into the behavior of the peptides.
We were able to conclude that the trpytophans were playing a critical role in peptide
binding. Also the whole hydrophobic binding pocket was deemed necessary for ligand
peptide binding. Finally we were able to determine a K, for the ToK peptide binding with
its trimer binding partners and a K for the ligand binding to the trimer. In looking to the
future these studies can be extended to numerous viral mimics as well as their associated

control trimers.
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4-5: Experimental Section

Tryptophan Fluorescence Assay. All experiments were performed on an Aviv ATF-
105 Spectrofluorometer with the polarizers removed. Sample concentrations were
measured by UV absorbance of the acetamidobenzoate label at 270 nm. Emission scans
are the average of three individual scans from 300 nm to 450 nm with a 2 nm step. All
signals were background corrected. The excitation wavelength was 280 nm for all
solutions. The trimer solutions were titrated into the TM vis solution manually and
allowed to equilibrate for one minute while stirring the solution. The concentration of the
solution after the final titration was analyzed by UV absorbance to check the overall
titration accuracy.

Fluorescein Maleimide Coupling.

#

(L °
O
0O
N N
SH o L O
T™ Vis \NL[( NH, - S
Ho 9 PBS, DMSO TMVis | A NH2

H

o]
To a round bottom flask equipped with a stir bar a solution of TM vis (395.2 mL, 132.5
nmol) was added fluorescein maleimide (0.53 mg, 9 equiv). Dimethyl sulfoxide was
added until the fluorescein maleimide dissolved. Solution was stirred in the dark at room
temperature for 2 hours. Purification commenced as described in section 2-4. Same

reaction conditions were used for the TgK coupling to fluorescein maleimide.

64



Fluorescence Polarization Assay. Solution preparation for both instruments was

similar. The only parameter that changed with the overall volume of the samples. For

the Perkin Elmer the volume needed was 75 pL, while the Aviv instrument required 150

pL. The labeled peptide was held at a constant concentration while the binding partners

underwent a serial dilution. Data collection was done manually with the Aviv

instrument, in that the intensity for each of the polarizer configurations was recorded and

then the anisotropy was calculated from those values. The Perkin Elmer only reported a

polarization value for each solution. The results were plotted and fit according to the

following binding equation. Also solution concentrations were checked after analysis to

determine the correct dilution.

Binding Equation Calculations. The K; calculations were completed with an Excel

macro. Fits were optimized using the solver function to minimize the chi’ value. The

Excel macro was validated through comparing fit results with fits from Kaleidagraph

using the same above equation.
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Chapter 5

Validating the HIV Mimic



Preliminary work on the HIV fusion protein mimic was done by Nate Schnarr,
who designed the trimeric coiled-coil and found that the native ligand sequence bound to
it. Further work was done with the system by Brent Mann, who tested known HIV
inhibitors against the designed mimic. Upon the departure of the latter member, our
laboratory continued testing other known inhibitors against the designed mimic.

5-1: Background of Known HIV Inhibitors

Peter Kim and co-workers developed short peptide inhibitors that were designed
to bind into the hydrophobic binding pocket on the N-terminal coiled-coil. The first one
studied in our laboratory by Brent Mann was the D-peptide. This D-peptide was shown
by Kim and co-workers to bind the hydrophobic pocket.! This was illustrated by an X-ray
crystal structure of the D-peptide bound in the hydrophobic binding pocket on the N-

terminal coiled-coil (Figure 1).
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Figure 1. Crystal structure of D-peptide bound to N-terminal coiled-coil hydrophobic

pocket. The segment with the hydrophobic binding pocket is shown in grey with the
inhibitor shown in green and purple.

Brent Mann synthesized the D-peptide and demonstrated that our HIV mimic bound this
peptide as well. This was done with Ni-NTA affinity experiments. CD experiments were
conducted on the complex; because of the relatively unstructured nature of the D-peptide
upon binding, the CD signal of the trimer plus the D-peptide overlaid with the expected
weighted average. However, AUC confirmed that the D-peptide was truly binding to the
HIV mimic.

With that inhibitor binding nicely to the trimer, other inhibitors were tested. Kim
and co-workers developed another series of small, peptide inhibitors designed to be
helical in solution before binding to the hydrophobic pocket.” Standard peptide-based

inhibitors would become coiled upon binding to the binding pocket. With the helicity
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pre-organized, these inhibitors would not undergo the energetic penalty associated with
the loss of conformational entropy upon binding.

The first inhibitor from this series studied by Brent Mann was the C14Aib
peptide. Although this was not the best inhibitor from the group it was the simplest to
synthesize. The two a-aminoisobutyric (Aib) acid amino acids promoted helix formation
(Figure 2).

C14Aib

Aba - MTW \N%( EWDREI \N><[( NYT - Am
H H

0 0
Figure 2. Sequence of C14Aib peptide. Highlighted in red are the key Trp, Trp, Ile

residues. Drawn out are the two Aib amino acids. The peptide was capped at the N-
terminus with Aba.

Brent Mann synthesized the peptide and conducted Ni-NTA affinity experiments on it
against the HIV mimic. Unfortunately the C14Aib peptide was not recognized by the
HIV mimic. Very little of the peptide was retained in the elution fraction during the Ni-
NTA experiments (Figure 3). The vast majority of the C14Aib peptide remained in the
supernatant. CD and AUC experiments also supported the idea that the C14Aib peptide

was not binding to the HIV mimic.
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Figure 3. Ni-NTA results for C14Aib peptide with HIV mimic. With the ToKp;s

peptide the HIV trimer is retained but very little of the C14Aib peptide remains in the
elution fraction. The vast majority of the peptide washed through in the supernatant.

5-2: Synthesis of C14linkmid
According to previous work by Kim and co-workers the C14Aib peptide was not

the best inhibitor of the series. The best inhibitor was the C14linkmid peptide (Figure 4).

C14linkmid

H H
Aba - MTW \N/i EWDREI \Ng NYT - Am
H 0 H 0

Figure 4. Sequence of C14linkmid. The key Trp, Trp, Ile residues are highlighted in
red. Two glutamic acid sidechains are shown linked together by cadaverine. The N-
terminus was capped with Aba.

The helical conformation for the C14linkmid was determined through chemical

crosslinking instead of incorporation of helix-promoting amino acids. Following the Kim
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procedure, before the synthesis of the peptide, an unnatural amino acid had to be
synthesized. It involved a peptide-coupling reaction between an unprotected glutamic
acid sidechain and a mono-Boc protected cadaverine (pentane-1,5-diamine) molecule.
This unnatural amino acid was incorporated into the peptide during standard Fmoc
peptide synthesis. After completion of the primary sequence the synthesis was then
carried on by selective deprotection of an allyl-protected glutamic acid residue, followed
by the removal of the Boc group. Finally, coupling between the free amine and the other
carboxylic acid with cleavage from the resin yielded C14linkmid.’

Unfortunately one could no longer purchase mono-protected cadaverine and the
synthesis of it was quite lengthy so I set out to develop a new, simplified synthesis of
Cl4linkmid. Our synthesis began with Boc solid phase peptide synthesis of the peptide,
1. Included were two orthogonally protected glutamic acid sidechains (Scheme 1), one
protected with a fluorenylmethyl group, the other with an allyl group. The synthesis
commenced with selective deprotection of the fluorenylmethyl to afford a carboxylic
acid, 2. Then cadaverine was coupled to the carboxylic acid, to give 3. This was
followed by Boc protection of the free amine, to give 4. Selective deprotection of the
allyl protected glutamic acid sidechain, produced 5. Finally, TFA removal of the Boc
group and standard peptide coupling formed the final linked peptide, 7. After cleavage
from the resin and HPLC purification the peptide was ready to be used in further studies

with the HIV mimic.
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Scheme 1. Synthesis of C14linkmid.

The Cl14linkmid peptide performed very similarly to the C14Aib peptide. The
Ni-NTA experiments were the most informative. With an equimolar mixture of all
peptides, a 1:1 ratio between the HIV mimic and the C14linkmid peptide, the HIV mimic
retained very little Cl14linkmid in the elution fraction. The Ni-NTA experiment was
repeated only this time with a three fold excess of C14linkmid peptide. This experiment
yielded a similar result with the vast majority of C14linkmid contained in the supernatant

fraction and very little of it in the elution fraction (Figure 5).
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Figure 5. Ni-NTA affinity assay with excess C14linkmid peptide. With the ToKp;s
peptide the HIV trimer is retained but very little of the C14linkmid peptide remains in
the elution fraction. As with the C14Aib the vast majority of the peptide washed
through in the supernatant.

5-3: Validity of HIV Mimic

Although the HIV mimic did a poor job of binding the C14Aib peptide and
Cl4linkmid peptide, it is a validate mimic in that it can bind the natural gp41 ligand.
These two inhibitors were designed from a similar construct. It could be that the
conformational restrictions placed on the peptide through both helix-inducing amino
acids and chemical linkers truly inhibit their ability to bind our model. Also these two
peptides place an emphasis on the Trp, Trp, Ile motif. This raises the question,
considering our mimic can bind the gp41 ligand peptide which has the same Trp, Trp, Ile
motif, what difference was there between the gp41 ligand and these inhibitor peptides?
There may be other important interactions that are being overlooked with these inhibitors.

Also the D-peptide did bind well to the HIV mimic and that peptide does not even

contain the Trp, Trp, Ile motif. Since this has been an attractive drug target, there are
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numerous new potential inhibitors to test.* Further work needs to be conducted on this
mimic with new inhibitors in order to get a better feel for the validity of our HIV mimic.
5-4: Experimental Section

Circular Dichroism Experiments: as described in Section 2-4.
Ni-NTA Affinity Experiments: as described in Section 2-4.
Peptide Synthesis of C14linkmid: as described in Section 2-4.

On resin modification of C14linkmid:
l /

DIEA:DMF 1:9

040 I 0.0 o 0. OH 0.0
g g 5.5 hrs
Aba - MTW ~_ EWDRE} ~ ~NYT- Aba - MTW
(0] (0]
1

HoJ H
2

A round bottom flask was equipped with a stir bar. The flask was charged with

the synthesized peptide on resin (0.562 g, 0.332 mmol peptide) and a 1:9 NN

diisopropylethylamine (DIEA) : dimethylformamide (DMF) solution (5.6 mL, 3.2 mmol).

This was allowed to stir at room temperature for 5.5 hours. Resin was then transferred to

the fritted shaker vessel and rinsed with dichloromethane (DCM) and DMF.
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A standard fritted peptide shaker vessel was charged with 2 (0.2115 g, 0.1248
mmol), NN N’ N-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate
(HBTU, 0.0493 g, 1 equivalent), and DIEA (0.034 mL, 1.5 equiv.). Reaction vessel was
allowed to shake for 2 minutes at room temperature. At which point, cadaverine (0.1 mL,
8 equiv.) was added. Vessel was allowed to shake for 20 minutes. Resin was rinsed with

DMF and DCM. Performed Kaiser Test to confirm presence of free amine.

*\;l/

/ / i
Oﬁ/NH 0.0 Boc,0, DIEA
- %/
> |
/l:r THF, 15hrs g
Aba - MTW - .~ EWDRE! ~. ANYT I
N N Aba - MTW EWDRE! -,
H Q SN
o)
4

H & & N ” B/ NYT»
3

A round bottom flask equipped with a stir bar and chilled to 0 °C was charged
with 3 (0.2115 g, 0.1248 mmol), di-ferr-butyl dicarbonate (0.0136 g, 0.5 equiv.),
tetrahydrofuran (0.3 mL), dichloromethane (3mL), and DIEA (0.14 mL, 6.5 equiv.). The
reaction was allowed stirred for 15 hours and allowed to warm to room temperature. The
resin was then transferred to a shaker vessel and washed with DMF, and DCM. A Kaiser
Test was performed on the resin to check for free amines. Washed with ether and solvent

removed in vacuo.
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A round bottom flask equipped with a stir bar was charged with 4 (0.2115 g,
0.1248 mmol), DMF (2 mL), Bis(triphenylphosphine)palladium(II) dichloride (15 mg, 34
mol%), and tributyltin hydride (0.04 mL, 1.2 equiv.) added dropwise. The reaction was
allowed to stir for 90 minutes at room temperature. Resin was then transferred to shaker
vessel and washed with DMF, ethyl acetate, DCM, and DMF again. Water and dilute

HC1 added to vessel and allowed to shake for 10 minutes. Rinsed resin with DMF.

N

¥’ "
o)
TFA
Ox__NH HOYO - O _NH HO. O
i
Aba - MTW - EWDRE! ~ YT Aba - MTW
0 o H o H o
5 6

A shaker vessel was charged with § (0.2115 g, 0.1245 mmol) and neat
trifluoroacetic acid (SmL) and allowed to shake for 1 minute. The trifluoroacetic acid
was removed and another aliquot of trifluoroacetic acid was added to the shaker vessel.
Again it was allowed to shake for 1 minute. A Kaiser Test was performed to confirm the

presence of a free amine.

77



,/( HBTU, DIEA H H

O NH HO._O ”“*___5&;*“*" Oy N N0
Aba-MTW -~ - EWDREI ~ T Aba MW~ EWDRE - O
H ! H 3 H o H o

0 0
6 7

A standard fritted peptide shaker vessel was charged with 6 (0.2115 g, 0.1248
mmol), N,N,N' N'-Tetramethyl-O-(1H-benzotriazol-1-yljuronium hexafluorophosphate
(HBTU, 0.0470 g, 1 equivalent), and DIEA (0.032 mL, 1.5 equiv.). Reaction vessel was
allowed to shake for 20 minutes at room temperature. Resin was rinsed with DMF and
DCM. Performed Kaiser Test to confirm absence of free amine. Resin was rinsed with
ether and solvent was removed in vacuo.
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Chapter 6

Conclusions



The well defined secondary structures of coiled-coils render them particularly
well suited for studies in the design of tunable self-assembling systems.
6-1: Design of a Self-Assembling Trimeric Coiled-Coil with a Phenylalanine Core

Coiled-coils are formed by the superhelical twisting of two or more individual
peptides whose primary sequence exhibits a heptad repeat (abcdefg). Interstrand
recognition involves two interfaces: a hydrophobic pocket made up of a/d side chains,
and a hydrophilic interface involving e/g contacts. Prior to work conducted in our
laboratory, means to control trimer stoichiometry (i.e. to ensure an ABC complex from an
equimolar mixture of peptides A, B, and C) were limited to electrostatic matching of the
e/g interface. This method required numerous substitutions that might otherwise be
available for studying addition interactions. We sought to control heterotrimer formation
using only core residues. It was believed that the packing of one large and two small side
chains together would lead to a favorable complex. Since parallel coiled-coils contain
;alternating core layers of a and d resides, substitutions introduced at the same a position
of the primary sequence are juxtaposed in the complex. One of the first systems designed
in our laboratory incorporated cyclohexylalanine (X) packed against two alanines in three
consecutive g layers of the hydrophobic pocket.'

I have extended this model by replacing the cyclohexylalanine with phenylalanine
(F). Besides conferring the potential advantages of purely natural sequences (e.g., in vivo
expression), such an alternative allows for the design of trimers with varying stability

through mixed-core systems.2
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All four mixed-core trimers exhibited similar helicity by circular dichroism, but
their thermal stabilities varied inversely with the number of phenylalanine residues.
Further characterization was conducted by chemical denaturation, and each complex
displayed a single cooperative unfolding transition. Unfolding free energies differed by
over 3 kcal/mol between the most and least stable assemblies, and the correlation with
phenylalanine content held (i.e. the more phenylalanine residues the less stable the
trimer). Finally, analytical ultracentrifugation confirmed the oligomerization state as
trimeric.

Overall, these data confirmed that phenylalanine side chains could assume the
role of large hydrophobic groups in a 2:1 small:large matching scheme. Although
complex stability was gradually diminished by increasing phenylalanine content, even the
Fo:F16:F23 assembly remained a perfectly viable trimeric coiled-coil. In addition to
providing an alternative to cyclohexylalanine for controlling trimer assembly,
introduction of phenylalanine side chains established a mechanism for smooth variation
in complex stability without sacrificing specificity. The mixed-core system comprised of
F9:X16:Fo3 is particularly well suited for future experiments involving the expression of
two proteins with the Fy and Fy; sequences appended to them, and the use of the Xi¢
peptide as a linchpin to bring the two proteins together.

6-2: Design of Fusion Protein Surface Mimics

A broad range of enveloped viruses depend on coiled-coil sufface recognition for
infectivity. We have been interested in members of the lentiviral family: Human
Immunodeficiency Virus (HIV), Simian Immunodeficiency Virus (SIV), and Visna virus,

the sheep analog of HIV.
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Specifically in the case of HIV, entry of the viral contents into the target cell is
mediated by the envelope protein gp41, which facilitates fusion of the viral and cellular
membranes.” The process involves a “trimer-of-hairpins” structure in which the C-
terminal region of gp41 binds to a hydrophobic pocket on the outside of the N-terminal
trimeric coiled-coil. With the protein anchored into each membrane, this interaction
brings the two membranes into proximity, leading to eventual fusion and hence infection.

Because the trimer-of-hairpins structure is required for membrane fusion, it has
become an attractive drug target. Studies on the native N-terminal coiled-coil have been
limited due to the hydrophobic C-peptide binding sites on each of its threefold symmetric
surfaces. These hydrophobic binding pockets tend to lead to aggregation of the protein in
aqueous solution. My goal was to develop an efficient, water soluble, binding interface
mimic utilizing the self-assembling trimeric coiled-coil. The first viral protein
investigated in our laboratory by Nate Schnarr was HIV gp41.* In the HIV model, the C-
peptide binding pocket was grafted onto one of the three interfaces of our designed
heterotrimer. Using that successful HIV model as a foundation, I have developed an
interface mimic for the visna virus. The peptides ToK, Ti¢Vis, and T»3Vis comprise the
N-terminal coiled-coil mimic and TM Vis is the C-peptide.

A control trimer was also synthesized in which the g position of T,3Vis was
persubstituted with lysine; this substitution effectively eliminated half of the binding
pocket for the ligand peptide. The validity of the designed visna mimic and control
trimer was tested via three main experiments: circular dichroism, Ni-nitrilotriacetic acid

(NTA) affinity tagging, and analytical ultracentrifugation.
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The circular dichroism experiments demonstrated that the visna mimic formed an
a-helix and that it favorably interacted with the ligand peptide. Because the signal for the
trimer-plus-ligand was more helical than the trimer signal alone, the ligand peptide
gained helicity upon interaction with the trimer. The opposite was true for the control
trimer that contained only half the binding pocket. During those experiments, the control
trimer plus the ligand signal overlaid with the weighted average of the control trimer and
the monomeric ligand signal; therefore, the ligand did not interact with the control trimer.

The ToK peptide was derivatized with a Gly-Gly-(His)s tag, producing a new
sequence (ToKyis) that binds to nickel nitrilotriacetic acid agarose beads. NTA-affinity
tagging experiments were conducted to determine the binding partners for ToKpis. The
visna trimer bound with the ligand in an equimolar fashion. On the other hand, the
control trimer showed minimal bound ligand.

Analytical ultracentrifugation was implemented to obtain a solution phase
molecular weight for the entire complex of the visna trimer with the ligand bound. The
expected weight for the visna trimer plus the ligand was 15223 daltons. The calculated
value from the fit of the experiment came to 15100 daltons. This final set of data
confirmed that the designed visna trimer was an appropriate mimic for the fusion protein.

With an appropriate visna mimic in hand, new fluorescence experiments were
designed to probe the binding properties of the ligand with the trimer. First, ToK was
coupled with fluorescein maleimide. Polarization experiments were conducted with
varying amounts of the trimeric binding partners to elucidate a Ky for ToK binding to the
other two trimer peptides. The polarization experiments were repeated with the ligand

fluorescently labeled and the unlabeled trimer titrated against it. Fluorescence studies
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were conducted to probe the role of the two tryptophans in the binding pocket. It was
shown that the tryptophans played an important role in ligand binding to the viral mimic.
In summary, the self-assembling trimeric coiled-coil system provided a unique

scaffold to develop a viral fusion protein mimic. From that work, a visna fusion protein

mimic has been designed, synthesized, and validated as a good mimic through multiple

experimental methods.
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Appendix 1

NMR Spectra



- s

7o

2.0

L33

Y

& j33

LR

- 1000

gl

15000

R

23000

wn

0%

87



TM Vis

SO0

SRR

basoo

~E5000
P

A

H
:Ii

0
A h?{ﬁiﬁ

IS

i

|
T I L . W Y

s
13 (ppmy



Appendix 2

Peptide Characterization
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Figure 1. Characterization of ToK. (A) HPLC of purified material, (B) Electrospray
mass spec raw data for purified material (MW, = 3850).
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Figure 10. Characterization of Cl4linkmid. (A) HPLC of purified material, (B)
Electrospray mass spec raw data for purified material, (C) detailed view of correct
peak (MW g = 2128).

100



