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ABSTRACT:We have screened two coiled coil-forming libraries in which core a and electrostatic e/g positions have
been partially randomized.We observed the relative ability of these residues to confer coiled coil stability using a
protein-fragment complementation assay. Our studies continue with the Jun/Fos activator protein-1 (AP-1)
leucine zipper complex, as it provides a valid therapeutic target, while representing one of the more simplistic
examples of quaternary structure. In mammalian cells, 28 possible dimeric interactions result from combinations
of cJun, JunB, JunD, cFos, FosB, Fra1, and Fra2. Consequently, peptides designed to target particular
oncogenic members must bind with high affinity and also be specific if they are to function as desired. We have
therefore tested the ability of core and electrostatic interactions to confer stable and specific peptides.
A previously selected peptide (FosW) formed the template for the core and electrostatic libraries. The winner
from the core randomization (FosWCore) bound specifically to cJun relative to cFos, FosB, Fra1, Fra2, and the
FosWCore homodimer, as verified by thermalmelting analyses and growth competitions in the presence of either a
negative control “mock” peptide or a competitor fusion peptide (cFos-FosB-Fra1-Fra2). In contrast, the
winner from the electrostatic e/g randomization (FosWe/g) bound to all respective complexes with high stability,
suggesting that the more significant energetic contributions made by core residues may be enough to generate
specificity as a consequence of positive design.

Understanding how one protein recognizes and binds another
with high specificity is advantageous for mapping protein net-
works and in devising peptide and peptidomimetic antagonists
that can mimic natural proteins. In doing so, peptide antagonists
can bind and sequester proteins that are behaving abnormally
and that consequently could give rise to a pathogenic phenotype.

Our studies focus on the Jun-Fos activator protein-1 (AP-1)1

motif (1-3). This protein contains a repetitive and yet highly
specific coiled coil motif that is responsible for mediating dimer-
ization. AP-1 is an ideal test bed for our experimentation because
(i) coiled coils represent a highly simplistic example of quaternary
structure (4, 5); (ii) coiled coils are distributed ubiquitously both
intracellularly and extracellularly, mediating a wide range of
important and highly specific interactions in motifs such as
transcription factors (6), viral receptors (7, 8), muscle contrac-
tion (9), cell signaling (10), molecular chaperones (11), and
fertilization domains (12); and (iii) many coiled coils represent
potential sites for therapeutic intervention. For example, the
Jun-Fos system forms the heterodimeric transcription factor

AP-1, and it is known that particular homologues are deregulated
or overexpressed in tumorigenic phenotypes. AP-1 is thought to
represent a legitimate target since it is found at the end of several
cell signaling cascades (2). The ultimate aim is to sequester one
half of AP-1 as a nonfunctional heterodimer using an orally
available peptidomimetic. Achieving this goal first requires an
understanding of the molecular mechanisms of specific protein-
protein interactions. Indeed, while it is relatively straightforward
to design in the positive (desired) direction, considerably less is
known about how to do so in a highly specific manner. This is
particularly important in forming specific protein-protein inter-
actions, in which there are thousands of other potential proteins
competing for an interaction, some of which can be very close in
sequence, and therefore in structure.Using peptides as the starting
point for drug design offers a number of advantages over
conventional small molecule-based approaches (13, 14). For
example, peptides are less likely to be toxic than small molecule
inhibitors since they are more natural and can be degraded over
time. Peptides are also more likely to be able to inhibit protein-
protein interactions in which the interface is large. They can be
synthesized (or recombinantly expressed) both quickly and
inexpensively to high purity (e.g., using Fmoc chemistry). In
addition, they are generally stable, are easy to store, and often
interact with important biologically relevant target sites. They can
be readily modified to deal with protease susceptibility issues and
optimized to meet the lipid-water partition coefficient (logP)
required for membrane permeability (typically <5).
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To probe how specificity in protein-protein interactions is
achieved, we have employed the use of a semirational library
design approach. This was previously conducted in combination
with a protein-fragment complementation assay (PCA) (15-17)
to identify “winner” peptides (JunW and FosW) with high
affinity for cFos and cJun, respectively. To extend our search

criteria, we have performed PCA selections with libraries based
on the FosW framework, a peptide based on the parallel and
dimeric Jun/Fos coiled coil interaction that is known to bind to
cJun (17, 18). The libraries were semirandomized either at core
a or at electrostatic e/g positions (Figure 1), and PCA selection
was conducted to identify and enrich interacting helices. Thermal

FIGURE 1: Helical wheel diagram highlighting the interaction pattern of cFos and three selected Fos variants with (A) cJun or (B) cFos, FosB,
Fra1, and Fra2. Residues for cFos are colored black. Residues for FosW that differ from those of cFos are colored green. Residues for Fos
We/g that differ from those of cFos are colored red, and residues for FosWCore that differ from those of cFos are colored blue.Note that all b, c, and
f positions for FosW, FosWe/g, and FosWCore are identical. Also, the a residues of FosW and FosWe/g are identical, and the e and g residues of
FosW and FosWCore are identical. This allows us to look at the contribution made to stability by selected core and e/g residues, respectively,
relative to the FosW molecule.
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denaturation experiments of isolated dimers have been used to
establish the stability and specificity of core a or electrostatic e/g
residue PCA winners for the cJun target peptide relative to a
range of Fos-based homologues. This work, therefore, addresses
the ability of PCA selected a and e/g residues to exert both
stability and specificity on the Jun-FosAP-1 system. Addressing
this issue will further our understanding of factors leading to
stable and specific protein-protein interactions.

Lastly, we have investigated whether specificity can be gener-
ated as a trade-off for desired-state stability, as previously
suggested (19). We anticipate that this can be achieved provided
that the energetic contribution to nondesired, otherwise energe-
tically similar states is simultaneously destabilizing. If specificity
is a trade-off for desired-state stability, then residue options and
heptad positions able to confer the largest increase in desired-
state stability are clearly the most favorable to introduce pro-
vided that the energetic contribution to nondesired, otherwise
energetically similar states is simultaneously destabilizing.

MATERIALS AND METHODS

Library Design and Cloning. Library design and cloning
have been described elsewhere (17). Briefly, megaprimers were
synthesized, including relevant degenerate codons for library
residue options, and a fill-in reaction was performed, resulting in
111 bp double-stranded oligonucleotides. These were cloned via
NheI andAscI sites into a pQE16 derivative (Qiagen) containing a
G/S linker tagged to fragment 1 [pAR230d; cJun; ampicillin
resistance, AmpR (17)] and fragment 2 [pAR300d; FosW library,
chloramphenicol resistance, CmR (17)] of murine dihydrofolate
reductase (mDHFR), respectively, resulting in pAR230d-cJun-
DHFR1 and pAR300d-FosW-library-DHFR2. The Fos homolo-
gue fusion peptide competitor comprised cFos-FosB-Fra1-
Fra2 fusion peptide (underlined), each separated by short linkers
designed to include helix caps and discourage helix prolongation
by including a Pro residue: ASTDTLQAETDQLEDEKYALQ-
TEIANLLKEKEKLGAPVASTDRLQAETDQLEEEKYELE-
SEIAELQKEKERLGAPASTDFLQAETDKLEDEKYGLQ-
REIEELQKQKERLGAPASTEKLQAETEELEEEKYGLQK-
EIAELQKEKEKLGAP. The corresponding gene, which was
purchased from epochbiolabs (Sugarland, TX), carried an NheI
and AscI site (bold) for cloning into pAR410d (tetracyclin
resistance, TetR) (17) and consequently lacked a DHFR fragment
fusion: GG GCC GCT AGC ACG GAT ACC TTA CAA GCG
GAGACCGAC CAG CTGAAGATGAGAAG TAC GCG
CTG CAG ACT GAA ATT GCA AAC TTA CTG AG GAG
AAAGAAAAATTGGGTGCACCGGTGGCCAGCACC
GACCGTCTGCAGGCTGAAACGGATCAATTAGAG
GAA GAA AAA TAT GAA CTG GAG AGC GAAATCGC-
GGAGCTGCAG AAA GAA AAG GAA CGC CTG GGG
GCGCCAGCAAGTACTGAT TTT CTG CAGGCCGAA
ACCGACAAATTGGAGGACGAAAAGTATGGCCTG
CAG CGT GAA ATC GAG GAA CTG CAA AAA CAG
AAAGAACGTCTGGGTGCCCCGGCGAGCACCGAA
AAA TTG CAG GCA GAG ACG GAA GAG CTG GAA
GAGGAAAAATACGGTCTGCAGAAAGAAATCGCT
GAA CTG CAG AAG GAG AAA GAA AAA CTG GGC
GCG CCT CCC GG.

In addition, an AgeI site (underlined) was introduced between
cFos and FosB to allow future introduction of alternative
competing helices between the NheI and AgeI sites. As a proof
of the expression and structural integrity of this fusion helix,
the construct was His-tagged at the N-terminus and fused via

a Gly/Ser linker (SGSSGTSSGTS) to enhanced green fluorescent
protein (eGFP) at the C-terminus, resulting in the pAR410d-cFos-
FosB-Fra1-Fra2-eGFP plasmid. All proteins were under control of
a lac promoter, and expression was induced with 1 mM isopropyl
β-D-1-thiogalactopyranoside (IPTG). Elution from an Ni-NTA
column gave a green protein that was consistent with the intact
fusion helix. For PCA selection, library plasmids (CmR) were
transformed into BL21 cells (Stratagene) containing the target
plasmid (AmpR) and pREP4 (Qiagen; expressing the lac repressor
and conferring kanamycin resistance, KanR). To assay bacterial
growth rates in the presence of the Fos homologues, the fourth
competing fusion peptide plasmid was also transformed (TetR). To
assess library quality, we sequenced pools and single clones and
found approximately equal distributions of varied amino acids.
Pooled colonies exceeded the library size 5-10-fold.
Selection of Winner Peptides. The protein-fragment com-

plementation assay has been described in detail previously
(15, 16). Briefly, target and library peptides are tagged at the
genetic level to either half of mDHFR (pAR230d-cJun-DHFR1
and pAR300d-FosW-library-DHFR2). Only two interacting
helices will bring the two halves of the enzyme into the proximity
of each other, render the enzyme active, and result in colony
formation onM9minimal medium plates with 1 μg/mL trimetho-
prim to inhibit bacterial DHFR [mammalianDHFRhas a 12000-
fold lower affinity for trimethoprim than bacterial DHFR (20)].
We have previously shown that PCA selected winners are dimeric
(24, 25) (U. B. Hagemann et al., unpublished data). Indeed,
peptides adopting higher-order or multiple oligomeric states or
displaying incorrect helix orientation are highly unlikely since the
PCA system aligns peptides in a parallel orientation during
selection and ensures that specific helices are both parallel and
dimeric. A third competing peptide is expressed on a plasmid
conferring tetracycline resistance but is not fused to a DHFR
fragment. Hence, preferential binding of part of this competing
helix to either the target or library winner will not give rise to a
colony under selective conditions and serves as a test of specificity
under these competing conditions. Cells expressing either a six-
residue mock sequence (pAR410d-mock) or the Fos homologue
cFos;FosB-Fra1;Fra2 fusion competing peptide on this
plasmid (pAR410d-cFos-FosB-Fra1-Fra2-eGFP) were grown
in M9 minimal medium (100 μg/mL Amp, 25 μg/mL Cm,
50 μg/mL Kan, 25 μg/mL Tet, 1 μg/mL trimethoprim, and
1 mM IPTG) by inoculating an M9 solution from a midlog
preculture to a starting OD600 of 0.01 under selective conditions.
Peptide Synthesis and Purification. Peptides were synthe-

sized by Protein Peptide Research (PPR Ltd., Fareham, U.K.)
and subsequently purified to>98%purity using RP-HPLCwith

Table 1: Peptide Sequences
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a Jupiter Proteo column [4 μm particle size, 90 Å pore size,
250 mm � 10 mm (Phenomenex)] and a gradient from 5 to 50%
acetonitrile (0.1% TFA) over 50 min at a rate of 1.5 mL/min.
Correct masses were verified by electrospray mass spectrometry.
The peptides in Table 1 were synthesized as amidated and
acetylated peptides and contained N- and C-capping motifs
(underlined) for improved helix stability and solubility. Peptide
concentrations were determined in water using the absorbance at
280 nm with an extinction coefficient of 1209 M-1 cm-1 (21)
corresponding to a Tyr residue inserted into a solvent-exposed
b3 heptad position.
Circular Dichroism Measurements. Spectra and thermal

melts were performed at a total peptide concentration of
150 μM in 10 mM potassium phosphate and 100 mM potassium
fluoride (pH 7) using a Jasco J-810 CD instrument. The
temperature was ramped at a rate of 0.5 �C/min. Melting profiles
(see Figure 2) were g94% reversible. Equilibrium denaturation
curves were fitted to a two-state model to yield the melting tempera-
ture (Tm, the temperature at which the protein is 50% unfolded):

ΔG ¼ ΔH-ðTA=TmÞ½ΔHþRTm

� lnðPtÞ�þΔCp½TA -Tm -TA � lnðTA=TmÞ� ð1Þ
where ΔH is the change in enthalpy, TA is the reference tempera-
ture, R is the ideal gas constant (1.9872 cal mol-1 K-1), Pt is
the total peptide concentration (150 μM), and ΔCp is the change
in heat capacity (see also ref 24). Tm values were determined by
least-squares fitting of the denaturation curves (see Figure 2 and
Table 2) assuming a two-state folding model that is widely used
for coiled coils and provided an excellent fit to our data. Melting
profiles for heterodimers are clearly distinct from averages of
constituent homodimeric melts, indicating that helices are dimer-
izing in an apparent two-state process that is consistent with a
dimeric protein. The Tm values were found to be accurate within
1 �C for the same dimer studied several months apart and from a
different sample (unpublished data). Data collection for all
temperature denaturation experiments was started at -8 �C,

and at this temperature, the peptide solutions remained aqueous,
even when left overnight. Data points for thermal denatura-
tion profiles represent the averaged signal after data collection
for 4 s. Protein folding studies have demonstrated that for
GCN4, a yeast homologue of AP-1, both binding and dissocia-
tion of dimers are tightly coupled with folding and unfolding
of the individual helices, and are described well by a simple

FIGURE 2: Thermal stability of peptide pairs measured using the temperature dependence of the CD signal at 222 nm. Data are shown for
(A)FosWCore and (B)FosWe/g peptidespairedwith thePCAtarget cJun (desired state, colored red), aswell as the individual component sequences
of the Fos homologue fusion peptide competitor sequence (i.e., cFos colored blue, FosB colored green, Fra1 colored magenta, and Fra2 colored
cyan). Homodimeric data for the two winners are colored black. Lines represent fits to the data according to a two-state model (eq 1). Thermal
melting (Tm) values derived from these fits are listed in Table 2. Data were fitted using Grafit (Erithacus Software Ltd.).

Table 2: Thermal Unfolding Data, KD Values, and bCIPA Predictions

FosWCore FosWe/g

cJun Tm (�C)a 45 ( 0.1 41 ( 0.1

KD,37 �C
b 20 μM 72 μM

prediction 1c 62 58

prediction 2d 35 38

cFos Tm (�C)a 10 ( 0.2 39 ( 0.2

KD,37 �C
b 6.8 mM 109 μM

prediction 1c 10 28

prediction 2d 6 23

FosB Tm (�C)a 15 ( 0.2 54 ( 0.2

KD,37 �C
b 3.7 mM 1.7 μM

prediction 1c 26 49

prediction 2d 7 25

Fra1 Tm (�C)a 17 ( 0.3 44 ( 0.3

KD,37 �C
b 2.9 mM 47 μM

prediction 1c 14 37

prediction 2d 1 20

Fra2 Tm (�C)a 18 ( 0.4 45 ( 0.1

KD,37 �C
b 3.5 mM 37 μM

prediction 1c 29 51

prediction 2d 3 21

homodimer Tm (�C)a 19 ( 0.1 45 ( 0.1

KD,37 �C
b 3.8 mM 34 μM

prediction 1c 47 104

prediction 2d -1 37

aThermal unfolding value taken from circular dichroism studies using eq
1 (Figure 2). bCorresponding KD,37 �C values were estimated from a plot of
ln KD vs temperature using fraction unfolded (fu) data from the transition
region. cPredicted thermal melting values based on the bZIP coiled coil
interaction prediction algorithm (bCIPA) (17). dBase-optimized weight
scoring taken from the bZIP Coiled Coil Scoring Form (33).
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two-state model (22, 23). Our own studies have shown, at least
for cFos-JunW-based peptides, that folding occurs via an inter-
mediate that is undetectable in equilibrium denaturation experi-
ments (24).

RESULTS

We previously screened a library based on cJun to derive a
peptide (JunWCANDI) capable of binding specifically and with
high affinity to cFos in the presence of a cJun competitor. In
contrast, selection of a cFos-based library designed to yield a
high-affinity binder for cJun in the presence of a cFos did not
yield the desired specificity. This was caused by the fact that the
eight randomized positions were collectively unable to generate a
peptide that could target cJun specifically in the presence of
cFos (25). Nonetheless, cJun is a valuable target; sequestering
cJun will release the Fos homologues which are known to be
unable to homodimerize and are therefore unlikely to give rise to
an oncogenic phenotype (26). The tested library offered a small
set of residue options at core a positions (four of five positions
with L, I, and V, all combinations which result in a high
interaction stability with cJun) and e/g positions [four of eight
positions with g2 (E, Q,R), g4 (E, Q), e3 (Q, R), and e4 (L, Q, R)]
and ultimately failed because the peptide library lacked the
electrostatic and core options able to collectively impose speci-
ficity upon the library winner (25). Continuing from these
findings, we investigate whether modification of either the a or
e/g residues alone would be sufficient to confer specificity upon
the interaction with the target solely based on positive design.
FosWCore Randomization. The core a library contained 12

residue options (codonNHT=F, L, I, V, S, P, T, A, Y,H, N, or
D) at four of five a position residues. The central Asn residue a3,
which pairs with Asna30 in the desired state, was not changed as
this Asn-Asn pairing is key inmaintaining the dimeric specificity,
orientation, and dimer heptad alignment (27-29) and contri-
butes -2.4 kcal/mol of pairing energy for the desired Fos-Jun
species (30). Since Fos contains Lys at a3, the Asn-Lys pair
for nondesired complexes is unfavorable (0.1 kcal/mol).
The residue pairings are, however, identical for FosW and
FosWe/g (see Figure 1). Likewise, the electrostatic e/g residues

of FosWCore as well as all outer residues (b, c, and f positions)
were identical to those of FosW.

All four residues were selected by the third passage in liquid
growth PCA competitions. Reassuringly, it is noteworthy that
from the 12 possible residue options, only I, V, and A were
selected, all of which are of high helical propensity, individually
make significantly different contributions to overall dimer stabi-
lity (see Figure 1), and are the most abundant residues in both
natural and designed dimeric coiled coil interfaces (30). The
overall residue changes of FosWcore relative to FosW were
therefore as follows: a1 Leu f Ile, a2 Ile f Val, a4 Ile f Val,
and a5 Leu f Ala.

In the characterization of the stability as a heterodimer with
individual peptides from the competing fusion helix, the PCA-
selected FosWCore was found to bind to its target cJun with the
highest stability (Tm = 45 �C) and to all of the competitors with
significantly lower stability [Tm = 10, 15, 17, and 18 �C
for complexes with cFos, FosB, Fra1, and Fra2, respectively
(Table 2 and Figure 2)]. In addition, FosWCore homodimerized
with a Tm of only 19 �C in stark contrast to FosW (homodimeric
Tm = 57 �C), where core options were limited to three residues
(L, I, and V).

The difference between desired heterodimer and nondesired
homodimer stabilities for FosWCore versus FosW a residues is
most likely due to the loss of one Ile-Ile pair (a4), and the
introduction of an Ala-Ala pair (a5) in FosWCore, resulting in a
loss of ∼8.8 kcal/mol according to published energy differ-
ences (27, 28) (Figure 1). The Ile-Ile core residue pair buries a
significant amount of hydrophobic material and makes a large
contribution to the free energy of folding [e.g., ΔΔGAAfII =
-9.2 kcal/mol (27, 28)]. In this respect, a slight decrease in the
stability of the desired state (Ile-Ala for FosW-cJun andVal-Ala
for FosWCore-cJun at a4-a40) is outweighed by the larger
energy difference in the nondesired homodimer (ΔΔΔGIAfVA =
1.8 kcal/mol vs ΔΔΔGIIfVV = 3.8 kcal/mol) (Table 3). There-
fore, FosWCore binds to Fos homologues with low stability,
whereas FosWbinds Fos homologues with rather higher stability
[Tm values of 10-19 �C for the former and 52-61 �C for the latter
(see Table 2)]. This is possibly also due to the removal of an Ile-Ile
a4-a4 pair.

Table 3: Energetic Contributions of Core a-a0 Coupling Energies

a1-a10 a2-a20 a3-a30 a4-a40 a5-a50 total

ΔΔG (FosWCore/cJun)
a II -9.2b VV -5.4 NN -2.4 VA -2.4 AV -2.4 -21.8

ΔΔG (FosWCore/Fos) IT -1.5 VT -1.3 NK -0.1 VI -6.2 AK 1.3 -7.8

ΔΔΔG (FosWCore/cJun - FosWCore/Fos)
c -7.7d -4.1 -2.3 3.8 -3.7 -14.0

ΔΔG (FosWCore/FosWCore) II -9.2 VV -5.4 NN -2.4 VV -5.4 AA 0 -22.4

ΔΔΔG (FosWCore/cJun - FosWCore/FosWCore) 0.0 0.0 0.0 3.0 -2.4 0.6

ΔΔG (FosWe/g/cJun)
e LI -5.8 IV -6.2 NN -2.4 IA -4.2 LV -4.5 -23.1

ΔΔG (FosWe/g/Fos) LT -0.9 IT -1.5 NK -0.1 II -9.2 LK -1.2 -12.9

ΔΔΔG (FosWe/g/cJun - FosWe/g/Fos) -4.9 -4.7 -2.3 5.0 -3.3 -10.2

ΔΔG (FosWe/g/FosWe/g) LL -5.2 II -9.2 NN -2.4 II -9.2 LL -5.2 -31.2

ΔΔΔG (FosWe/g/cJun - FosWe/g/FosWe/g) -0.6 3.0 0.0 5.0 0.7 8.1

difference (FosWCore - FosWe/g)

(desired - undesired heterodimer)

-2.8f 0.6 0.0 -1.2f -0.4 -3.8

difference (FosWCore - FosWe/g)

(desired - undesired homodimer)

0.6 -3.0 0.0 -2.0 -3.1 -7.5

aBoldface indicates the desired heterodimeric FosWCore-cJun or FosWe/g-cJun interaction. bValues are given in kilocalories per mole and were taken from
ref 30. cItalics indicate the difference between the desired interaction and the indicated competing interaction, i.e., either interaction with Fos or homodimeriza-
tion. dUnderlined values emphasize more stable interactions for the desired state compared to the competing state. eEnergetic contributions for many
e/g coupling energies are not known (GA/GQ/GE/EL/EQ/QT/KT), and therefore, no estimation of the overall contribution to stability for electrostatics could be
established. fNote that the bulk of the specificity of FosWCore for cJun relative toFosWe/g for cJun comes from the I-I pair at the a1 and a10 positions in the desired
state for the former (-2.8 kcal/mol) and the I-I pair introduced at the a4 and a40 positions in the nondesired state for the latter (-1.2 kcal/mol).
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The selection of Ala at position a5 of FosWcore appears to be
important, as this contributes favorably in the desired complex
paring with Va50 (ΔΔGAV = -2.4 kcal/mol) relative to Ala-Ala
pairs in the homodimer (ΔΔΔGAVfAA = 2.4 kcal/mol). In
contrast, in FosW, leucine at a5 gives L-V (-4.5 kcal/mol) for
the desired and L-L (-5.2 kcal/mol) for the nondesired homo-
dimer and, thus, similar energetic differences between desired and
nondesired states (ΔΔΔGLVfLL = -0.7 kcal/mol) (Table 3).
Although the Jun and Fos cores are distinct, cores for all Fos
homologues are the same. In essence, therefore, the FosWCore

library needs only to make two distinctions. In contrast, e/g
residues are slightly different for every Fos homologue as well as
in the desired cJun target (see Figure 1 and Table 3).

Summing the overall energetic contributions (Table 3) reveals
that the gain of one Ile-Ile pair (for FosWCore-cJun a1-a10) and
the loss of a different Ile-Ile pair (for FosWCore-Fos a4-a40) are
responsible for the bulk of the favorable free energy for the
FosWCore-cJun pair relative to other dimeric pairs. Explicitly,
the a1-a10 Ile-Ile pair of FosWCore-cJun is replaced by an
Ile-Thr pair for FosWCore-Fos-based dimers, representing
a favorable energy difference of 7.7 kcal/mol for the desired
species (compared to an energy difference of only 4.9 kcal/mol in
the case of FosW-cJun vs FosW-Fos). In contrast, whereas
FosW-cJun contains a favorable Ile-Ala pair, in FosW-Fos
dimers the a4 and a40 positions are occupied by an Ile-Ile pair,
representing a-5.0 kcal/mol energetic contribution toward these
nondesired complexes. Consequently, large energetic gains are a
result of these Ile-Ile changes, for the a1-a10 Ile-Ile pairs
(FosWCore-cJun) in the desired state, and via removal of
stabilizing Ile-Ile a4-a40 pairs (FosW-Fos) in the nondesired
state (see Table 3).

These results imply that a negative design strategy may not be
implicitly required in the design process because of a large
number of options available in the library that result in a large
energetic contributory range accessible to the core. The core may
alreadybe close or at the optimumand thus exert enough stability
on the desired interaction for specificity to be generated without
being implicitly required by a negative design strategy (20, 29, 30).
Using this information at the start of the design process could
significantly simplify the overall approach.
FosWe/g Randomization. In a second library, all six electro-

static e/g residues that make specific contacts in the target helix
were randomized. Both positively and negatively charged as well
as polar residues were introduced into this e/g library (codon
VRG = Gln, Lys, Arg, Glu, and Gly). The overall changes for
FosWe/g relative to the FosW template were as follows: g2Argf
Gly, e2GlufGly, and e4GlnfLys. FosWe/g was found to bind
cJun with a Tm of 41 �C. However, it did so with all of the
competing states, with Tm values of 39 �C (with cFos), 54 �C
(withFosB), 44 �C (with Fra1), 45 �C (withFra2), and 45 �C (as a
homodimer) (Figure 2 and Table 2). One surprising finding was
that the selection of Gly at positions e2 and g2 did not
compromise the stability of the helix enough to significantly
impair the dimeric Tm values. The introduction of a glycine
residue option was originally intended to serve as a negative
control and was not predicted to have been selected. Rather, as a
consequence of the increased Ramachandran space accessible for
a glycine side chain (31), its inclusion in FosWe/g was expected to
have led to an overall loss of helical stability, although a Tm of
41 �C for FosWe/g-cJun suggested that this was not as pro-
nounced as might have been expected. Indeed, Agadir (32, 33)
predicts FosWe/g to have a higher helical content than FosWCore,

a higher helical content thanFosWat itsN-terminus, and an only
marginally lower helical content than FosW at the C-terminus
(Figure 3). Another general hypothesis for why strong energetic
discrimination was not possible in this system comes from
the lower energetic contribution to stability from e/g pairs;
the greatest measured contribution relative to an AA pair
(i.e., ΔΔG) is -1.45 kcal/mol for an E-R pair, in comparison
to aΔΔG of-9.2 kcal/mol for an I-I pair in the core. This means
>6-fold more stability is offered by an optimal core pairing than
an optimal e/g pairing, relative to an A-A pair at the respective
positions. This suggests that gaining specificity (negative design)
as a consequence of positive design is perhaps too demanding a
task for this selection. Hydrophobic core residues additionally
make their contribution early in the folding pathway, favoring
the folded state by lowering the energetic barrier to folding (24).
In addition, the five core a residues for competing states are the
same (T, T, K, I, and K for a1, a2, a3, a4, and a5, respectively),
meaning that only one residue change is required to create
significant energetic differences between the desired state and
nondesired states. In contrast, the e/g residues of competing
states differ from each other as well as the target.
Growth Competitions. In addition to thermal denaturation

studies, the influence of competing states was assessed using
bacterial growth competitions. This involved transformation of
E. coli BL21 containing a target peptide (cJun) together with the
PCA selectionwinner peptide (either FosWCore or FosWe/g), both
as DHFR fragment fusions. Cells contained another plasmid
conferring tetracycline resistance and expressing either a Fos

FIGURE 3: Helical content predictionat the residue level as calculated
by AGADIR (32, 33). The increased helicity of Fos-based PCA
selectedwinner peptides is shown relative to that of cFos. cFos (black
line) has the lowest helical propensity (<20%) throughout the
sequence. FosW (blue) has improved helical propensity, particularly
at the C-terminus, whereas FosWe/g (magenta) has a higher predicted
helicity than FosW toward the N-terminus but also maintains a
relatively high helicity at the C-terminus. In contrast, FosWCore (red)
has a lower predicted helicity than FosW or FosWe/g, but an
improved helicity relative to that of the cFos parent sequence. These
predictions agree well with absolute helical signals at 222 nm taken
from thermal melts, where at 37 �C θ222 =-13000,-17914,-5062,
and -3914 for FosW, FosWe/g, FosWCore, and cFos, respectively.
Shown below are the sequences corresponding to the above residue
number.
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homologue fusion peptide competitor or a six-residue mock
sequence as a control. The Fos homologue fusion peptide
competitor consisted of a (His)6 tag-cFos-FosB-Fra1-Fra2-
eGFP fusion protein (each helix is separated by Gly-Ala-Pro-
Ala-Ser linkers designed to disrupt helicity and to add flexibility
between helices). The competing sequencewas created as a fusion
protein for simplification of the system (rather than expressing
four proteins separately) and was expressed on a third plasmid in
the absence of a DHFR fragment fusion (25). It should be noted
that all possible pairings of cFos, FosB, Fra1, andFra2 have been
previously characterized (17, 18) and are known tobe particularly
unstable (all Tm values range from -19 to 1 �C, with the
exception of homodimeric Fra2, which displays a Tm of 19 �C),
and therefore, the Fos homologue fusion peptide competitor is
not predicted to self-associate in the cell. In addition, using anNi-
NTA column, we were able to purify several milligrams of the
green fusion protein from just 1 L of bacterial culture, indicating
that the fusion peptide is well expressed and not susceptible to
significant amounts of proteolytic degradation.

Under selective conditions, E. coli growth rates for PCA
winning cells were monitored when they were additionally
transformed with either the cFos-FosB-Fra1-Fra2 fusion or
the mock sequence, and the growth rates of the cells were
compared. In this scenario, the reduction in growth rate caused
purely by the loss in specificity of the winner for cJun could be
determined (see Figure 4).

Since FosWe/g has a high homodimeric stability (45 �C) relative
to that of FosWCore (19 �C), growth competitions conducted
under selective conditions in the presence of amock helix revealed
that cells expressing cJun-DHFR1 and FosWe/g-DHFR2 took
in excess of 11 h to reach an OD600 of 0.05 (from 0.01) compared
to less than 4 h for FosWCore-DHFR2 (see Figure 4). This effect
is enhanced when the cFos-FosB-Fra1-Fra2 competing
helix is expressed instead of the mock peptide: Cells expressing

FosWCore reached an OD600 of 0.05 in just <6 h, whereas cells
expressing FosWe/g took some 27 h. This is in close agreement
with the thermal melting data (Figure 2 and Table 2) that demo-
nstrate FosWe/g forms a stable dimer with all nondesired species
(dimer stabilities range from 39 to 54 �C, compared to 41 �C for
the desired interaction), whereas FosWCore does not (dimer
stabilities range from 10 to 19 �C, compared to 45 �C for the
desired interaction). Lastly, as a control, cells expressing the
previously selectedFosW(17) grew at a rate comparable to that of
FosWCore despite distinctly different thermal melting values with
cJun (63 �C for cJun-FosW vs 45 �C for cJun-FosWCore),
suggesting that this excess of stability of FosW is partially
compromised by the higher stability of the nondesired complexes
(Tm = 61, 52, 54, 56, and 57 �C for complexes with cFos, FosB,
Fra1, Fra2, and the FosW homodimer, respectively).

It is also notable that the difference in growth rates for cells
expressing FosW, cJun, and the cFos-FosB-Fra1-Fra2 fusion
protein relative to those expressing a mock helix did not vary
significantly from that of FosWCore cells expressing fusion helix
relative to themock sequence (Figure 4). This is likely to be due to
the fact that for FosW the desired state is very stable and favored
over the nondesired states, albeit with a difference of only 2 �C for
the most stable nondesired state. FosWCore is specific with or
without expression of the fusion helix, and therefore, no large
reduction in growth rate is observed. In stark contrast, the
growth rate of cells expressing FosWe/g and the Fos homologue
fusion peptide competitor was significantly reduced relative to
that of the mock sequence. This effect can be explained by the
similarity in energies of desired and nondesired states with four
nondesired complexes displaying slightly higher stability than
the desired state.

DISCUSSION

Wehave demonstrated the ability of PCA to generate a peptide
(FosWCore) that is both stable and specific for cJun. This peptide
was based on a previously selected FosW template (17).
Importantly, it was generated from a library with more options
than those open to the FosW selection, but in which only core
residues (a1, a2, a4, and a5) were randomized, generating 12
residue options for each position. The resulting FosWCore-cJun
dimer displayed aTm of 45 �C and aΔTm of 26 �Cwith respect to
the next most stable competing interaction (FosWCore homo-
dimer). Indeed, although residues selected at positions a1, a2, and
a4were contained within the first library, Ala selected at position
a5was not. As described previously, this Ala was very important
in reducing the stability of the homodimer, i.e., negative design.
Consequently, for the assay, the larger energy difference between
the desired and nondesired pair seems to bemore important than
the higher stability of the first FosW. This is seen in the growth
experiments with the mock peptide.

In contrast, a FosW-based library that was randomized to
produce five options at all six contacting electrostatic positions
did not yield a peptide (FosWe/g) capable of conferring specificity
for cJun.

Additionally, the PCA selection is likely to reach an optimum
and go into saturation if enough active enzyme is made, with
variation in expression levels also possibly influencing assay
performance (32). Indeed, both FosWCore and FosWe/g se-
quences, despite being less stable than their parent FosWpeptide,
bound to cJun with high stability [FosWCore-cJun Tm = 45 �C,
FosWe/g-cJun Tm = 41 �C, and FosW-cJun Tm = 63 �C

FIGURE 4: Bacterial growth rates for E. coli BL21 cells expressing
cJun-DHFR1 (AmpR), pREP4 (KanR) for lac repression, and either
FosWCore or FosWe/g (CmR). A fourth plasmid (tetR) expressed
either a short six-amino acid mock peptide or the Fos homologue
fusion peptide competitor (cFos-FosB-Fra1-Fra2-eGFP). The
mock sequence was included as a control for reduced bacterial
growth rates due to additional antibiotic stress. M9 starter cultures
were created in duplicate and grown to midlog phase, before assay
growths were initiated at an OD600 of 0.01. The growth rate of cells
expressing FosWCore was only slightly retarded for cells expressing
the Fos homologue fusion peptide competitor (black dashed line)
relative to the mock peptide (black solid line). In contrast, cells
expressing FosWe/g and the mock sequence (blue solid line) grew
much slower, and expression of the Fos homologue fusion peptide
competitor (blue dashed line) retarded this growth rate considerably
further.Also shown is the originalFosWsequencewithmockpeptide
(red solid line) and with fusion competitor peptide (red dashed line).
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(Figure 2)]. The effect of large FosW-based libraries, semirando-
mized at either core or electrostatic positions, on the stability and
specificity of binding with cJun produced three observations.

(i) Because of the larger energetic range of contributions that
are permissible, the core residues are able to generatemuch larger
energetic gaps between desired and nondesired complexes and
with fewer residue changes, making possible negative design as
a byproduct of positive design. (ii) Fos cores are the same for
all four homologues, whereas the e/g residues are distinct for
each,making negative designmore achievable for the core library
relative to the e/g library. As a consequence of observations
(i) and (ii), (iii) there must be many preferential e/g changes for
the desired interaction if specificity is to be achieved via electro-
static-based libraries alone.

It should also be noted that, as is the case with cFos-cJun,
when all proteins are present in solution, the lower the stability of
the homodimeric winner, the more the equilibrium is shifted in
the direction of the more stable (desired) species. This scenario
would favor a stable and specific interaction of the antagonist
with its target, as is the case for FosWCore. This is verified by
growth competitions, which show that FosWCore-cJun confers
faster growth than FosWe/g-cJun because of the relative in-
stability of homodimeric FosWCore. This is exacerbated by
expression of the cFos-FosB-Fra1-Fra2 competitor peptide
which, in agreement with thermal melting data, binds FosWe/g

with higher affinity than even the desired complex (Tm values
range from 39 to 54 �C with two of these exceeding the Tm of the
desired state by 9 �C) than FosWCore (Tm values of 10-19 �C).

Since we are now able to achieve reasonable stabilities for
the desired state, with KD values in the low micromolar range
(see Table 2), our next aim is to reduce the size of peptide
libraries that are being screened. This large-scale task will
require a significant amount of time to undertake and will use
the findings of this study as a basis for initial designs. In
particular, shortened peptides will serve a 2-fold purpose. (i)
Peptides are moved toward the range of more druggable
peptidomimetic-based molecules. (ii) Using smaller peptides,
a proportionally larger range of residues can be randomized in
the screening process. It should be noted that despite this task
being beyond the scope of this initial study, we anticipate that
FosWCore in particular will form an excellent starting point for
further optimization involving semirandomized residues at core
and electrostatic positions. Subsequently, a greater relative pro-
portion of the overall molecule can be randomized in future
reduced length peptides for efficient screening of residue options.
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