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ABSTRACT: Activating transcription factor 3 (ATF3) is an activation
transcription factor/cyclic adenosine monophosphate (cAMP) responsive
element-binding (CREB) protein family member. It is recognized as an
important regulator of cancer progression by repressing expression of key
inflammatory factors such as interferon-γ and chemokine (C−C motif)
ligand 4 (CCL4). Here, we describe a novel library screening approach that
probes individual leucine zipper components before combining them to
search exponentially larger sequence spaces not normally accessible to
intracellular screening. To do so, we employ two individual semirational
library design approaches and screen using a protein-fragment comple-
mentation assay (PCA). First, a 248,832-member library explored 12 amino
acid positions at all five a positions to identify those that provided improved
binding, with all e/g positions fixed as Q, placing selection pressure onto the
library options provided. Next, a 59,049-member library probed all ten e/g positions with 3 options. Similarly, during e/g library
screening, a positions were locked into a generically bindable sequence pattern (AIAIA), weakly favoring leucine zipper formation,
while placing selection pressure onto e/g options provided. The combined a/e/g library represents ∼14.7 billion members, with the
resulting peptide, ATF3W_aeg, binding ATF3 with high affinity (Tm = 60 °C; Kd = 151 nM) while strongly disfavoring
homodimerization. Moreover, ATF3W_aeg is notably improved over component PCA hits, with target specificity found to be driven
predominantly by electrostatic interactions. The combined a/e/g exponential library screening approach provides a robust,
accelerated platform for exploring larger peptide libraries, toward derivation of potent yet selective antagonists that avoid
homoassociation to provide new insight into rational peptide design.

■ INTRODUCTION
Activating transcription factor 3 (ATF3), a member of the
mammalian ATF/cyclic adenosine monophosphate (cAMP)
responsive element-binding (CREB) protein family, is a stress-
induced transcription factor implicated in the modulation of
immunity and oncogenesis in various cancers, including
prostate, breast, colon, lung, and liver cancers.1 ATF3
homodimerizes or forms heterodimers with various partners
via interactions between basic leucine zipper (bZIP) domains
that bind the consensus cAMP response element (5-
GTGACGT[AC][AG]-3) with varying affinities. Generally,
homodimeric ATF3 serves to repress transcription of target
genes that are involved in immune modulation, including
interferon γ, chemokine (C−C motif) ligand 4 (CCL4), and E-
selectin, thereby impairing macrophage migration and the
recruitment of immune cells. ATF3 similarly plays an
important role in repressing IL-6, IL-12, and other cytokine
genes downstream of Toll-like receptor 4 (TLR4), by directly
antagonizing NF-κB and AP-1 driven promoters and providing
negative feedback to contain excessive inflammatory responses
(Figure 1).

Expression of ATF3 is induced by a range of intra- or
extracellular signals, causing it to form dimers which either
activate or repress gene expression depending on the condition
of the cell and promoter by transmitting signals from different
receptors.2 ATF3 is a direct target of the Wnt/β-catenin
pathway, where tumor-intrinsic Wnt/β-catenin activation
induces ATF3 expression and inhibits the transcription of
the pro-inflammatory chemokine macrophage inflammatory
protein (MIP)-1β (also referred to as CCL4).3 The
consequence of this signaling cascade is reduced tumor
infiltration and activation of CD103+ dendritic cells, resulting
in resistance to checkpoint blockade due to reduced CD8+ T
cell priming and infiltration.4 In certain cancers, ATF3 has
been shown to display oncogenic behavior via induction of
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metastatic mediators FN-1, TWIST-1, and Slug or suppression
of GADD153, a known pro-apoptotic gene.5 Alternatively,
ATF3 has been shown to display tumor suppressing activities
by repressing transcription of cell cycle genes (such as cyclin
D1 and ID1) and cell survival genes (such as IRS2).6 Selective
ATF3 antagonist peptides therefore represent powerful
potential tools to elucidate the role of ATF3 in cancer
progression and a novel approach to enhance antitumor
immunity in the context of many cancer types. Targeting bZIP
transcriptional regulators such as ATF3, however, have
presented a significant challenge. This class of protein−protein
interaction (PPI) lacks the requisite hot spots for high-affinity
or selective binding by small molecules. Additionally, ATF3
predominantly locates and functions in the nucleus, rendering
targeting via larger biologics such as antibodies technically
impractical. To overcome these obstacles, an alternative
approach is to selectively target ATF3 using designed peptide
inhibitors and abrogate ATF3 oncogenic function directly.
ATF3 dimerization via the leucine zipper motif is essential

for DNA binding and represents a novel approach to

antagonize a previously undruggable target. We focus on the
selective targeting of the ATF3 leucine zipper dimerization
domain using intracellular peptide library screening. The
leucine zipper provides a direct link between the primary
sequence and the highly specific nature of the quaternary
structure vital to ATF3 dimerization and activity. The periodic
pattern of hydrophobic and electrostatic interactions within
heptad repeats observed in coiled coil dimers is well-defined
and provides confidence in a library design approach. To
derive a selective peptide that binds and disrupts the ATF3
homodimer without itself homodimerizing, we utilized the
combination of two distinct semirational library design
approaches that focus on the core a and flanking e/g
components, respectively. The approach is highly appealing
in that two smaller libraries accessible to intracellular screening
platforms can be individually probed and then combined to
sample sequence spaces that are exponentially larger than
either component. The approach has been employed to enable
the identification of a library member with high affinity and
selectivity for the oncogenic immune modulating transcription
factor ATF3.

■ RESULTS AND DISCUSSION
Library a and e/g Design and Protein-Fragment

Complementation Assay (PCA) Strategy.We describe two
individual semirational library designs that allow for a pairwise
exponentially large library to be probed when combined. This
involves one library with 12 residue options at all five a
positions (125 = 248,832 members, importantly containing the
most typical coiled coil forming residues L, I, V, A, N, in
addition to options F, Y, H, D, S, P, T) and a second library
with Q/E/K options (polar/negative/positive) typically found
across all ten e/g residues of the LZ (310 = 59,049) to provide a
combined library of almost 1.5e10 sequences. Both libraries
were individually screened against ATF3 by PCA and hit
sequences were combined to give an effective antagonist
(Figures 2 and 3). Overall, the approach gives high confidence
in both the screening elements and the subsequent combining
of individual library elements.
Library a focused entirely on the a position at the core of the

coiled coil to identify residues providing optimal hydrophobic
packing at the coiled coil dimer interface and thus LZ stability.
To direct selection pressure onto the core a residues, the role

Figure 1. Overview of ATF3 activity in cancer. ATF3 plays an
important role in host defense by regulating immune responses and
cancer progression. In inactive immune cells, that include macro-
phages, natural killer cells, and CD4+ cells, it is expressed at low
levels. Once these cells are activated by various signaling pathways
including by TLRs (Toll-Like Receptors), cytokines, and antigen
presentation, they become rapidly induced. ATF3 then binds to target
promoters to regulate transcription. It appears to directly antagonize
NF-kB and AP-1 driven promoters, resulting in reduced expression of
certain cytokines. Controversially, ATF3 is also proposed to play a
role as both a tumor suppressor and an oncogene. Figure adapted
with permission from ref 7. Copyright Keai publishing 2017.

Figure 2. ATF3 library a and library e/g design and screening presented in the diagrams of helical wheels. Options at each position within Lib a
were FLIVYHNDSPTA. Options at each position within Lib eg were QEK. Helical wheel diagrams were generated using DrawCoil 1.0, https://
grigoryanlab.org/drawcoil/.11
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of electrostatics interactions in LZ dimerization was de-
emphasized by fixing all e/g positions as Q, an amino acid that
has been shown to be generically favorable at these positions,
being neither favored nor disfavored for many opposing
residues (e.g., K, Q, R, E) typically located at corresponding
positions on the target helix.8

The second e/g library was next probed to identify the most
appropriate electrostatic interactions to engage the ATF3
target. In this library, the role of the core a position similarly
was de-emphasized to provide only a weak overall contribution
to dimer formation. To achieve this, hydrophobic bulk was

removed from the core to ensure formation of a parallel dimer,
without this element being a key driver (i.e., a1−a5 =
AIAIA).9,10 Two Ile residues provided sufficient favored
hydrophobicity to promote LZ formation but were insufficient
for the core alone to dictate high affinity binding. The
placement of these residues at position a (AIAIA) pushes the
selection pressure onto the e/g residues during the screening
process. Recombination of the two hits from distinct in-cell
PCA screens yielded a selective antagonist from the
exponential sampling of the two libraries. During library

Figure 3. ATF3 library a and e/g designs. During library design for PCA screening, peptide options were semirandomized. Lib_a: all five a positions
were semirandomized to provide 12 options (FLIVYHNDSPTA5 = 248,832 options) while all 10 e/g positions were fixed as Q to provide a generic
electrostatic option predicted to provide weak nonselective affinity. Lib_e/g: All 10 e/g positions were semirandomized to provide 3 options
(QKE10 = 59,049 members) while core a positions were fixed as AIAIA to facilitate parallel dimeric coiled coil formation of low affinity to place a
strong selection emphasis upon the electrostatic component. Shown are hydrophobic options at core interfacial positions (a) and charged/polar
options which are present at flanking positions (e/g). In particular, the g and e positions have been semirandomized to provide attractive and
repulsive options with corresponding positions on the target. Likewise, interfacial a positions were semirandomized to generate a range of options
that included aliphatic hydrophobic side chains, as well as Asn, Ala, and aromatic options (Phe, Tyr, His). Positions c and d positions were fixed as
A and L, respectively (position b2 was fixed as Y for quantification purposes). The appeal of the approach is that the two libraries can be
exponentially combined to produce a library size of ∼14.7 billion members that is inaccessible to intracellular screening platforms.

Figure 4. Protein-fragment complementation assay. Both library a and e/g selections were carried out in bacteria. During PCA, members that bind
to the ATF3 leucine zipper result in the recombination of the murine dihydrofolate reductase (mDHFR) enzyme, leading to the generation of
colonies under M9 selective conditions (with bacterial DHFR selectively inhibited using the antibiotic trimethoprim). Those peptides displaying
the highest affinity for ATF3 conferred the fastest cell growth rates. Subsequent competition selection passages were then undertaken in liquid
medium to enrich potential PCA winners with the highest efficacy. PCA is additionally performed in the cytoplasm of E. coli, meaning that
nonspecific, toxic, unstable, aggregation-prone (insoluble), and protease-susceptible members are removed.
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building and selection, library accuracy and residue variations
were verified by DNA sequencing (Figure S1).

PCA Screening and Selection. During PCA, half of the
enzyme murine dihydrofolate reductase (mDHFR) was
genetically fused to the ATF3 target, with the second part

Figure 5. Helical wheel representations of potential interactions with the PCA selected ATF3W_a and ATF3W_eg sequences as well as combined
sequence ATF3W_aeg. ATF3-ATF3W_aeg heterodimeric and ATF3W_aeg homodimeric helical wheel diagrams show hydrophobic residues at
core positions (a/d) as well as charged residues present at the surrounding positions (e/g). The d positions were held as Leu in order to maintain
the leucine zipper structure. The ATF3-ATF3W_aeg interaction contains favorable electrostatic (blue dashed line) and core interactions to drive
formation of the coiled coil. In contrast, the ATF3W_aeg dimer displays unfavorable electrostatic interactions (red dashed line) and van der Waals
interactions with the core, disfavoring its formation. Helical wheel diagrams were generated using DrawCoil 1.0, https://grigoryanlab.org/drawcoil/
.11
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fused to the protein library. During PCA selection, only those
library members capable of binding to the ATF3 target, within
the complex intracellular environment, resulted in a recombi-
nation of the two mDHFR halves, rendering the enzyme active
under selective conditions leading to bacterial colony
formation (Figure 4). For both libraries, single step PCA
selection was carried out using M9 agar plates under selective
conditions and was followed by competition selection in liquid
M9 medium to enrich for the most effective sequences. This
process resulted in one clean sequence after seven serial
passages for Library a selection: QLAALQQQAYALQQQ-
NAALQKQVAALQQQIAALQ, ATF3W_a; one clean sequenc-
ing for Library e/g selection: EAAALEQKIYALKQEAAALE-
KEIAALEQKAAALK, ATF3W_eg. The selected sequences
from the two library screens were combined. The resultant
combined peptide (ELAALEQKAYALKQENAALEKEVAA-
LEQKIAALK, ATF3W_aeg) represents the most effective
ATF3 binding sequence from 14.7 billion peptides (125 × 310)
via an exponential sampling of the two libraries. DNA
sequencing results from PCA library pools and individual
colonies are presented in Figure S2.
Helical wheel projections of the selected peptides were

inspected to identify potential homo- and heterodimer
interactions toward the target ATF3 (Figure 5). These

diagrams show the hydrophobic interface and core positions
(a/d) as well as electrostatic or polar residues present at the
surrounding positions (e/g). Leu residues at core d positions
were left unchanged to maintain both the parallel nature and
dimeric oligomeric state of the leucine zipper structure. The
ATF3-ATF3W_aeg heterodimer contains six favorable E−K
electrostatic interactions between e and g positions. In contrast,
the ATF3W_aeg homodimer contains ten unfavorable electro-
static interactions (6 E−E and 4 K−K). Similarly, the ATF3
target homodimer contains two electrostatic E−E repulsions.
Therefore, the electrostatic component of ATF3W_aeg
provides a much greater scope for on-target stabilization,
while readily overcoming potential target dimers and avoiding
homodimerization, freeing the molecule for target engagement
and enhancing interaction specificity. Core residues within
ATF3 deviate from designed “peptide Velcro” leucine zippers,
are less favorable for hydrophobic packing, and are more
difficult targets in terms of intuitive library design options. In
particular, the ATF3 core a positions consist of T/S/K at a1,
a2, and a5 respectively. Only N and I at positions a3 and a4
are characteristic of a typical leucine zipper. A key strength of
the combined Library a and Library e/g approach is that a
broader range of amino acids can be explored for the requisite
directed evolution to occur, particularly at the positions where

Figure 6. CD spectra data indicates a ATF3-ATF3W_aeg interaction. CD spectra are shown for (a) ATF3, (b) ATF3W_aeg, and (c) ATF3-
ATF3W_aeg, with all samples premixed at 1:1 stoichiometry. Spectra were next measured at 20 and 5 °C and again post-thermal denaturation (PM
20 °C to establish reversible that unfolding is fully reversible) at a total peptide concentration of 150 μM and presented as mean residue ellipticity
(MRE). (d) CD spectra are shown at 20 °C for ATF3 and ATF3W_aeg alone and mixed, the latter demonstrating a significant gain in measured
signal (black) over the average of the two component signals (red hash). All spectra are indicative of helical structures. All experiments were
performed in 10 mM potassium phosphate and 100 mM potassium fluoride (pH 7.0). CD spectra for interactions with component ATF3W_a and
ATF3W_eg peptides are shown in the Supporting Information.
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residues capable of forming desired on-target interactions are
harder to predict. Within the 12 options, canonical L/I/V/A/
N options were provided, as well as aromatic alternatives F/Y/
H (and P via unavoidable coding), and polar options N/D/S/
T. The broad options provided mean that library a can sample
a greater peptide space to engage the unusual ATF3 core
arrangement by potentially selecting residues seldom observed
at the core of coiled coils. Interesting, mostly canonical core
residues were selected, with the small side chain of Ala selected
at positions a2 to accommodate S/T of ATF3. Alanine
selection is also expected to destabilize the potential for
ATF3W_aeg homodimer formation. In addition, Ile was
selected at position a5 and is in proximity of an a5 K in
ATF3. Reassuringly, from the 12 options provided, N was
selected at a3 where it is predicted to guide interaction
specificity via formation of an N−N hydrogen bond with a
corresponding N at a3 witin ATF3.12

Circular Dichroism Studies. Following helical wheel
inspection of PCA hits, we next sought to demonstrate both
ATF3 target-binding and selectivity, relative to potential ATF3
and winner peptide homodimers. ATF3, ATF3W_a, and
ATF3W_eg and combined hit sequence ATF3W_aeg were
synthesized using solid phase peptide synthesis, purified by RP-
HPLC, and verified for correct mass using ESI-MS (Figure
S3), after which circular dichroism (CD) was used to
characterize both ATF3 and antagonist peptides for helicity
and interactions as homodimers, as well as heterodimers with
the ATF3 target. Global secondary analysis of both
homodimeric and heterodimeric systems was carried out at a
total peptide concentration of 150 μM to keep equimolar
concentrations of each component helix. The 222/208 ratio
was used to provide evidence on whether the helices were
likely to be monomeric or adopt quaternary structure.13 The
CD spectra confirmed that all samples displayed varying
degrees of α-helical signal, with both ATF3 (Figure 6a) and
ATF3W_aeg (Figure 6b) in isolation existing as weakly
populated helical structures (∼20% and ∼38% fH, respec-
tively), with 222/208 ratios both significantly lower than 1 at
20 °C (0.49 and 0.76, respectively), further suggesting the
presence of a monomeric helix. In contrast, the ATF3-
ATF3W_aeg complex (Figure 6c) displayed a significant

increase in α-helical signature (∼68% fH), more than 3 times
that of the target ATF3, and an 222/208 ratio of 0.94,
providing further evidence toward a significant increase in
ATF3-ATF3W_aeg stability. Furthermore, incubation of ATF3
with ATF3W_aeg elicited a significant conformational change
in the sample relative to the average of the component
peptides (Figure 6d black line vs red hash), providing
compelling evidence for an interaction.14 In addition, the
component PCA hits were examined using CD. The data for
ATF3 with ATF3W_a and ATF3W_eg, respectively, are
shown in Figure S4. These data show in both cases that the
heterodimers are more stable than the average of the
component helices but less pronounced than that of the
combined ATF3-ATF3W_aeg heterodimer.
Thermal Denaturation Profiles. Following the observed

significant increase in global secondary structure content for
the ATF3-ATF3W_aeg complex relative to component
peptides (Figure 6), we next analyzed the stability of the
complex by undertaking thermal denaturation experiments
(Figure 7). In agreement with the spectra, the desired
complexes exhibit increased thermal stability. Only the upper
baseline characteristic of the denaturation profile was observed
when ATF3 was examined in isolation (Figure 7, blue),
suggesting that ATF3 was unable to self-assemble into a
complex. In contrast, when ATF3 was incubated with
ATF3W_a (Figure 7a, green), ATF3W_eg (Figure 7b,
green), or the combined molecule ATF3W_aeg (Figure 7c,
green), the intensity of the helical signal increased significantly,
leading to increased transition midpoints of 26, 52, and 60 °C,
respectively (Figure 7, black). The inability of ATF3W_aeg to
form a stable homodimer in isolation is a major advantage
inherited from the ATF3W_eg component peptide, since it
provides electrostatic repulsion that disfavors the homodimeric
complex as a potential off-target interaction, freeing the
molecule to adopt a dimerization competent state with the
target. Moreover, consistent with spectral data, the clear
increase from the average profile of the component peptides
relative to that of the measured is most pronounced in the
combined construct (Figure 7, red hash vs black). This
provides robust additional evidence for a preferential

Figure 7. CD thermal denaturation profiles demonstrate that ATF3W_aeg interacts with ATF3. Shown are thermal stabilities of peptide pairs
measured via temperature dependence of the CD signal at 222 nm. The thermal denaturation profiles for (a) ATF3-ATF3W_a, (b) ATF3-
ATF3W_eg, and (c) ATF3-ATF3W_aeg show a substantial increase in the transition midpoint (Tm = 59 °C) relative to component peptides
(black vs red hash). Experiments were performed in 10 mM potassium phosphate and 100 mM potassium fluoride (pH 7.0). All spectra were
recorded at 1 °C increments at a total peptide concentration of 150 μM and fitted to a two-state denaturation model.
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interaction between ATF3 and ATF3W_aeg that is improved
over either the core a or electrostatic e/g constructs.
Size-Exclusion Chromatography (SEC). To further

demonstrate correct peptide pairing as well as oligomeric
state, size-exclusion chromatography (SEC) was employed.
During SEC experiments, monomeric ATF3 (Figure 8, blue

line) and ATF3W_aeg (Figure 8, green line) eluted at
approximately 20 min. These contrast with the dimeric profile
observed for ATF3-ATF3W_aeg (Figure 8, black line), which
occurred at approximately 19 min. For all samples, elution
profiles were consistent with either a validated monomer or
dimer elution pattern.15 SEC experiments therefore provide
further evidence for correct pairing of the combined peptide by
demonstrating that (i) ATF3W_aeg exists exclusively as a
monomer in solution and (ii) an interaction between ATF3
and ATF3W_aeg was formed that was (iii) exclusively dimeric
in nature.
Isothermal Titration Calorimetry (ITC). To provide

additional insight into the origin of the binding affinity (KD)
between ATF3 and ATF3W_aeg, isothermal titration calorim-
etry (ITC) experiments were performed. ITC enables the free
energy of binding to be deconvoluted into entropic and
enthalpic components (Figure 9), while also providing a
stoichiometric measure of binding that further demonstrates
the population of a dimer (N = 0.72). Thermodynamic
parameters determined from ITC measurements on ATF3-
ATF3W_aeg further confirmed the interaction; titrating a
solution of 60 μM ATF3W_aeg into that of 5 μM ATF3
elicited the expected sigmoidal binding curve, with the fit
deriving a KD of 151 nM (ΔG = −9.31 kcal/mol). The free
energy of binding was predominantly driven by a favorable
enthalpic term (ΔH = −14.6 kcal/mol) and opposed by an
unfavorable entropic component (TΔS= −5.33 kcal/mol).
THP-1 Polarization Assay and CCL-4 ELISA. ATF3 is a

transcriptional repressor that regulates both the extent and

duration of pro-inflammatory gene expression.17 Specifically,
ATF3 has been implicated in the transcriptional repression of
chemokines including chemokine (C−C motif) ligand 4
(CCL4),18 also known as macrophage inflammatory protein
(MIP-1β), which promotes recruitment of additional immune
cells to inflamed tissues. In the context of cancer, ATF3 activity
counters antitumor immunity and promotes tumor growth. We
therefore explored the effect of the ATF3W-aeg antagonist
peptide on CCL4 expression in M2 anti-inflammatory
macrophages differentiated from the human THP-1 monocytic
cell line. M2 macrophages were polarized and then either
treated with ATF3W-aeg peptide, a negative control peptide,
or left untreated for 48 h. Treatment of M2 macrophages with
ATF3W-aeg significantly increased CCL4 expression, indicat-
ing inhibition of ATF3 activity, while the control peptide had
no effect (Figure 10). These findings demonstrate that the
ATF3W-aeg antagonist peptide can modulate CCL4 ex-
pression levels in human macrophages.

■ CONCLUSIONS
We describe an approach of employing two semirational
libraries that separately screen the a and e/g positions of a
component helix within a leucine zipper. By employing generic
and weakly binding residues such as Q at e/g positions or
AIAIA at a positions, the selection pressure was directed

Figure 8. SEC profiles indicate that ATF3W_aeg binds ATF3. Shown
are size exclusion chromatography profiles for interacting peptides.
The peak at approx 19 min for the ATF3-ATF3W_aeg mixture (black
trace) represents a dimeric sample while ATF3 (blue trace) and
ATF3W_aeg (green trace) generate a peak at approx 20 min,
indicating the presence of a monomer. These experiments, under-
taken at a total peptide concentration of 20 μM, provide additional
evidence for selectivity of the ATF3-ATF3W_aeg interaction. Arrows
show controls from previous peptides with elution times for a 32 mer
Fos monomeric peptide (20 min) and a 37 mer cJun−FosW
heterodimer (18.5 min).15 Figure 9. Isothermal titration calorimetry analysis of the ATF3-

ATF3W_aeg interaction. In the bottom plot, the solid line represents
the fit to the data based on the binding of a ligand to a macromolecule
using the MicroCal (GE Healthcare) Origin software.16 See Materials
and Methods for further details.
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toward the scrambled positions in the a and e/g libraries,
respectively. This also includes the possibility to direct the
component libraries against other LZ targets. Consequently,
the hydrophobic and electrostatic drivers of the desired
binding to ATF3 were optimized individually. Selected peptide
sequences from the two semirational libraries were next
combined to generate a peptide representative of a hit derived
from an exponentially greater sequence spaces (125 × 310 =
∼15 billion members) not normally accessible to intracellular
PCA screening. This “split-and-pool” strategy allows us to
tackle otherwise enormous sequence space which is inacces-
sible to the current intracellular screening capacity. A potential
risk was the possibility that e/g and a changes might not have
worked together when combined into one molecule, for
example, with interactions between d-e′ and a-g′ residues,19,20
and that the combined changes might compromise binding.
However, there is known to be minimal crosstalk between
these paired interactions, and we have previously shown that a-
a′/d-d′ and g-e′ interactions play the most significant role in
pairing.21 Furthermore, since PCA is performed in the
presence of the host proteome, nonspecific, toxic, unstable,
aggregation-prone (insoluble), and protease-susceptible pep-
tide library members are removed during screening. We find
this separate screening approach to be a highly effective
strategy for antagonist selection. Overall, the capability of the
two screening elements to be recombined into one hybrid
molecule with improved features over either component
provides high confidence in their individual ability to probe
distinct aspects of the peptide sequence for structure and
binding to target. We therefore have high confidence in both
screening elements and their ability to recombine synergisti-
cally into one molecule with improved features outperforming
either component peptides. The ability to screen a more
diverse set of amino acid options in library a is particularly
powerful when the target (e.g., ATF3) contains residues at the
core a position which deviate from the conventional coiled coil
design paradigm. At the core, some ATF3 residues favor polar
or hydrophobic interactions, with the a position consisting of
N (a3) and I (a4). ATF3W_aeg takes advantage of this core
arrangement with a3 selected as N from the 12 options

provided to capitalize on the oligomer-limiting locus of the a3
N−N interaction.12 On the other hand, library e/g identified
the most suitable electrostatic interactions to favor ATF3
binding while disfavoring off-target interactions. The ATF3-
ATF3W_aeg heterodimer consists of six favorable electrostatic
interactions between e and g residues, between oppositely
charged E and K. In contrast, ATF3W_aeg homodimers are
predicted to be destabilized via ten unfavorable K−K and E−E
electrostatic repulsions, providing robust evidence that PCA
encompasses this negative design element during selection.
These provide a greater scope for stabilization of antagonist to
target heterodimeric complexes and destabilize antagonist
homodimers to free the molecule for effective target engage-
ment providing enhanced interaction specificity.22 The in vitro
analysis of the ATF3-ATF3W_aeg interaction further proves
the stability and specificity of ATF3-ATF3W_aeg binding by
CD and ITC as it has shown that the antagonist of
ATF3W_aeg specifically interacted with the target ATF3
with a measured Kd of 151 nM and outcompeted the undesired
self-binding of ATF3W_aeg. The free energy of binding is
predominantly driven by a favorable enthalpic term (ΔH =
−14.6 kcal/mol) which outweighs the unfavorable entropic
component (TΔS= −5.33 kcal/mol). This reinforces the
design strategy and clearly shows that synergy can be gained by
creation of a hybrid molecule from the a and e/g libraries. In
the future, it may be possible to probe the role of these
positions in concert with solvent exposed b, c, and f positions
to further improve affinity via less direct mechanisms that
maintain and improve α-helical propensity, helix solubility,
intramolecular stability,20 and potentially cell permeability. In
conclusion, the combined library a and library e/g multi-
disciplinary approaches represents a powerful approach to
investigate and optimize individual components contributing
to target binding, toward the derivation of new molecules and
insights into rational drug design that can facilitate the search
of selective inhibitors for ATF3 and other bZIPs in general.

■ MATERIALS AND METHODS
A 248,832-member peptide library a combined with a 59,049-member
peptide library e/g was designed by introducing semirandomized
residue options at positions corresponding to key interfacial positions
within each heptad repeat of a coiled-coil motif (gabcdef). Each g or e
position within the coiled coil, which is critical in forming electrostatic
contacts within a coiled-coil sequence, was semirandomized to
generate Q/E/K options, with a view to generate both potential
attractive and repulsive options with the corresponding positions of
the target (Figure 3) while the core was specifically designed as AIAIA
to remove the core hydrophobicity. Similarly, all a positions
corresponding to the core region within a coiled-coil sequence (a1,
a2, a3, a4, a5) were semirandomized to generate F/L/I/V/Y/H/N/
D/S/P/T/A options while all e/g positions were fixed to generic
bindable Q. All c and d positions were fixed as A and L, respectively,
to impart helicity and further core hydrophobicity that is character-
istic of the parallel dimeric coiled-coil motif.23,24

PCA and Expression Vector Cloning. PCA has been extensively
used to derive PPI antagonists of activator protein.23 The ATF3 gene
was synthesized by overlap extension PCR: ATF3 Forward: 5′-ATA
ATA GCT AGC AAA ACC GAA TGC CTG CAG AAA GAA AGC
GAA AAA CTG GAA AGC GTG AAC GCG GAA CTG AAA GCG
CAG-3′; ATF3 Reverse: 5′-ATA ATA CGG CGC GCC AAT CAG
ATG CTG TTT TTC GTT TTT CAG TTC TTC AAT CTG CGC
TTT CAG TTC CGC-3′.
PCA Library Construction. Primers to encode the desired library

were generated using overlap-extension PCR.23 Primers used were
ATF3-Liba-Forward: 5′-ATT GCT AGC CAA NHC GCG GCA

Figure 10. ATF3W-aeg peptide stimulates expression of pro-
inflammatory cytokine in M2 macrophages. CCL4 protein levels
were measured by ELISA from supernatants of M2 macrophage
cultures treated with either 20 μM ATF3W-aeg or negative control
peptide (****p < 0.0001). Shown also are CCL-4 protein levels in
M1 (pro-inflammatory) macrophages.
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CTG CAG CAG CAA NHC TAT GCG CTG CAG CAG CAA NHC
GCG GCC CTG CAG AAA CAG-3′; ATF3-Liba-Reverse: 5′-AA
AGG CGC GCC CTG CAG TGC CGC GDN TTG CTG CTG
CAG TGC CGC GDN CTG TTT CTG CAG GGC CGC-3′; ATF3-
Libe/g-Forward: 5′-ATT GCT AGC VAG GCG GCG GCA CTG
VAG CAG VAG ATC TAT GCG CTG VAG CAG VAG GCG GCG
GCC CTG-3′; ATF3-Libe/g-Reverse: 5′-AA AGG CGC GCC CTB
CAG TGC CGC CGC CTB CTG CTB CAG TGC CGC AAT CTB
TTT CTB CAG GGC CGC CGC C-3′.
Single-Step Selection PCA. Escherichia coli XL-1 cells were used

for construction and cloning of libraries as described previously.21,23

Competition Selection PCA. To increase selection stringency,
growth competition experiments were undertaken as described
previously.23 Seven rounds of competition selection were performed
before the pool was found to contain one clean sequence. Library a
selection: QLAALQQQAYALQQQNAALQKQVAALQQQIAALQ;
Library e/g selection: EAAALEQKIYALKQEAAALEKEIAAL-
EQKAAALK. The final selected sequence combined two library
selections at a, e, and g positions as ELAALEQKAYALKQEN-
AALEKEVAALEQKIAALK and was named ATF3W_aeg.
Peptide Synthesis. Peptide synthesis was undertaken as

described previously.23 Following HPLC purification, collected
fractions were examined by electrospray MS (Figure S3), with those
containing pure product pooled and lyophilized. Post RP-HPLC
analysis indicated a purity of >95%.
Circular Dichroism. CD was carried out using an Applied

Photophysics Chirascan CD apparatus (Leatherhead, UK) using a
200 μL sample in a CD cell with a 1 mm path length as described
previously.23

Thermal Denaturation Experiments. Thermal denaturation
experiments were performed at 150 μM total protein concentration in
10 mM potassium phosphate and 100 mM potassium fluoride, pH 7,
using an Applied Photophysics Chirascan CD instrument (Leather-
head, UK) as previously described.23

Isothermal Titration Calorimetry (ITC). ITC measurements
were made using a Microcal PEAQ-ITC instrument with data
collected and processed using the Origin 7.0 software package.14,23 All
measurements were carried out at least twice. Briefly, all peptides were
studied at 20 °C in 10 mM potassium phosphate and 100 mM
potassium fluoride at pH 7.0. 40 μL of ATF3W_aeg was loaded into
the syringe at 60 μM peptide concentration. 350 μL of ATF3 was
loaded into the cell at 6 μM. The experiment was undertaken by
injecting 2 μL of ATF3W_aeg 19 times into the calorimetric cell.
Following ITC measurements, the data were fit to a one-site model.
Size-Exclusion Chromatography. Size-exclusion experiments

were performed at RT using a Superdex Peptide 10/300 GL column
(GE Healthcare Life Sciences) as described previously.23

THP-1 Polarization Assay and CCL-4 ELISA. THP-1 cells were
seeded in 12-well format at a concentration of 5 × 105 cells/well and
treated with 7.5 ng/mL Phorbol 12-Myristate 13-Acetate (PMA,
Sigma-Aldrich) in RPMI media supplemented with 10% FBS and 55
μM β-mercaptoethanol (BME). After 24 h, PMA-containing media
were removed and replaced with fresh media. After three additional
days, cells were polarized toward the M1 program by adding 250 ng/
mL LPS (E. coli O111:B4, Sigma-Aldrich) and 20 ng/mL IFN-γ
(R&D Systems) or the M2 program by adding 20 ng/mL IL-4 (R&D
Systems). At the same time, 20 μM ATF3W-aeg with an NLS-TAT
cell penetrating sequence and nuclear localization sequence
appendage (Ac-ELAALEQKAYALKQENAALEKEVAALEQKIAAL-
KPKKKRKVYGRKKRRQRRR-NH2) peptide or negative control
(Fra1W-NLS TAT: Ac-KAAALKQKAYALKQQIAALKKQVAALK-
QKIAALKPKKKRKVYGRKKRRQRRR-NH2)23 were added. After
48 h, supernatants were collected and clarified by centrifugation, and
the CCL-4 concentration was assessed by ELISA (MIP-1b Human
Instant ELISA Kit, ThermoFisher Scientific) according to the
manufacturer’s protocol.
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