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Photo-induced crosslinking uncovers an
antiparallel strand orientation in heterodimeric
(EIAALEK)3/(KIAALKE)s and (EIAALEK)s/(RIAALRE)s

coiled-coil systemsf
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We describe for the first time the co-existence of the parallel and antiparallel conformation of the hetero-
dimeric E3/K3 and E3/R3 coiled-coil systems in solution. The introduction of a furanylated amino acid in
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the (EIAALEK)s sequence allowed, upon photo-induced covalent crosslinking, freezing of the respective
coiled-coil complexes present in solution. The occurrence of both parallel and antiparallel conformations
in solution was supported by computational simulations and further confirmed by fluorescence experi-
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Introduction

In 1953, Crick and Pauling described, independently from
each other, for the first time the coiled-coil peptide structure
in detail.’™ The o-helical coiled-coil is by far the most well-
understood and most widely occurring protein-folding motif.
As a result, sequence-to-structure relationships are available
for the prediction of natural coiled-coil sequences and have
fuelled the de novo design of proteins featuring unnatural
sequences and unprecedented properties based on physical
principles of  intramolecular and intermolecular
interactions.*® To design a dimeric coiled-coil motif, research-
ers make use of H (hydrophobic) and P (polar) residues that
follow the HPPHPPP pattern.”

However, it was demonstrated that the structure predicted
according to theory and computational calculations is not
always in line with the actual crystal structure. This is due to a
lack of understanding, at the atomic level, of the detailed
physicochemical features that kinetically and thermo-
dynamically direct the formation of a unique, cooperatively
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ments based on pyrene—pyrene stacking.

folded, native structure. For instance, the poly-heptapeptide
sequence, designed by Hodges,® which was intended to mimic
the two-stranded coiled-coil conformation of tropomyosin, a
protein that regulates actin filament functions,” was modified
and used as a model system by O’Neil for evaluating the helix-
forming tendencies of the 20 amino acids.'® Later, X-ray data
revealed that a triple-stranded coiled-coil, formed by three
alpha-helices, was formed instead of the expected dimeric
coiled-coil."* As an additional example, for the alphal peptide
designed by Hill, which was conceived to form a 4-helix
bundle, co-existence of a tetrameric and a hexameric structure
was shown upon analysis of the X-ray crystal structure.'” While
the coiled-coil motif appears rather simple, a surprising diver-
sity of final adopted structures can be observed when consider-
ing all design efforts that have been described over the last
decades. Coiled-coils can consist of two to seven a-helices that
may be arranged in a parallel (all peptides oriented from N —
C) or antiparallel (peptides oriented N — C and C — N)
manner.”"®'* Additionally, those helices can be identical or
different, resulting in homomers or heteromers.”"?
Furthermore, larger structures such as the a-sheets and
a-cylinders, described by Walshaw and Woolfson, may be
formed due to the supramolecular assembly of different
coiled-coils."®

One of the most exploited systems, originally described by
Litowski and Hodges, is the heterodimeric (EIAALEK),/
(KIAALKE), coiled-coil system (E3/K3 coiled-coil)."” Although
the sequences are relatively short, the complex shows stability
in the nanomolar range (Kp = 70 nM)."” This high preference
to pair with one another via intermolecular interactions, is
often referred to as Molecular Velcro.

This journal is © The Royal Society of Chemistry 2023
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While not as versatile as nucleic acid duplex recognition
and duplex formation in terms of the number of potential
complementary sequences, coiled-coil peptides have a high
sequence selectivity and can be easily genetically encoded into
the protein of interest.'® In this way, the incorporation of one
coil partner sequence into a biomolecule allows hybridization
with a suitably designed and modified partner coil.'® Such
strategies open routes toward a broad range of applications
including, among others biosensors,"®*° templated ligation
reactions,”” fluorescent labelling of membrane embedded-
proteins,*** drug delivery systems,*® and detection of recep-
tor dimerization.>”*® It is evident that in such strategies fine-
tuned control over the strand orientation of the coiled-coils
(i.e. parallel or antiparallel) is of utmost importance and deter-
mines the success of the final application and the sensitivity
of the designed detection methods.>*>72%3°

However, the stabilities of such non-covalent inter-
molecular interactions are dependent on the concentration
and are directly proportional to the number of heptad repeats
and the correct pairing of the hydrophobic and electrostatic
interactions. Therefore, Molecular Velcro applications based
on the formation of a covalent bond between both coils were
developed to provide more stability to minimal coiled-coils
and can be useful for subsequent biochemical analysis.>'~?

Noticeably, previously described applications are based on
the principle that mixing the original unmodified K-and E-coil
containing entities results in a parallel coiled-coil
orientation.”>*'** Traditionally, techniques such as X-ray
crystal structure determination,® disulfide exchange,*® fluo-
rescence quenching,’” NMR,*® paramagnetic NMR spec-
troscopy,”® and double electron-electron resonance spec-
troscopy have been used to confirm the strand orientation
within coiled-coil complexes.*® However, alternative coiled-coil
conformations existing in solution can be overlooked if, for
example, the strand orientation is determined by XRD and
there is a difference in solubility between the parallel and anti-
parallel coiled-coil complexes, leading to misinterpretations.

In the current work, we explore the use of furan-oxidation
crosslink technology to generate covalently crosslinked coiled-
coils, as a means to trap and study the orientation of the
(EIAALEK);/(KIAALKE); (E3/K3) coiled-coils. It was shown that
next to the classical parallel conformation, the antiparallel
conformation of the heterodimeric E3/K3 coiled-coil system
was also present in solution.

Results and discussion

Photo-induced furan oxidation has been used for crosslinking
and labelling purposes in a variety of biomolecular interaction
studies within our research group.*’ The strength of this cross-
link strategy lies in the fact that furan can be considered a
warhead that can be triggered into a keto-enal, in a selective and
spatiotemporally controlled way, upon the production of singlet
oxygen by light irradiation in the presence of photosensitizers.*>
This furan-oxidation strategy has been successfully applied in
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the context of DNA, RNA, or PNA interstrand crosslinking,**™*>
covalent linkage of ligands to cell-surface receptors,*® and cross-
linking of complementary protein partners.*”

More recently, we equipped a heterodimeric E3/R3 (with
arginines replacing lysines) coiled-coil system with an E.y
furan warhead to identify new nucleophilic R..; located part-
ners for the electrophile generated upon furan oxidation. We
demonstrated that besides lysine, also cysteine and tyrosine
are potential nucleophilic partners able to react with the furan
moiety and form a covalent bond.*®

In the current study, the heterodimeric E3/K3 coiled-coil
was used to investigate the behaviour of a furan-modified E..;
to crosslink to the natural K..;, which contains six lysine resi-
dues. Each coil peptide is composed by three heptad repeats (3
x gabedef, Fig. 1A) of seven amino acids with hydrophobic con-
tacts at the a (isoleucine, I) and d positions (leucine, L) that
establish the hydrophobic core. Ionic residues at the e and g
position (glutamic acid, E for the E.,; and lysine, K for the
Keoi) ensure charge complementarity of the coils. To evaluate
the influence of chain length of the furan moiety on cross-
linking to lysine, next to the introduction of FuA (2-furylala-
nine), also Dap (2,3-diaminopropionic acid), Dab (2,4-diamino-
butyric acid), Orn (ornithine), and Lys (lysine) were introduced
at position 8 of the E.,;; as handles to couple the Fur moiety
(see Fig. 1B). In addition, an Aba (4-acetamidobenzoic acid)
moiety was introduced at the N-terminus to ensure sufficient
UV-activity for HPLC detection and an amide group at the
C-terminus to minimize any repulsive electrostatic interactions
between the E3/K3 coils (see Table 1).

From previous work, it is known that introducing a modi-
fied amino acid at the ionic residue positions (e and g position
in the helical wheel representation, Fig. 1A) does not interfere
with the formation of a classical helical coiled-coil structure.*®
The Keoit, Ecoi- FUA-8, and Egoi-Xgyr-8 were synthesized (Table 1
and data in ESI, Fig. S1-77). In addition, the CD spectra of the
E3/K3 coiled-coils were recorded and demonstrate that coiled-
coil domains are formed with the characteristic minima at 208
and 222 nm as previously reported for the heterodimeric E3/
K3 coiled-coil model system (data in ESI, Fig. S81)."”

Next, crosslink experiments were performed by pre-incubat-
ing both coils to allow coiled-coil formation followed by light
irradiation in the presence of Rhodamine B (Rho B), a photo-
sensitizer, to produce singlet oxygen (Fig. 1C). Indeed, broad-
ened and/or multiple peaks corresponding to crosslinked
species (as deduced from HPLC and MS analysis) were
observed for all Ecei-Xpy-8 in the obtained chromatograms
(see Fig. 2 and data in ESI, Fig. S 9 and 107). This is an indi-
cation of the formation of several crosslink products (see red
dots in Fig. 2) resulting from the attack of different lysine resi-
dues in the K.y onto the activated furan moiety in the Egq;.
The analytical data for the crosslinked products are in accord-
ance with the formation of a 4-ketoamide structure (Fig. 1C)
and its dehydrated (—18 Da) and oxidised (+16 Da) form, as
previously reported*”*® (data in ESI, Fig. $101). Note that no
crosslinked product is observed for Ec,i-FuA-8, bearing the
shortest side-chain (Fig. 2A).
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Fig. 1 (A) Helical wheel representation of the heterodimeric E3/K3 coiled-coil dimer. The green arrows indicate electrostatic interactions whereas
the orange arrows indicate hydrophobic interactions. (B) Structure of the furanylated amino acids featuring spacers of different lengths between
furan and the peptide backbone. (C) Representation of the E.q; (light blue) obtained after introduction of one of the furanylated amino acids, the
Reoil (purple), and the possible structures obtained after crosslinking. The furan moiety is introduced in the E..; using the 2-furylalanine or through
reaction of 3-(2-furyl)propionic acid with the side chain amino group of 2,3-diaminopropionic acid (Dap), 2,4-diaminobutyric acid (Dab), ornithine

(Orn), or lysine (Lys).

Table 1 Overview of the Keoi. Ecoi Ecoi-FUA-8, and Ecoii-Xrur-8
sequences. Aba: 4-acetamidobenzoic acid; FuA: 2-furylalanine, Dap:
2,3-diaminopropionic acid; Dab: 2,4-diaminobutyric acid; Orn:
ornithine; Lys: lysine, Fur: 3-(2-furyl)propionic acid that reacted with the
side chain amino group

Name Peptide sequence

Keoil Aba-KIAALKEKIAALKEKIAALKE-NH,
Ecoil Aba-EIAALEK-E-IAALEKEIAALEK-NH,
EcoirFuA-8 Aba-EIAALEK-FuA-IAALEKEIAALEK-NH,

Ecoil'DapFur'8
Ecoil'DabFur'8
Ecoil'ornFur'8
Ecoi l'LySFur'8

Aba-EIAALEK-Dap(pur) -JAALEKEIAALEK-NH,
Aba-EIAALEK-Dabg,r) TAALEKEIAALEK-NH,
Aba-EIAALEK-OrNpyy) -IAALEKEIAALEK-NH,
Aba-EIAALEK- LyS(gyr) -TAALEKEIAALEK-NH,

To identify which lysine-side chains can present a suitably
oriented nucleophilic amine and engage in crosslinking, we
designed a ‘lysine scan’ experiment by synthesizing a series of
Reoil peptides where all lysines of the original K..; but one are
replaced with arginines. The resulting peptides are referred to
as Reoi-Lys-X peptides, where X refers to the position of the
unique lysine residue in the sequence (Table 2 and data in ESI
Fig. S11-167). All Reo-Lys-X peptides were subsequently used
to study the crosslinking behavior of E.qj-Dapry-8 and Ecei-
Orng,-8 peptides, which were selected because baseline separ-
ated peaks are obtained (crosslinked product from the Koj
peak in the chromatogram) when crosslinked with K¢ (Fig. 2,
compare panel C and E with B and D).
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Fig. 2 Zooms of HPLC-UV chromatograms focussed on the K. and
crosslinked products region recorded at 260 nm. The reaction mixture
after light irradiation (pink trace) results from the crosslink reaction
between Kcoil at 5 UM and (A) Eco"-FuA-S (B) Ecoi[-DapFur-8 (C) Ecoil_
Dabg,-8 (D) Ecoi-Orngy,-8 and (E) Ecoi-Lysru-8 at 10 pM after
60 minutes of light irradiation with Rho B at 10 pM. The green trace rep-
resents the mixture containing both E.oi-Xfu-8 and Ko peptides as
well as RhoBatt = 0.

EcoirDapry-8 can crosslink to Reej-Lys-8 and Reei-Lys-13
(data in ESI, Fig. S17 and 18%), whereas E u;-Orng,-8 can
additionally crosslink to R.oj-Lys-6 and Rg.-Lys-15 (data in
ESI, Fig. S19-22%). The longer spacer present in the Orn
residue as opposed to the Dap residue can explain this
observed difference in reactivity.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Overview of the Ko, Reoi-Lys-X, and  Ecoi-Dapgy-X
sequences. Aba: 4-acetamidobenzoic acid; Dap: 2,3-diaminopropionic
acid; Lys: lysine; Fur: 3-(2-furyl)propionic acid that reacted with the side
chain amino group

Name Peptide sequence

Keoil Aba-KIAALKEKIAALKEKIAALKE-NH,
ReoirrLys-1 Aba-KIAALRERIAALRERIAALRE-NH,
Reoi-Lys-6 Aba-RIAALKERIAALRERIAALRE-NH,
ReoirrLys-8 Aba-RIAALREKIAALRERIAALRE-NH,
Reoi-Lys-13 Aba-RIAALRERIAALKERIAALRE-NH,
Reoil-Lys-15 Aba-RIAALRERIAALREKIAALRE-NH,
ReoirrLys-20 Aba-RIAALRERIAALRERIAALKE-NH,

Aba-Dap(gury IAALEKEIAALEKEIAALEK-NH,
Aba-EIAAL-Dap g, KEIAALEKEIAALEK-NH,
Aba-EIAALEK-Dap - IAALEKEIAALEK-NH,
Aba-EIAALEKEIAAL-Dap g, KEIAALEK-NH,
Aba-EIAALEKEIAALEK-Dap gy TAALEK-NH,
Aba-EIAALEKEIAALEKEIAAL-Dap(grK-NH,

Ecoil'DapFur'l
Ecoi l'DapFur'6
Ec()i l’Dapl-‘uF8
E'coil'DapFur'13
Ecoil'DapFur'1 5
Ecoi l'DapFur'ZO

In literature studies, the E3/K3 coiled-coil system and vari-
ations thereof are reported to be almost exclusively
parallel.>®**° However, as can be intuitively observed from the
helical wheel presentation (Fig. 1A), a parallel coiled-coil orien-
tation does not allow explaining why the E..j-Dapg.-8 and
EcoirOrngy-8 peptides can crosslink to the Rq;-Lys-8 peptide,
nor how crosslinking can occur between the E..;-Orng,,-8 and
Reoi-Lys-15 peptides. Indeed, the reacting residues are located
at opposite sides of the coiled-coil complex, which indicates
the possible co-existence of an antiparallel E3/R3 coiled-coil
conformation.

In order to further confirm this unexpected behaviour and
to further study the strand orientation of the E3/R3 coiled-coil
system (parallel and antiparallel orientation), a new series of
EcoirDapru-X peptides, in which one Glu was replaced by a
Dapr,: at positions 1, 6, 13, 15, or 20, were synthesized
(Table 2 and data in ESI, Fig. S23-271). Dapg,, was exploited
for its shorter side chain and concurrent higher selectivity of
crosslinking. Subsequently, a series of crosslinking experi-
ments were performed using all possible combinations of
EcoirDappy-X and  Rei-Lys-X peptides (data in ESI,
Fig. S28-391 show experiments where crosslinked product is
observed). Remarkably, each E.,j-Dapr,-X peptide can cross-
link with two R..;-Lys-X peptides (see Fig. 3C, colored boxes).

Since proximity is pivotal for crosslinking, the observed
crosslinking behaviour can only be explained by assuming that
the heterodimeric E3/R3 coiled-coils can adopt a parallel (see
rich colors in Fig. 3A) as well as an antiparallel (see faded
colors in Fig. 3B) orientation in solution. The table in Fig. 3C
summarizes the crosslink results and shows the yields of the
crosslinked products. Note that when the Fur moiety within
the E..;; as well as the Lys residue within the R, are incorpor-
ated at the original locations of the ionic residues of the
second heptad repeat (Eoi-Dapgy-8/13 and R..i-Lys-8/13),
higher crosslink yields are obtained (Fig. 3C). In addition, the
CD spectra of the Eoj-Dapg,-13 with Reoj-Lys-8 (which should
adopt a parallel strand orientation to allow crosslink) and E;-

This journal is © The Royal Society of Chemistry 2023
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Dapgy-13 with Reej-Lys-13 (which should adopt an antiparallel
strand orientation to allow crosslink) were recorded and
demonstrate that coiled-coil domains are formed (data in ESI,
Fig. S407). These results suggest that there is a co-existence of
parallel and antiparallel strand orientations in the E3/R3
coiled-coil system and the furan-oxidation crosslink technology
allows trapping both conformations. Note that CD spectra for
the other combinations between Eqj-Dapg,-13 and R -Lys-X,
where crosslinked products were not observed, also show CD
signatures corresponding to coiled-coil formation (see data in
ESI, Fig. S401).

Previously, Franziska Thomas et al. also noticed the co-
existence of both parallel and antiparallel orientations of their
de novo designed coiled-coil peptides during a disulfide
exchange experiment.?® By incorporating an Asn residue at the
central position of the coil strand, unambiguous parallel
assemblies were obtained. As only traces of antiparallel species
were detected via disulfide exchange experiments of the orig-
inal coiled-coil system, no detailed analyses were carried out.

In general, the appearance of antiparallel coiled-coil
systems is far less common in nature than observation of the
corresponding parallel counterparts. Therefore, researchers
are devoting special efforts to developing and stabilizing anti-
parallel heterodimeric coiled-coil systems. More specifically,
an antiparallel conformation can be obtained by inverting the
sequence or by introducing minor structural changes to the
hydrophobic core of the heterodimeric coil (EXYZLEK),/
(KXYZLKE); (with X = Val, Ile or Asn, Y = Ser, Ala or Gln, Z =
Ala or GIn).***? Additionally, antiparallel motifs can be stabil-
ized by replacing an interhelical salt bridge with a covalent
bond, making use of bis-triazole, glycol, and dibenzyl ether
linkers.>?

However, while on one occasion it was reported that for
more advanced systems based on designed coiled-coil motifs
expectations in terms of conformational behaviour are not
always met,>" more specifically for the often used non-modi-
fied heterodimeric (EIAALEK);/(KIAALKE); coiled-coil system,
evidence for such co-existence of parallel and antiparallel con-
formations in solution is, to our knowledge, still missing.

Therefore, the obtained results as shown in Fig. 3 were
further validated by computational studies. Using a coarse-
grained model, various parallel and antiparallel complexes of
the heterodimeric E3/R3 coiled-coil were studied. In the
coarse-grained model each amino acid residue is represented
by two beads at the Ca and Cf atoms, allowing significant
reduction of the simulation times.

In addition, this representation does not differentiate Arg
from Lys, so the simulation is valid for both the E3/R3 and E3/
K3 coiled-coil. Furthermore, the coiled-coil is simulated by a
native topology-based model that uses the Lennard-Jones
potential to represent native contact interactions (see details in
ESI, section 117).>* All simulations were run for a total number
of 3 x 10° steps. Every 1000 steps a snapshot of the coiled-coil
configuration was taken. Each helix consists of three heptad
repeats, and the distances between the hydrophobic cores (the
a-a'/d-d’ positions for the parallel coiled-coil and a-d'/d-a’

Org. Biomol. Chem., 2023, 21, 5648-5657 | 5651
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Parallel B. Antiparallel
LL |
R
Kn X" Emil'DapFur'1 E(cml'DapFur'6 Ecoil'DapFur'8 Econl'DapFur'13 EcoiI'DapFur'ls Ecail'DapFur'20
RegirLys-1 n.d n.d n.d 38% n.d
RegirLys-6 n.d n.d n.d n.d 39%
Reoi-Lys-8 n.d n.d 53% 56% n.d n.d
Regirlys-13 n.d n.d 40% 59% n.d n.d
Regirlys-15 45% n.d n.d n.d n.d
ReoirLys-20 n.d 28% n.d n.d [ nd |
Fig. 3 (A) Helical wheel representation of the parallel orientation of the E..; and Reoii. (B) Helical wheel representation of the antiparallel orientation

of the E;y and Reoii. In both A and B, the orange arrows represent the hydrophobic interactions. Herein, X in the colored circles refers to the classical
Ecoii residues (see Table 2), which are substituted by Dapg,, in a specific position as indicated in the table in panel C. In the Ry all lysines except one
(see table in panel C for exact location) are replaced by arginines. (C) Yields for each crosslinked product obtained from the given peptide combi-
nations after 1 h of irradiation with Rho B. The concentration of each E.; peptide was 10 uM and the concentration of the R..; peptides equalled
5 pM. N.d.: not detected. The rich colors in the table refer to yields corresponding to parallel coiled-coils whereas the faded colors are related to
yields for anti-parallel coiled-coils. Yields were calculated by integrating signals in the HPLC chromatograms in Fig. S28—39 according to the pro-

cedure defined in ESI section 1.5.1.+

positions for the antiparallel coiled-coil, see orange arrows in
Fig. 3A and B) were kept constant while still allowing for
limited spontaneous sliding of the coiled-coils at the hydro-
phobic core interface. Additionally, the dynamics of coiled-coil
sliding resulting from variable electrostatic interactions, which
play a fundamental role in long coiled-coils,> were not con-
sidered in our system, since the obtained coiled-coils with less
than three heptads are generally not stable.>>® Furthermore,
the covalent bond formed between the oxidized furan on the
Ecoi and the lysine residue on the complementary strand is
represented by a general linker, which was placed between the
g; and e’; position at the E and R..;, respectively, i referring to
one of the three heptad repeats in our model. Equivalent posi-
tions can be found at the e; and g’; locations on the parallel
conformation. For the antiparallel conformation, the linker
was introduced at the g;-g’; positions, which are equivalent to
the e;—e’; positions. In view of the structural similarities
between both sides of the coiled-coil, the studies were only
performed on the Ecoj-Daprur-1/Reoi-Lys-6/15, Ecoi-Dapgur-8/
ReoirLys-13/8 and Ecoi-Daprur-15/Reoi-Lys-20/1 coiled-coil com-
binations (see Fig. 3A and B, upper sides of the helical
wheels).

A parallel coiled-coil model of E.qi-Dapgyr-1/Reoi-Lys-6 was
constructed (see Fig. 4). The probability densities between the
Co atoms of the a;-a’; residues were plotted against the dis-
tance and snapshots of the coiled-coil simulations are

5652 | Org. Biomol. Chem., 2023, 21, 5648-5657

included in Fig. 4A. Each of the heptad repeats is colored in a
different color: light orange (1°* heptad), cyan (2"¢ heptad),
and pink (3" heptad). The a;-a’; pair results are represented in
the snapshots as blue (a;—a,), magenta (a,-a,), and green (az—
az) bars. The furan-lysine linkage is shown as two red beads.
In this parallel coiled-coil orientation, the probability density
exhibits a maximum at low distances, indicating that the paral-
lel orientation is stable. Next, the corresponding simulation
for the antiparallel coiled-coil model of Ecqi-Dapgur-1/Reoi-Lys-
6 was performed (see Fig. 4B). The probability density of a;-a’;
(blue) exhibits a maximum at short distances due to the con-
straint set by the furan-lysine linkage. On the other hand, the
probability densities for the other two pairs a,-a’, (magenta)
and az-a'; (green) peak occur at longer distances, indicating
that the antiparallel configuration is not stable for this coiled-
coil, as shown in Fig. 4B. The same results were obtained for
the EcoirDaprur-8/ReoirLys-13 and  Ecoi-Daprur-15/Reoi-Lys-20
coiled-coils (see Fig. S4271). To support that the parallel model
is the preferred configuration for the aforementioned pair, we
plot in Fig. 4C the probability density of the number of native
contacts Q in the parallel and antiparallel coiled-coil system.
In this representation, large Q values represent a folded coiled-
coil with a high number of hydrophobic interactions (a;-a’;
and the d;-d’; for parallel and a;-d’; and d;-a’; pairs for antipar-
allel) and, therefore, a strong interface (see Fig. S41%). Low Q
values represent a coiled-coil with weak hydrophobic inter-

This journal is © The Royal Society of Chemistry 2023
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densities of the number of native contacts Q.

actions, indicating poor stability of those configurations. Since
the probability density of contacts is higher in the parallel con-
figuration, it can be concluded that the parallel configuration
is indeed the preferred state for the Ecoi-Daprur-1/Reoii-Lys-6
(see Fig. 4C). The same results were also observed for E.u-
DapFur'8/R<:oil']-‘ys'13 and EcoiI'DapFur'lS/Rcoil'Lys_ZO coiled-
coils (see Fig. S427).

Next, simulations were run for Egi-Dapgur-1/Reoi-Lys-15,
Ecoil'DapFur'S/RcoiI'LyS'Sy and Ecoil'DapFur'l5/RcoiI'Lys'1' The
probability densities between the Ca atoms of the a;-a3, a,-a,,
and az;—a; residues were plotted against the distance for the
antiparallel and parallel orientation (Fig. 5A and B and data in
ESI, Fig. S431). In Fig. 5A, the probability density of the Eci-
Dapgu-1/Reoi-Lys-15, when adopting an antiparallel confor-
mation, exhibits a maximum at small distances (below 8 A),
indicating that the antiparallel configuration is very stable. In
addition, the probability densities for the a,-a’, and az-a';
pairs for the parallel configuration (Fig. 5B) exhibit a
maximum at longer distances, indicating that the parallel con-
formation is not stable for this coiled-coil. Finally, the prob-
ability density of the number of native contacts Q was plotted
in Fig. 5C. These data show a clear preference of this coiled-
coil for the antiparallel configuration. The same results were
also observed for the E;qii-Daprur-8/Reoii-Lys-8 and Eqi-Dapru:-
15/Reoi-Lys-1.

2.0r

o
N

In order to understand whether the occurrence of an
alternative orientation of these heterodimeric E3/R3 coiled-coil
pairs in solution was induced by the introduction of modifi-
cations (the furan moiety on the E.., the replacement of Lys
by Arg on the K., and the Aba group at the N-terminus),
FRET measurements were carried out based on pyrene-modi-
fied, but otherwise unmodified, coiled-coils.

A pyrene moiety was attached to either the N- or C-terminus
of the native E..; and K. peptides (sequences are reported in
Table 3 and data in ESI, Fig.S44-477). The selection of pyrene
as reporter unit was driven by the stronger dependence of its
excimer fluorescence emission (formed when two pyrene units
are in close proximity) as a function of distance and
orientation,”’>° as compared to other classical FRET pairs
that typically have Forster radii in the range of 40 to 100 A.°°°2

Table 3 Overview of the sequences of the synthesized pyrene probes.
py: 1-pyrene butyric acid that reacted with the side chain amino group
of lysine. Ac: acetyl

Name Sequence

NpyKeoil Py-KIAALKEKIAALKEKIAALKEK(Ac)-NH,
Keoi-Cpy Ac-KIAALKEKIAALKEKIAALKEK(Py)-NH,
Npy-Ecoit Py-EIAALEKEIAALEKEIAALEKK(Ac)-NH,
Ecoir-Cpy Ac-EIAALEKEIAALEKEIAALEKK(Py)-NH,

o
o

A Antiparallel Simulations B Parallel Simulations C Parallel

Foy 00k 2% 1 205
G 15 % | Bos 2 z

5 a,-a, < ‘.Qt ] ‘;.‘—2," Go.4l
o a,-a, 2%;3 Qo.4 gg}," i’i | o o
£ J a5 ¢ Z03 &% | &
E Ecoil-DapFur-1/Rcoil-Lys-15 §0.2 1 EO'Z
S o5 P ¥ ° | o

Q. Q. 0.1 | a0.1

0.0! J

<)
=)
o

5

<]

110 120 130 140 _ 150 160
Native Contacts (Q)

6 8 10 1 12 16 0 10 20 0 40 50
Distance (ﬁ) Distance (i)

Fig. 5 (A) Probability densities of the distance between the Ca atoms of a;—a’; pairs, with i one of the three heptad repeats of the coiled-coil (CC)
model in antiparallel orientation. (B) Parallel version of the CC model. Snapshots of the simulations are shown in panels A and B. Each heptad repeat
of the CCs is coloured in a different colour: light orange (1* heptad), cyan (2" heptad), and pink (3™ heptad). The a;—a; pair results are represented
in the snapshots as blue, magenta, and green bars, respectively. The furan—lysine linkage is represented by the red beads. (C) Probability densities of

the number of native contacts Q.
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In the parallel NpEcoit/NpyKeoii heterodimeric coiled-coil
system (see Fig. 6A), the two pyrene-modifications are placed
on analogous termini, facing each other, at a distance shorter
than 10 A. However, if one of the pyrenes is placed at the
N-terminus of one coil and the other at the C-terminus of the
second coil (i.e. on opposite termini of a parallel coiled-coil
structure, see Fig. 6B), the coiled-coil system will keep the two
pyrene units apart, at ~32 A (based on PDB: 1U0I). Therefore,
if only a parallel structure is formed, the excimer emission
based on pyrene-pyrene stacking should only be observed in
the former scenario. The fluorescence emissions of the pyrene-
modified K/E..; peptides at the N or C terminus (see Table 3)
were evaluated at 5 pM probe concentration in PBS pH 7.4. As
shown in Fig. 6C, D and in Fig. S48,f excimer emission (a
broad band ranging from 425 nm to 550 nm, centered around
480 nm) was observed for all combinations of peptides, regard-
less of which peptide terminus was modified with pyrene.
Next, the excimer/monomer emission ratio of coiled-coils
pairs was calculated and, in all cases, was higher than the one
containing a single probe at double concentration (10 pM, see
Fig. 6E). These results demonstrate that there is co-existence of
the parallel and antiparallel conformation for the E3/K3
coiled-coil. Moreover, the fluorescence emissions of the
pyrene-modified coiled-coils were also recorded after the
addition of DMF, which stabilizes the pyrene-pyrene inter-
action but destabilizes the formation of coiled-coil.®*® A
reduction of the excimer fluorescence when adding DMF, con-
firmed that the excimer emission band was observed as a con-
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sequence of the coiled-coil formation (see data in ESI,
Fig. S48, panel C and D). In addition, CD analysis showed
that the coiled-coil domains are formed for the four possible
combinations of pyrene-modified E.; and Ky peptides
(Fig. 6F, G and data in ESI, Fig. S497). Taken together, these
results support the existence of a dynamic equilibrium
between a parallel and an antiparallel orientation is estab-
lished in solution.

Next, thermal denaturation experiments were also per-
formed with the pyrene modified probes (Fig. 7). These experi-
ments show that moving from a Ko to Reej resulted in an

Econ = Keon 5 Econ = Reor Lys-1 ¢ NoyKeos = Ny,
Melting Melting Melting
® = 20
= 10 g 0% s : .
e Y T € o
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Fig. 7 Thermal denaturation curves and their 1 order derivative
obtained from the equimolar mixture of (A) Ecoii + Keoit (B) Ecoit + Reoit-
Lys-1, (C) Npy-Ecoit + Npy-Keoi * indicates the presence of a possible
transition that does not show a pronounced maximum in the 1% order
derivative. (D) Obtained melting temperatures.
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Fig. 6 Cartoon of the orientation of the pyrene-modified coiled-coil systems in case of excimer emission (A) and monomer emission (B).
Fluorescence emission spectra of Ny -Ecoi (C) and Ecoi-Cpy (D) in presence of Npy-Keoi. (E) Excimer/monomer emission intensity ratio for the
pyrene-modified coiled-coil systems and the single probes. CD data of (F) N,y -E.q; (dark blue), K.oi-Cpy (orange) and the mixture of the two (pink)
(G) Ecoit-Cpy (purple), Keoi-Cpy (orange) and the mixture of the two (blue-green). Measurements were performed at 5 pM for each peptide in PBS pH

7.4.
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increase in complex stability, with no significant differences
based on the position of the lysine residue (see Table S5 and
ESI Fig. S50 and S51%). Additionally, these results indicate that
the introduction of the pyrene moieties resulted in a drastic
increase in complex stability, with increases in the Tm that do
not depend on the relative position of the pyrene moieties. In
addition, introducing these aromatic moieties allowed a more
clear identification of a second transition related to a less
stable complex, eventually connected to the presence of both
parallel- and antiparallel conformations at room temperature.
Finally, in an attempt to quantify the fractions of parallel-
and antiparalle]l conformations, an alternative crosslinking
strategy, earlier developed by us, was applied. In Fig. 2 (vide
supra), a series of crosslink reactions was shown between the
Keoil peptide and the different E.oi-Xryr peptides. There it can
be seen that the broader peak, corresponding to the cross-
linked product (and marked with the red circle) is composed
of multiple smaller peaks. Indeed, upon applying the furan-
oxidation crosslink strategy, in principle all lysine residues
that reside in the K. can react, rendering it impossible to
identify which peak corresponds to the parallel or antiparallel
orientation. Therefore, in order to allow less ambiguous
quantification of the fractions of parallel and antiparallel E3/
K3; coiled-coils, we decided to recur to an alternative cross-
linking strategy, earlier described by us (Fig. 8A).°® Herein, a
5-methylfuran-2-yl moiety that is introduced in the E.; is con-
veniently converted into a 2,5-dioxopentanyl (2,5-DOP) deriva-
tive under peptide cleavage conditions. The DOP function can
then be exploited in proximity-induced ligation methodologies
with hydrazine nucleophiles. Additionally, this bio-orthogonal
ligation, which proceeds under physiological conditions, does
not require any stimulus or trigger. With that in mind, Ko
and R, peptide analogues were synthesized containing the
hydrazine functionality either at position 1 or 20 (Table 4).
Therefore, in the K3/R3 peptides, a hydrazine-modified

A /n\/\ Crosslinked product
- - HoN [ “§ N
Naf
5 L3 3 0.2
Ava : <
L ¢ | & L .
S b £ .
4 ». Peptide cleavage 4 Add nucleophile > 4
H*, H,0 4 Y
@ Sy .

l(w,,-Oran-l Km“-OrnHy»ZO Rwi,»OrnHv-l

EcoiOrnpop-6 70%

Fig. 8 (A) Cartoon of the dioxopentanyl-hydrazine proximity based
crosslinking methodology. (B) Yields for each crosslinked product
obtained from the given peptide combinations after 2 h of mixing. The
concentration of E.ui-Ornpop-6 peptide was 5 pM and the concen-
tration of the R and Koy peptides equalled 10 pM. The dark colors in
the table refer to parallel coiled-coils whereas the faded colors rep-
resent an anti-parallel coiled-coil. Yields were calculated by integrating
signals in the HPLC chromatograms in Fig. S57-647 according to the
procedure defined in ESI section 1.5.1.F
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Table 4 Overview of the sequences of the synthesized probes. Aba:

4-acetamidobenzoic acid; DOP: 2,5-dioxopentanyl, Hy: hydrazine, Orn:
ornithine

Name Sequence

Ecoi-Ornpop-6 Aba-EIAAL-Ornpop-KEIAALEKEIAALEK-NH,

Keoi-Orngy-1 Aba-Orny,-TAALKEKIAALKEKIAALKE-NH,
Keoi-Orng,-20 Aba-KIAALKEKIAALKEKIAAL-Orny,-E-NH,
Reoi-Ornpy-1 Aba-Orny,-TAALRERTAALRERIAALRE-NH,
ReoirOrng,-20 Aba-RIAALRERIAALRERIAAL-Orng,-E-NH,

ornithine residue (Ornyy in Fig. 8B) replaced the lysine residue
at position 1 or 20. In the E3 peptide the glutamic acid residue
at position 6 was replaced by a 5-methylfuran-2-yl-modified
ornithine which gives rise to a dioxopentanyl moiety upon
cleavage of the peptide from the resin (Ornpop), resulting from
acidic hydrolysis of the methylfuran moiety under the cleavage
conditions. Next, crosslinking experiments were performed
with different hydrazine-K..; and -Re.; analogues and the
Ecoil-Ornpop-6 peptide (Fig. 8). In these experiments, cross-
linking was achieved by simply mixing 5 pM of E.u;-Ornpop-6
with 10 pM of Reoi/Keoii peptide, followed by 2 h of shaking
(ESI Fig S57-S647). After quenching the reaction mixtures at ¢
=0h,t=0.5h,t=1h and ¢t = 2 h with acetone, so that no
further crosslinking could take place, HPLC traces were
recorded at 214 nm. Based on the disappearance of the signal
corresponding to the E..;-Ornpop-6 and the appearance of the
signal corresponding to the crosslinked product, crosslink
yields were determined for all combinations as shown in
Fig. 8B. In combination with the previous experiments and cal-
culations, additional evidence for a considerable fraction of
antiparallel coiled coil is provided.

Conclusions

In the current work, we studied the use of furan crosslinking
to produce covalently crosslinked heterodimeric E3/K3 coiled-
coil dimers. Due to the presence of multiple Lys residues on
the Koi, which are in close proximity to the furan moiety in
the E, several crosslinked products were observed. The K
was once again converted to an R, to identify which Lys-side
chains can react with the furan moiety incorporated at
different positions within the E..;. Surprisingly, we observed
crosslinking between reacting residues located at opposite
sides of the coiled-coil complex, pointing towards the co-exist-
ence of an antiparallel orientation of the E3/R3 coiled-coil in
solution.

Computational, as well as experimental studies, were per-
formed to validate the co-existence of a parallel and antiparal-
lel orientation of the E3/R3 coiled-coil system. Using a coarse-
grained model, various parallel and antiparallel models of
crosslinked E3/R3 coiled-coils were studied. Fluorescence
measurements based on pyrene-pyrene stacking further sup-
ported the double orientation of these heterodimeric E3/K3
coiled-coils in solution. Previously, Franziska Thomas et al.
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observed different orientations of de novo design coiled-coil
peptides in their search towards unambiguous heterodimeric
coiled-coil dimers.*® Varying orientations were also occasion-
ally observed in designed protein-based architectures.””

With the current experiments, we were now able to firmly
demonstrate, the co-existence of both the parallel and antipar-
allel orientation of the heterodimeric E3/K3 coiled-coil system
in solution. The (EXYZLEK);/(KXYZLKE); coiled-coil dimer has
been classically considered a parallel system in most of the
studies described to date,'”*® and many of the designed appli-
cations are based on this assumption.”>”° The orientation
of the coiled-coil strands can be crucial for the sensitivity of
many of the developed detection methods (vide supra), and
becomes even more important when no protein payload is
attached. Therefore, we feel that the scientific community can
benefit from being aware of the co-existence of parallel and
antiparallel conformations when using the (EXYZLEK)s/
(KXYZLKE); coiled-coil peptide system for a final application.
In future investigations and developments based on
(EXYZLEK);/(KXYZLKE); coiled-coils both orientations need to
be taken into account when designing systems that should
generate reliable signals upon their dimerisation.
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