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Recognition of ubiquitin (Ub) is often mediated by small Ub binding domains such as the Ubiquitin
Interacting Motif (UIM). Most Ub binding events are low affinity interactions, and designing stronger
binders for Ub can be challenging. We here report the design of a short crosslinked coiled coil (CC)
which is conformationally and chemically stable, and which can act as a scaffold to present the key
binding residues from known UIM sequences. Doing so gives rise to a hybrid CC peptide that reconciles
the important features of both UIM and CC sequences. We show by fluorescence polarization assays
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Accepted 1st September 2024 that this crosslinked ‘CC-UIM’" peptide exhibits enhanced binding to Ub compared to the original UIM
sequence. Furthermore, we report a crystal structure of this peptide in complex with Ub. These studies
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Introduction

Protein-protein interactions (PPIs) underpin many biochemical
processes, and often take place over large, dynamic binding
surfaces that make targeting them with designed binders
challenging."™ In some cases it is possible to identify ‘hot-spot’
residues that provide the majority of the binding energy
between interacting protein chains. a-helices are commonly
found to mediate contacts between proteins, and have therefore
been used as a starting point for the design of peptides that
exhibit hot-spot residues and therefore mimic PPIs.>>®
Enhanced binding to protein partners has been targeted by
stabilization of o-helical structures,” using conformationally
constrained peptides®*** or a-helical coiled coil formation.**™"”
a-helical coiled coils (CCs) are characterized by the heptad
repeat, a pattern of hydrophobic and polar residues, conven-
tionally labelled abcdefg, in which residues a and d are hydro-
phobic, with the other positions being occupied by polar
residues. This pattern gives rise to an amphipathic a helix,
which in aqueous media will tend to associate to minimize
solvophobic interactions with these hydrophobic side chains.
Sequence to structure relationships have been explored for CCs,
and it is possible to control partner selection and
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can be a successful strategy for binder design.

oligomerization state by careful choice of peptide sequence.**>°

Because of their structural regularity and preorganization of the
o helix, CCs have been used as a template for mimicking PPIs by
patterning hot-spot residues onto the outward-facing surface of
one helix. Related helical systems have been generated using
methods that include N- and C-terminal crosslinking and side-
chain crosslinking.*»***** These helical binders have been
used as mimics of PPIs such as NEMO:vFLIP*' and p53:MDM2.**

Ubiquitin (Ub) is a short 76 residue protein that can be post-
translationally attached to other proteins, normally via a lysine
side chain or the protein N-terminus. Ubiquitination of proteins
is vital for a range of cellular functions, including cell division,
protein quality control, gene expression, DNA repair and the
transport of proteins.>**” The recognition of Ub is a complex
process, and several small Ub binding domains (UBDs) have
been characterised.”**® Most UBDs bind to the Ile44-His68-
Val70 binding groove of Ub, often by contact exclusively or
primarily via a single o helix. One of the most well characterized
UBDs is the ubiquitin interacting motif (UIM). UIMs bind Ub
through a single a-helix, which makes contact with the hydro-
phobic B-sheet binding pocket of Ub.*® UIMs are characterized
by their AxxxS motif, in which alanine and serine residues
are spaced 4 positions apart. Binding affinities of UIMs to
Ub have been reported in the low millimolar to high micro-
molar range.*** Most UBDs bind with similarly weak affinities.
There is considerable variation in sequence composition
between UIM sequences, which is likely to modulate the Ub
binding affinity. The ability to control Ub affinity in designed Ub
binding peptides could therefore be of significant utility in
understanding both Ub binding and its downstream
consequences.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The Vps27 UIM-1 peptide

The UIM-1 sequence of Vsp27 was chosen as a starting point,
due to it having both an NMR structure (1q0Ow) and a reported
dissociation constant of 227 pmol 1. The solution structure of
the Ub:UIM-1 complex shows that the binding region of the
peptide is a-helical. UIM-1 binds through a continuous stripe of
hydrophobic residues, centered around the Ala266 and Ser270
residues in the core binding region of UIM-1 covering residues
257-274. Overall, UIM-1 binds through six hydrophobic resi-
dues and a buried serine, which all make contact with the well-
defined Ile44-His68-Val70 binding region of Ub. Computa-
tional alanine scanning experiments indicate that the central
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hydrophobic residues Leu262, Ile263, Ile267, Leu269 and
Leu271 constitute the main binding surface of the peptide. The
bound state of the peptide also exhibits a series of i — i + 4 salt
bridges across the ‘back’ face of the helix. These interactions
may contribute to Ub binding by stabilizing the helical form of
the peptide. In general terms, it is likely that preorganization of
the binding residues exhibited by UIMs could contribute to Ub
binding by offsetting the entropic cost of helix formation. We
therefore reasoned that a stable helical scaffold could be
designed such that a UIM sequence could be patterned onto the
outer surface of a preorganized helix, giving rise to enhanced Ub
binding properties. To this end we first designed a stabilized a-
helical coiled coil peptide.

Table1 Peptides used in this study. Coiled coil heptad registers and UIM numbering are shown where relevant. Full details are given in Table S1

Number Description Sequence & register
) o0 efgabcdefgabcdefga
1 E-helix, alkyne > EQEIAALEYEIAALEQEG-NH,
. . 0 efgabcdefgabcdefga
2 Kehelix, azide N~ NKQKIAALKYKIAALKQKG-NH,
o
N_NKIKKQKIAALKYKIAALKQKG—NHZ
3 Reference CC N o efgabcdefgabcdefga
EQEIAALEYEIAALEQEG-NH;
. efgabcdefgabcdefga
4 E-helix, capped Ac-EQETAALEYETAALEQEG-NH,
. efgabcdefgabcdefga
5 Kehelix, capped Ac-KQKIAALKYKIAALKQKG-NH,
o0 efgabcdefgabcdefgabc
6 CC-UIM E-helix ///\)\EQE|;EIZEIII.EI‘.;[@IIA;]}.];@EI;EI:(IS—NH;
1 5 9 13 17
; CC-UIM K-heli labeled 9 efgabcdefgabcdefgabc
o el diabete M~ NKQKIAALKYKIAALKQKIQG-NH,
i i
8 CC-UIM K-helix, fluorescein labelled N3\/U\KQKIAALKKKIAALKQKIQG—NHz
efgabcdefgabcdefgabc
o
N-N KOKIAALKYKIAALKQKIQG-NH>»
9 CC-UIM, unlabeled Ny o efgabcdefgabcdefgabc
EQEIEELEIEIATLLSETEG-NH;
1 5 9 13 17
{ *
N=N KOQKIAALKKKIAALKQKIQG—-NH;
10 CC-UIM, fluorescein labelled N o efgabcdefgabcdefgabc
EQEIEELETEIATLLSEIEG-NH,
1 5 9 13 17
11 UIM reference, unlabeled AC_G$p$$$P;$@;$P$PK$$G_NH2
1 5 9 13 17
5
12 UIM reference, fluorescein labelled AC_G?DEE?L;R@¥E{‘$I“K$$GK—NH2
1 9
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Results and discussion
Design of a short crosslinked helical dimer

a-helical coiled coils are a common protein structural motif,
and have been the subject of numerous engineering studies. CC
folding is primarily mediated by the masking of hydrophobic
residues. Because of this the conformational stability of CCs
varies as a function of helix length, among other factors, and
CCs shorter than three heptad repeats (21 residues, six helical
turns), which would mask only six or fewer hydrophobic resi-
dues, are not commonly observed. We reasoned that a short,
conformationally stable CC structure could be achieved by
covalently connecting two peptides with a linker that is of the
right size to stabilize CC formation. We based our design on
known design principles for the formation of CC heterodimers,
as described by Thomas et al.*® Briefly, Ile and Leu residues were
placed at @ and d positions and complementary salt bridges
were programmed by one peptide having Glu residues at the e
and g positions while the other sequence has Lys residues at
these positions. The remainder of the heptad positions were
populated with helix-favoring Ala residues, as well as GIn for
solubility and Tyr as a UV chromophore. In order to covalently
link the peptides we selected an eight-atom linker that could be
installed via a triazole ligation. The length of the linker was
chosen to approximately match the approximate separation of
6-7 A between amino acid o-carbon atoms at a d register posi-
tion.*® It was further anticipated that the hydrophobic nature of
this linker could stabilize the folded CC structure by partially
masking the adjacent Ile residues from unfavorable interac-
tions with water.* The linker was placed at the N-terminus so
that its precursor azide/alkyne functionality could be installed
easily under standard solid phase peptide synthesis conditions.
These considerations gave rise to sequences 1 and 2 (Table 1).
These peptides were synthesized and crosslinked under mild
conditions (Fig. S1t) to yield peptide 3. Acetyl capped versions
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of the CC sequences, peptides 4 and 5 were made for reference
purposes.

The effect of the triazole crosslink on folding was investi-
gated by circular dichroism (CD). In isolation, peptides 4 and 5
showed CD spectra indicative of random coil formation. A 1:1
mixture of peptides 4 and 5 exhibited a CD signal that indicates
a very slight degree of a-helix formation (Fig. 2C), suggesting
that without crosslinking, these peptides are too short to form
a CC. The triazole-linked peptide 3, however, exhibited a CD
signal that indicates this peptide is predominantly in the o-
helical conformation in aqueous solution. Peptide 3 was found
to be chemically stable over a 30 day time period when stored at
pH 7 in water at room temperature (Fig. S21). Thermal melting
CD spectroscopy experiments showed that peptide 3 was stable
at moderate temperatures. Heating to temperatures exceeding
60 °C (Fig. S3 and S47) resulted in visible aggregation of the
peptide and a CD spectrum with a single broad minimum at
~220 nm, suggesting that insoluble B-sheet structures had
formed. No evidence of the formation of B-structures was
observed on prolonged storage of peptide 3 at 5 °C. Peptide 3 is
therefore a chemically and conformationally stable minimal
CC, and we investigated its use as a scaffold for the display of
UIM-derived binding residues in order to develop engineered
Ub binding peptides.

Ub-binding CC based on crosslinked CC-scaffold

Alignment of the UIM-1 sequence with that of the CC scaffold 3
allowed us to propose a merged sequence containing key
features of both the CC and UIM. The core residues of the UIM-1
sequence can be placed at the b, ¢ and f positions, away from
the g, a, d and e positions that define the helix-helix interaction
surface of the CC. We chose to place the Ser14 residue at the C-
terminal of the two available f positions of the CC. This neces-
sitated increasing the length of the CC by two residues, incor-
porating an additional hydrophobic a position, but allowed us

B

~

R <A o

- .EDEEELIS. -
C

Fig.1 Details of the Ub:UIM-1 interaction. (A) View of NMR structure (PDB 1q0w), showing Ub in green, UIM-1in cyan, with key binding residues
in red. (B) Binding region of UIM-1, with i — i + 4 salt bridges highlighted with dashed arrows and key binding residues shown in red. (C) Helical
wheel depiction of part of the binding region of UIM-1, showing disposition of key residues.
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Fig. 2 (A) Helical wheel showing sequence composition and register

for coiled coil design. Leaf shapes indicate the direction at which
amino acid side chains project from the helix. (B) Schematic of triazole
cross-linking unit. (C) CD spectra of peptides 3, 4 and 5.

to preserve the negatively charged Glu residues at the N-
terminal 1, 3, and 4 positions of the UIM-1 sequence. A
cluster of negatively charged residues at these positions is
a common sequence feature of UIMs, and may contribute to
binding by interaction with the positively charged C-terminal
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tail of Ub.** The positively charged auxiliary strand was also
extended by two residues at its C-terminus. There is partial
overlap between the UIM-1 sequence and the CC motif at the e
and g positions corresponding to UIM-1 residues 6, 13 and 15.
In the UIM-1 sequence these are all Leu residues, whereas in the
CC sequence they are all Glu. UIM sequences commonly feature
negatively charged residues, so we examined the degree to
which Glu substitutions were tolerated in the original UIM-1
sequence. We tested the L6E and L15E variations of UIM-1
(Fig. S51), and found that both variations resulted in slightly
weaker Ub binding, despite minimal changes in secondary
structure (Fig. S61). We reasoned that the inclusion of two Glu
residues into the Ub binding interface presented by the CC
represented a suitable compromise between the two sequence
patterns, and would avoid making the CC overly hydrophobic.
We therefore specified the peripheral residues 6 and 15 to be
Glu, and the more central residue 13 to be Leu (Fig. 3).

These considerations gave rise to peptide 6, a CC-UIM
binding strand, peptide 7, a CC-UIM auxiliary strand, and
peptide 8, a CC-UIM auxiliary strand with a fluorescein label. A
triazole formation between 6 and 7 gave rise to the unlabeled
CC-UIM 9, and reaction of 6 and 8 yielded the fluorescein
labelled CC-UIM 10. The native UIM-1 peptide sequences was
synthesized in unlabeled form (peptide 11), and with a fluores-
cein label appended to the side chain of a C-terminal Lys
residue, giving peptide 12.

As a preliminary test of the resulting CC-UIM peptide
sequences, the complex between Ub and the peptide compo-
nents of 9 was modelled using AlphaFold Multimer (Fig. 5B).**
This model omits the triazole linker between the two helices
comprising the CC, but nevertheless predicts the intended UIM-
like complex between the CC and Ub. This suggests that it is
possible to reconcile the design requirements for CC formation
and Ub binding within a short peptide sequence.

/ CC Heterodimer \
Helix

/ Ub Binding Helix \

efgabodefgabcdetg E‘???EP??E‘.‘?"F?PK? ..., LI AT LSL
EQEIAALEYEIAALEQE O R T B
Essential CC Essential UIM Merge
l Residues Residues Sequences
fgabcdefgabcedefgal
-fgabcdefgabede g peea, BT, AT LSL EQEIEELEIEIATLLSEIE
E EI LE EI LE E TR

/ Ub Binding CC \

efgabedefgaboedefg
EEI LE EI LE E

\ 1 5 9 13 17 / I} 3 5 5 17\

Fig. 3 Sequence design for CC-UIM peptides.
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Fig. 4 (A) CD spectroscopy of unlabeled peptides 9 and 11. (B) FP
titration assay of fluorescein labelled peptides 10 and 12 against Ub.

CD spectroscopy of peptides 9 and 11 showed both peptides
to have a substantial degree of helical character (Fig. 4A).
Comparison of the CD signals at 222 nm shows that peptide 9 is
somewhat more helical than peptide 11, indicating that
crosslink-mediated CC formation favors the helical form to
a greater degree than the i — i + 4 salt bridges present in the
original UIM-1 sequence (Fig. 1B). Moreover, peptide 9 remains
helical at temperatures below 60 °C, though an eventual irre-
versible B-transition occurs at temperatures beyond this
(Fig. S71). The greater degree of helical character of the CC-UIM
peptide implies that the binding residues are also preorganized
to a greater degree.

We investigate the Ub binding capacity of peptide 10 through
an FP titration (Fig. 4 and S8t). Peptide 10 was maintained at
a constant concentration of 50 nM, and titrated against Ub by
serial dilution in a concentration range of 600 to 1.2 uM. Fitting
these datayielded a K4 of 138.8 £ 5.0 uM. A comparable titration
showed that the reference UIM-1 peptide 12, bound with a K4 of
311.3 + 15.5 uM. The CC-UIM peptide 10 therefore binds more
strongly than the native UIM-1 peptide, indicating that pre-
organization of the helical conformation does indeed
contribute significantly to the energy of binding. It is notable
that the enhanced binding exhibited by peptide 10 occurs
despite it retaining only three of the original five hydrophobic
residues. Retaining these same three hydrophobic residues in
analogues of UIM-1 (Fig. S57) results in a K that is an order of

15780 | Chem. Sci,, 2024, 15, 15776-15782
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Fig. 5 (A) Crystal structure of CC-UIM 9 bound to Ub. (B) AlphaFold
structure of CC-UIM helices (as a non-crosslinked dimer) bound to
Ub. (C) Literature NMR structure of UIM-1 bound to Ub (PDB 1g0w). (D)
Detailed view of binding interactions, highlighting key residues.

magnitude higher, whereas with peptide 10 tighter binding is
observed. Thus the same set of interfacial residues result in
different changes to affinity in these two different scaffolds.
These results indicate that even a modest enhancement of
helical character can play a significant role in enhancing
binding affinity.

Crystal structure of CC:Ub interaction

To investigate the binding interaction between CC-UIM and Ub,
the unlabeled version of CC-UIM, peptide 9 was co-crystallized
with Ub. Two crystal forms of peptide 9 bound to Ub were ob-
tained in the Morpheus Screen condition H1. Crystal form 1
(space group C121) contains one molecule of CC-UIM:Ub
complex in the asymmetric unit, while crystal form 2 (space
group P12,1) has two molecules of CC-UIM:Ub complex in the
asymmetric unit. All of the CC-UIM:Ub complexes are of
essentially the same geometry (with an RMSD between 0.30-
0.55 A), differing only in the orientation of the triazole linker
(Fig. 5 and S97).

The CC-UIM peptide 9 is observed to bind to Ub in an
antiparalle] manner, with the N-terminus of the CC adjacent to
the C-terminal tail of the Ub. This is consistent with the mode of
binding observed for in the published NMR structure of the
Ub:Vps27 UIM-1 complex (PDB 1q0w).> The crystal structure of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the Ub:CC-UIM complex is geometrically very similar to that of
the NMR structure, with an all-atom RMSD of 1.01 A (Fig. S101).
Details of the Ub:CC-UIM interaction are consistent with the
NMR structure: the central Ile44 of Ub aligns with the AxxxS
motif formed by Ala10 and Ser14. Similarly, residue His68 of Ub
interacts with the pocket formed by with Ala10, Leul3, Ser14
and Glu17 of the CC-UIM. A hydrogen bond is formed between
CC-UIM Glu17 and Ub His68. The C-terminal Arg72 of Ub forms
contacts with Glu3 and Glu4 of CC-UIM. Thus, the Ub:CC-UIM
interaction is structurally almost identical to the Ub:UIM-1
interaction. The somewhat tighter binding exhibited by CC-
UIM is therefore most likely a result of its greater structural
preorganisation.

An alignment of the AlphaFold model of the Ub:CC-UIM
complex with the crystal structure of the same complex has
a very low RMSD of 0.26 A (Fig. $11%). This similarity suggests
that the triazole linker is consistent with the ideal folded
structure of the peptide, and moreover indicates that AlphaFold
Multimer has significant potential as a predictive tool for
peptide protein complexes, even where chemical modifications
are present. The use of machine learning based methods such
as AlphaFold combined with rational design principles and
experimental studies offer significant scope to engineer
peptide-protein interactions.

Conclusion

In conclusion, we have designed and synthesized a crosslinked
CC which, despite its small size, folds into a stable a-helical
structure. We have demonstrated that it is possible to use this
scaffold CC to make a structured mimic of the Vps27 UIM-1
binding sequence, and that this mimic binds to Ub with
a higher affinity than the original UIM-1 peptide. The Ub
binding affinity of CC-UIM is within the range of values
measure for other Ub binding motifs such as the UBA domain.
An X-ray crystal structure of the CC-UIM:Ub complex shows that
the peptide binds through interactions similar to the parent
peptide, indicating that the overall binding motif is preserved
when transferred to the new CC context. In a general sense,
these findings show that PPIs involving a-helices can be
mimicked using a crosslinked CC system. We envision that CC-
UIM peptides will be useful tools for the study of Ub binding
processes, and that the CC scaffold demonstrated here could be
used to target other PPIs.

Data availability

Coordinates and structure factors for the crystal structures of
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