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Targeting of a Helix-Loop-Helix Transcriptional Regulator

by a Short Helical Peptide

Cornelia Roschger®, Saskia Neukirchen*,”® Brigitta Elsdsser,”’ Mario Schubert,™
Nicole Maeding," Thomas Verwanger,'” Barbara Krammer,” and Chiara Cabrele*™

The Id proteins (Id1-4) are cell-cycle regulators that play a key
role during development, in cancer and vascular disorders.
They contain a conserved helix-loop-helix (HLH) domain that
folds into a parallel four-helix bundle upon self- or hetero-asso-
ciation with basic-HLH transcription factors. By using such pro-
tein—protein interactions, the Id proteins inhibit cell differentia-
tion and promote cell-cycle progression. Accordingly, their sup-
porting role in cancer has been convincingly demonstrated,
which makes these proteins interesting therapeutic targets.

Introduction

The inhibitors of DNA binding and cell differentiation Id1
through Id4 are helix-loop-helix (HLH) transcriptional regulators
that play a key role during development, in cancer and vascu-
lar disorders."'” These proteins negatively regulate gene ex-
pression mediated by the ubiquitous basic-HLH (bHLH) tran-
scription factors of the E family (E12, E47, Heb and E2-2).""'2
Their mode of action is based on the sequestration of the E
proteins by interaction of the corresponding HLH domains,
which triggers 1d/E heterodimerization."” The three-dimension-
al structures of the homodimeric forms of the HLH domains of
Id2 and I1d3 (PDB ID: 4AYA for 1d2 30-82," and PDB ID: 2LFH
for 1d3 29-83)™ are both characterized by the presence of a
parallel four-helix bundle. In contrast, the monomeric states of
the Id proteins are predicted to contain high degree of flexibili-
ty,"® which seems to be a common feature of eukaryotic tran-
scription factors:"'” in particular, the HLH domain may undergo
folding upon dimerization and oligomerization,®?” whereas
the flanking regions remain flexible."*?" However, this does
not exclude the latter regions from containing motifs for mo-
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Herein we present a short peptide containing an (i,i+4)-
lactam bridge and a hydrophobic (®) three-residue motif
O(i)—D(i+ 3)—D(i +6), which adopts a helical conformation in
water, shows Id protein binding in the low-micromolar range,
penetrates into breast (MCF-7 and T47D) and bladder (T24)
cancer cells, accumulates in the nucleus, and decreases cell via-
bility to ~50%. Thus, this cyclopeptide is a promising scaffold
for the development of Id protein binders that impair cancer
cell viability.

lecular recognition: for example, in the case of the Id2 protein
it has been shown that the C-terminus contains a nuclear
export signal (NES) and a destruction box (D-box) that are rec-
ognized by the nuclear export receptor chromosome region
maintenance protein 1?? and the anaphase-promoting com-
plex, respectively.” In addition, a short N-terminal motif of Id2
has been shown to bind the von-Hippel-Lindau ubiquitin
ligase complex, which inhibits ubiquitination of hypoxia induci-
ble factor alpha (HIFa) and thus supports the maintenance of
cancer stem cells.?” All this supports the fact that Id2 is able
to interact with multiple classes of proteins by exploiting dif-
ferent motifs along the sequence.

Based on the significance of the Id proteins as therapeutic
targets,® 2% synthetic Id protein binders would be very
useful tools to further understand the biology of these pro-
teins as well as to develop ld-protein-directed compounds for
diagnostic and therapeutic applications. In this work we ex-
plored the possibility to target the HLH region of the Id pro-
teins, which is the most conserved one within the four homol-
ogous proteins (Figure 1a), by using synthetic peptide-based
ligands. Previously, medium-sized Id protein binding sequences
were identified by phage display based on the Heb HLH
domain®” or from a randomized combinatorial expression li-
brary using yeast and mammalian two-hybrid systems.”® We
and others®” demonstrated the utility of short linear peptides
(Figure 1b) with intrinsic helix propensity to bind the HLH
domain of the Id family and to inhibit proliferation of Id pro-
tein expressing cells. Based on these results, we reasoned that
the enhancement of the intrinsic helix propensity of a se-
quence should be of benefit for a better mimicry of interacting
helices. In a previous work,”" we used the Lys-Asp-(i,i+4)-
lactam-bridge constraint to stabilize the helical conformation
of octapeptides extracted from the Id HLH domain."® In this
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Id1 (66-106) LYDMNGCYSRLKELVP TLPQNRKVS KVEILQHVIDYIRDLQ
Id2 (36-76) LYNMNDCYSKLKELVP SIPQNKKVS KMEILQHVIDYILDLQ
Id3 (41-81) LDDMNHCYSRLRELVP GVPRGTQLS QVEILQRVIDYILDLQ
Id4 (65-105) QCDMNDCYSRLRRLVP TIPPNKKVS KVEILQHVIDYILDLQ
identical ---MN-CYS-L--LVP --P————- S --EILQ-VIDYI-DLQ
residues
b) INVALDNLGRMCQLHLKSEKPQTKLLILHQAVAVILSLOQQ

Heb HLH mutant (13I)

KVEILQHVIDY-NH,

LSAMAATLFAELGCHLSRWM
from a combinatorial approach (1d1/3-PA7)

KVEILQHVIDY-NH,

H-YIEGLQALLRDQC-NH,
MyoD HLH fragment (3C)

(o]
Id HLH fragment (3a/b)

Figure 1. Primary structure of the HLH domain of human Id1-4 and of known peptide-based Id protein binders. a) Sequence alignment of the Id1-4 HLH do-
mains (the fully conserved residues are in bold; the blue-colored sequence represents the part of helix-2 contained in the artificial Id protein binder 3a/b
shown in panel b, and in the linear peptide 2 described in the section Results and Discussion). b) Amino acid sequences of three artificial Id protein binders
(their labels in bold correspond to those used in the original papers): the Heb HLH mutant 13l (the mutated positions are in red),”” the peptide aptamer Id1/
3-PA7,% the covalent dimer of the Id helix-2 fragment (colored in blue) 3a/b,”’ and the MyoD HLH fragment 3C.5%

work, we present the structural and biological characterization
of cyclo-[2,6]-(Ac-VKRLQDLQ-NH,) (1). We used 2D-NMR spec-
troscopy and molecular dynamics to confirm the helical confor-
mation of 1 in water, which had been suggested previously™"
by circular dichroism (CD) spectroscopy. Moreover, we evaluat-
ed the binding properties of 1 for the Id family by using the
Id2 protein as representative member. Cell uptake as well as
cell responses upon incubation with the cyclopeptide were
performed on breast (MCF-7, T47D) and bladder (T24) cancer
cell lines: besides the effect of the cyclopeptide on cell viabili-
ty, its effects on cell-cycle distribution, cell proliferation and
apoptosis were also investigated.

Results and Discussion

We investigated the conformational properties of 1 by 2D-
NMR spectroscopy and molecular dynamics (Figure 2 and Sup-
porting Information Figures S2 and S3, and Tables S2, S4 and
S5). The resulting structure showed a well-defined helical turn
over the cyclized residues, which was stabilized by the back-
bone H-bonds CO(V1)-HN(L4) (1.98 A), CO(K2)-HN(D6) (2.68 A)
and CO(R3)-HN(L7) (2.07 A) (Supporting Information Figure S6).

To see if cyclopeptide 1 was able to mimic a helical motif of
the Id HLH fold, we used the crystal structure available for the
Id2 HLH domain (PBD ID: 4AYA)™ (a solution NMR structure of
the 1d3 HLH domain is also available," which is similar to that
of the 1d2 HLH one, as shown by structure overlap in the Sup-
porting Information Figure S8). We superimposed the hydro-
phobic three-residue motif V1-L4-L7 of 1 with the hydrophobic
(®) three-residue motifs O()—D(i+3)—D(i+6) present in
helix-1 and helix-2 of 1d2. We obtained good superposition,
with RMSD values ranging from 1.13 A to 1.38 A over the Ca
atoms (Supporting Information Table S8). In all superpositions
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Figure 2. NMR-derived structure of cyclo-[2,6]-(Ac-VKRLQDLQ-NH,) (1). Su-
perposition of the ten lowest energy structures from the molecular dynam-
ics simulation.

the Na-acetyl group of V1 and the side chains of L4 and L7
adopted orientations close to those of the native residues ®(i),
®O(i+3) and O(i+6), respectively (Figure 3 and Supporting In-
formation Figure S9). In particular, superposition of 1 with the
helix-2 fragment containing M62, L65 and V68 showed good
mimicry of L65 with L4, V68 with L7, and of the SCH; group of
M62 with the N-terminal acetyl group (Figure 3c).

Further, we investigated whether the helix of 1 would fit in
the four-helix bundle in place of the native helix-1 or helix-2.
Therefore, for each superposition reported in Figure 3 the cor-
responding native helix was removed and the structure of the
resulting complex was minimized. In all four cases, several hy-
drophobic and polar interactions were formed, however, the
synthetic helix 1 made major contacts to all three other helices

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Mimicking hydrophobic patterns of the Id protein helical regions. Comparison of the hydrophobic (®) three-residue pattern ®(i)—®(i + 3)—D(i + 6)
of 1 with those of 1d2 helix-1 (a, b) and helix-2 (c, d) (PDB ID: 4AYA). The hydrophobic three-residue pattern of 1 is colored in teal, those of the helices in the

crystal are in grey. The asterisks indicate the presence of the lactam bridge in 1.

when it replaced the helix-2 three-residue pattern with M62,
L65 and V68 (Supporting Information Figure S10c).

Next, we performed peptide-protein binding studies by
using Id2 expressed in E. coli and an analogue of 1 bearing a
tyrosine residue at position nine (1Y) as UV-active label to facil-
itate the measurement of the peptide concentration. The addi-
tional C-terminal residue did not affect the helical conforma-
tion of 1, as supported by the superposition of the NMR-de-
rived structures of 1 and 1Y (Supporting Information Fig-
ure S7b). We applied the surface acoustic wave (SAW) biosen-
sor technology® to determine the binding affinity: the protein
was covalently immobilized on the self-assembled monolayer
on a gold chip, and the binding of 1Y was monitored by meas-
uring the change of the SAW phase.

The fitting of the binding isotherm was performed with the
Hill equation, to extrapolate the K,s value and the Hill coeffi-
cient: a K5 value of ~2 um and a Hill coefficient of ~2 for the
binding between 1Y and Id2 were obtained (Figure 4). We also
measured the binding properties of the linear Id helix-2 frag-
ment that was previously used to target the Id proteins®”
(Ac-KVEILQHVIDY-NH,, 2). This fragment contains two potential
hydrophobic three-residue patterns of type @@{H)—P(i+
3)—®(i+6): V62-L65-V68, or L65-V68-Y71. The affinity of the
linear peptide 2 to Id2 was about two times lower than that of
1Y (Figure 4). Interestingly, the Hill coefficient was ~2 for both
ligands, which would infer that a cooperative binding of at
least two sites might occur. Indeed, this cannot be excluded,
as the Id HLH domain consists of two helix-prone fragments
with strong tendency to form a four-helix bundle upon dimeri-
zation, as shown in the crystal and solution-NMR structures of
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the HLH domains of 1d2™ and 1d3,"™ respectively. We also ob-
served that the binding of the peptide to the immobilized pro-
tein was coupled to decreased viscoelasticity of the self-assem-
bled monolayer covering the gold chip, which would suggest
increased flexibility of the protein-peptide complex with re-
spect to the unbound protein (Supporting Information Fig-
ures S11 and S12). One explanation for this observation might
be a decrease in self-association of the protein and/or a com-
pensation of entropy loss upon peptide binding by enhanced
dynamics of some protein backbone regions, a binding mecha-
nism (unfolding-upon-binding) that has been recently suggest-
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Figure 4. Binding of the lactam-bridged nonapeptide 1Y and of the linear
undecapeptide 2 to the Id2 protein. The latter was immobilized on the self-
assembled monolayer of a gold chip (changes of the phase of a surface
acoustic wave upon binding were used as response).

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.rcsb.org/pdb/explore/explore.do?structureId=4AYA
http://www.chemmedchem.org

.@‘* ChemPubSoc
Brd-? Europe

ed for the binding of heparin to the intrinsically disordered cy-
tokine osteopontin.®* However, the elucidation of the mode of
interaction of the peptide binders with the protein will require
detailed structural investigation.

We tested the ability of 1Y to affect the viability of various
cancer cell types, whose progression to highly invasive and
metastatic stages has been associated with dysregulation of
the Id protein family members.*'? For this purpose, we used
two breast adenocarcinoma cell lines (MCF-7 and T47D) and
the urinary bladder carcinoma cell line (T24).5*3? As a control
for non-cancer cells, and to exclude general cytotoxic effects
of the peptide, we used primary human lung fibroblasts that
contain very low Id protein levels relative to the investigated
cancer cell lines. The cells were incubated with increasing con-
centrations of 1Y (up to 1 mm) for 24 h and the viable cells
were then detected by the thiazolyl blue tetrazolium bromide
(MTT) assay.*” In contrast to the primary human lung fibro-
blasts that did not show relevant changes in viability over the
investigated peptide concentration range (Supporting Informa-
tion Figure S20), the three cancer cell lines gave dose-response
curves with a minimum of cell viability close to 50%, and an
inflection point ranging from 4 pum to 47 um (Figure 5). In com-
parison with the linear Id helix-2 fragment 2, cyclopeptide 1Y
was by trend more efficacious, particularly with respect to the
breast cancer cell line T47D (Figure 5b). It has been reported
that the two breast cancer cell lines MCF-7 and T47D may
show different sensitivity toward anticancer drugs, which is
likely to reflect a distinct proteomic profile”" and the activa-
tion of different apoptotic pathways: for example, different
caspases (i.e., caspase-3/-7 in T47D cells, and caspase-6 in
MCF-7 cells, the latter being caspase-3 negative)*? seem to be
activated.*® Sensitivity toward doxorubicin has been reported
to be higher for the T47D cells than for the MCF-7 cells.*¥
Moreover, MCF-7 and T47D cells have shown different respons-
es toward the microtubule-depolymerizing agents nocodazole,
vincristine and colchicine, with much stronger induction of a
mitotic arrest in the MCF-7 cells than in the T47D cells, and
with p21 increase in the T47D cells but not in the MCF-7
cells.* It will be interesting to investigate the effect of 1Y on
the two breast cancer cell lines and also on the urinary bladder
cancer cell line T24 at the transcriptomic and proteomic levels
in the near future.

The observation that 1Y and 2 partially (rather than fully)
suppressed cell viability is in agreement with previous work,
where peptide-based molecules targeting the Id proteins, like
the Heb HLH mutant™ 13l and the covalent dimer of the Id
HLH fragment 3a/b shown in Figure 1b,”” or antisense oligo-
nucleotides against 1d1-3 mRNAs™*® were applied to inhibit
the proliferation of different cell types. However, to exclude
that this behavior might arise from poor cell permeability
toward the peptides, we monitored the time-dependent cell
uptake of fluorescent analogues of 1Y and 2 containing 5(6)-
carboxyfluorescein-f3-alanine in place of the N-terminal acetyl
group (FAM-1Y and FAM-2). Both peptides (10 pm) accumulat-
ed in the cell nucleus already after 8 h incubation at 37°C
(Figure 6). We also investigated shorter and longer incubation
times: no significant differences were detected on the cells
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Figure 5. Effect of 1Y and 2 on cancer cell viability. Viability of a) MCF-7,

b) T47D, and c) T24 cells treated with cyclopeptide 1Y or the linear Id helix-2
fragment 2 for 24 h was determined by the MTT assay. The effect of 1Y and
2 on the viability of the primary human lung fibroblasts is shown in Fig-

ure S20 of the Supporting Information. The graphs represent the mean
value £ SD of at least three independent experiments. Peptide stability stud-
ies in the cell culture medium containing 5% fetal bovine serum, in human
blood serum and in the presence of trypsin are reported in the Supporting
Information (Figures S13 and S14).

treated for 12 h, 16 h, and 24 h (Supporting Information Figur-
es S15-17); importantly, necrotic cells were not observed, not
even at 24 h (Supporting Information Figure S24), which ex-
cludes loss of cell membrane integrity. Contrarily to FAM-1Y,
FAM-2 was found in the majority of the MCF-7 cells already
after 4h incubation (Supporting Information Figure S18a).
However, neither FAM-1Y nor FAM-2 were found in the cells
upon incubation at 4°C for 8 h (Supporting Information Fig-
ure S18¢), which suggests that an energy-dependent, endocy-
tosis-mediated transport mechanism™®*? might play a role.
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b) 10 uM FAM-2

Hoechst 33342 FAM

Figure 6. Uptake of the fluorescence-labeled peptides a) FAM-1Y and b) FAM-2 into MCF-7, T47D, and T24 cells. Fluorescence microscopy images were taken
after 8 h incubation with each peptide at 10 um. Nuclei were stained with the Hoechst 33342 nucleic acid stain and are visible in cyan (scale bar: 10 um).

However, an energy-independent uptake mechanism based on
direct penetration cannot be excluded to take place at peptide
concentrations higher than 10 um, which was the one used in
this cellular uptake experiment. Moreover, besides the peptide
concentration,”" several other aspects, like the incubation
time,®? the selective chemical inhibition of endocytotic path-
ways,>%¥ the subcellular peptide distribution and the Id pro-
tein/peptide co-localization, will require further investigation
for a detailed characterization of the cellular uptake of 1Y and
2.

Further, we investigated the effect of 1Y and 2 (100 um) on
the cell cycle after 24 h treatment. We found that 2 increased
the amount of small DNA fragments exhibiting fluorescence of
at least two orders of magnitude lower than that of the G/G;
phase (events at < Gy/G,) (Figure 7a-c and Supporting Infor-
mation Figures S21-23), which indicates cell death induction.
Cyclopeptide 1Y behaved similarly with the T47D and T24
cells, but not with the MCF-7 cells, whose fraction of small
DNA fragments was similar to that of the control (Figure 7a).
This was surprising, as the MTT assay had shown a significant
decrease in MCF-7 cell viability upon 1Y treatment (Figure 5a).
To see whether 1Y was inducing cell death at shorter incuba-
tion times, we measured the cell cycle of MCF-7 cells after 8 h
and 18 h treatment with 1Y. The results showed no significant
changes of the respective cell-cycle phases Gy/G;, S and G,/M
(Supporting Information Table S9), but an increase in the
weakly fluorescing DNA fragments from 7% of total events at
< Gy/G, in the control to 19% and 14% of total events at < G,/
G, after 8 h and 18 h treatment, respectively, which is indica-
tive of cell death induction (Figure 7 a).

The temporarily induced MCF-7 cell death was caused by
apoptotic and not by necrotic processes, as shown by the pro-
pidium iodide/3,3'-dihexyloxacarbocyanine iodide (PI/DiOCy)-
assay™ (Figure 8). We found, however, less than 20% apoptot-
ic cells after 8 h and none after 24 h (Supporting Information
Figure S24), which is divergent from the decrease in cell viabili-
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ty of ~40% observed by the MTT assay in the time frame be-
tween 8 h and 24 h (Supporting Information Figure S19) when
the same peptide concentration was applied (Figure 5a).

To search for the origin of this discrepancy, we investigated
the effect of 1Y on the proliferative capacity of this cell line.
For this purpose, we applied the CFSE (carboxyfluorescein di-
acetate succinimidyl ester) proliferation assay® that deter-
mines cell division based on the dilution of the CFSE dye with
each proliferation cycle. MCF-7 cells treated with cyclopeptide
1Y for 24 h proliferated less than the untreated control cells
(Figure 9). Altogether, the viability (MTT), apoptosis/necrosis (<
Gy/G; and PI/DiOCq) and proliferation (CFSE) assays on the
MCF-7 cells treated with 1Y suggest that the cellular response
to 1Y consists of the activation of apoptotic processes as well
as of pathways that influence the cell cycle. In fact, the Id pro-
teins are involved in cell-cycle control, particularly by inducing
the G,-S transition,””>~8 whereas their inhibition by antisense
oligonucleotides was shown to delay the re-entry of arrested
cells into the cell cycle upon stimulation with serum or growth
factors.*”*” Although the cell-cycle analysis does not reveal
any clear arrest (Supporting Information Table S9), we cannot
exclude that the negative effect of 1Y on cell proliferation
might indeed reflect a subtle cell-cycle arrest. Further investi-
gation based on the use of different cell-cycle indicators, tran-
scriptomic and/or proteomic approaches will be necessary to
identify those pathways that may be influenced by 1Y and me-
diate the effect of the latter on the MCF-7 cell growth.

Conclusions

We found a useful cyclopeptide scaffold to target the Id pro-
teins in cancer cells and to impair their viability by inducing
cell death and/or by decreasing cell proliferation. The per-
formance of the cyclic nine-residue scaffold (1Y) in Id protein
binding and inhibition was slightly superior to that of the
linear 11-residue peptide (2). Moreover, the former offers the

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. Effect of cyclopeptide 1Y on the proliferation of MCF-7 cells. The
latter were stained with 10 pm CFSE. Staining control was measured immedi-
ately (green) after CFSE addition and after 24 h (light blue). The cells were
incubated for another 24 h without (dark blue) and with (red) 100 um 1Y.

possibility to better control the three-dimensional structure of
the binding peptide, which will facilitate the design of Id pro-
tein inhibitors with enhanced protein-binding affinity in the
future, e.g., by varying the hydrophobic three-residue motif
O()—D(i+3)—D(i+6), by using alternative tethered pep-
tides®™®" or foldamers.[®*

Experimental Section

The detailed description of all materials, methods, procedures for
peptide and protein preparation, peptide characterization by
HPLC, MS and NMR spectroscopy, distance-constrained molecular
modeling, binding studies by SAW biosensor technology, peptide
stability in human blood serum and in the presence of trypsin,
cancer cell and primary human lung fibroblast viability assays, cell
uptake at 4°C and 37°C, cell cycle and proliferation analysis, apop-
tosis/necrosis assay, as well as additional figures (including images
of cell uptake, histograms and density plots of the FACS data) and
tables are provided in the Supporting Information.

b) MCF-7 cells (100 um 1Y, 8 h)

a) MCF-7 cells (control, 8 h)
10°
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FE
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1075
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T T T
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Figure 8. Cytotoxic effect of 1Y on MCF-7 cells. a) Untreated and b) treated (100 um 1Y, 8 h) cells were exposed to the dye DiOCq and the DNA/RNA intercalat-
ing dye propidium iodide (PI) to detect apoptotic cells (reduced mitochondrial membrane potential, low DiOC; staining) and necrotic cells (no plasma mem-

brane integrity, high PI staining), respectively.
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