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The development of methods for chemical modification of proteins has enabled transformative
advancements in the fields of chemical biology, cell biology and biomedicine. Herein we demonstrate
that simple, easy-to-prepare acryloyl imides can be used as reagents for N-terminal protein
bioconjugation that exploit conjugate addition/ring expansion (CARE) cascade reactions to afford novel
protein-macrocycle conjugates. The CARE approach advantageously proceeds with high N-terminal
selectivity, affords the formation of stable bioconjugates driven by irreversible ring expansion, and
facilitates access to modified proteins appended with complex, functionalized medium sized rings. The

utility of this late stage protein macrocycle diversification is showcased in nanobody-based imaging of
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Accepted 12th December 2025 cancer tissue and modulation of a chemokine-receptor interaction, uniquely decoupling

endocytosis from phosphorylation. As such the CARE bioconjugation represents a powerful and versatile

DOI: 10.1039/d55c08044d platform with broad potential application in the construction of tools for dissecting biological

Open Access Article. Published on 16 December 2025. Downloaded on 1/5/2026 4:10:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

Introduction

Protein bioconjugation has revolutionized modern day
biomedical and biotechnological research. Through the union
of small molecules and large macromolecules, chemical protein
modification can deliver bioconjugates with altered, or novel,
structure and function, greatly expanding applications beyond
what can be achieved through the 20 canonical amino acids.
Macrocycles are often considered the bridge between small
molecules and proteins, combining the functionality and
synthetic accessibility of the former with the 3D-shape diversity
of the latter, leading to wide ranging applications in mecha-
nistic biology and drug discovery.> However methods for
construction of covalent macrocycle-protein bioconjugates are
rare,>? in part due to the steric challenges presented in
bringing the two partners together. Novel strategies providing
access to this on-protein chemical space would therefore be of
value.

“Department of Chemistry, University of York, York YO10 5DD, UK. E-mail: martin.
fascione@pyork.ac.uk; chris.spicer@york.ac.uk; william.unsworth@york.ac.uk

*York Biomedical Research Institute, University of York, York YO10 5DD, UK
‘Northern Institute for Cancer Research, Newcastle University, Newcastle Upon Tyne
NE2 4HH, UK

“Hull York Medical School, University of York, York YO10 5DD, UK

© 2025 The Author(s). Published by the Royal Society of Chemistry

mechanisms, and biologics with new therapeutic modalities.

In this context, protein N-termini represent attractive targets
for chemical modification. These uniquely reactive sites are
chemically and sterically accessible in up to 20% of the
eukaryotic proteome, including many secreted proteins.® Reac-
tions targeting N-termini can be broadly split into two cate-
gories: (i) specific reactions, relying on the participation of the
proximal a-amide of the protein backbone; and (ii) selective
reactions that exploit the lower pK, of the N-terminal ammo-
nium (6.0-8.0) relative to the e-ammonium of lysine side-chains
(~10.5). This difference in pK, leads to a-amines exhibiting
increased nucleophilicity at near-neutral pH,* allowing reaction
with electrophilic small molecules probes like Michael accep-
tors. However, while much progress has been made in this area
in recent years," leading methods for N-terminal protein
modification based on aza-Michael reactions for example, often
suffer from low selectivity and/or conjugate instability, due in
part to the reversibility in the key aza-Michael step.®

Herein, we introduce a new method for N-terminal macro-
cyclic bioconjugation using the Conjugate Addition/Ring
Expansion (CARE) cascade strategy (Scheme 1A).°® Our CARE
approach starts with a reversible conjugate addition reaction of
a primary amine with an acryloyl imide (1 — 1a) - at this stage,
akin to established amine bioconjugation methods that make
use of Michael acceptors. However, a key design feature of our
acryloyl imide probes is that following conjugate addition, the
resulting intermediate 1a is primed to undergo cyclisation (1a
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A) Conjugate Addition/ Ring Expansion (CARE)6
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Scheme 1 (A) CARE cascades of acryloyl imides with primary amines
(previous work); (B) this work: N-terminal protein-macrocycles
enabled by conjugate addition/ring expansion cascade reactions.

— 1b) and irreversible ring expansion (1b — 2) via a cascade
reaction, to form a macrocycle or medium-sized ring.® This
feature addresses one of the major limitations of established N-
terminal targeting approaches, where reversibility can lead to
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lower conversions, necessitating more forcing conditions, and
an increase in off-target labelling, particularly at lysine.’

The successful realization of the CARE strategy for N-
terminal protein bioconjugation using easy-to-prepare acryloyl
imides 4 is described (Scheme 1B). Selectivity for N-terminal
modification over lysine side chains, the formation of stable
bioconjugates driven by an irreversible ring expansion step, and
the ability to generate proteins modified by macrocycles or
medium-sized rings of increasing complexity are key advan-
tages. The ability of the CARE approach to generate functional
and medicinally-relevant constructs is demonstrated in two
forms - firstly in the labelling of a prostate specific membrane
antigen-targeting nanobody for selective imaging of cancerous
tissue; and secondly, in the preparation of modified analogues
of the key human chemokine CCL5 which modulate cell surface
receptor activation and processing in a macrocycle-dependent
manner.

Results and discussion

Before embarking on bioconjugation studies, we first tested
whether our published small molecule CARE method is
compatible with amines derived from selected proteinogenic
amino acids. Thus, 6-membered ring acryloyl imide 6a was
reacted with a variety of amino ester hydrochloride salts, under
the conditions summarised in Fig. 1A. This approach afforded
the expected 10-membered ring bis-lactams 7a-n, all obtained
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Fig. 1

(A) Amino ester hydrochloride salts used as substrates in CARE with 6a: [a] Amino acid hydrochloride salt (1.1 eq.), MeOH (=

0.5 M),

triethylamine (4.0 eq.) and imide 6a (1.0 eq.) were stirred for 4 h at room temperature, before concentration in vacuo and purification by FCC; [b]
reaction performed in DCM (=0.5 M) instead of MeOH; (B) CARE of imides 6a and 6b with SLYRAG 8. (C) Other Michael acceptors for the

modification of SLYRAG 8 (for MS data see Fig. S14-16).
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using the standard CARE protocol in methanol. In the case of
tryptophan-derived product 7n, X-ray crystallographic data was
obtained to confirm that the expected ring-expanded product
formed.'® Although the isolated yields for these reactions were
mixed (7-89%), no competing reactions on the amino acid side
chains were observed in all but one of the reactions tested. A
notable exception was when the CARE reaction was attempted
using cysteine methyl ester hydrochloride, in which side prod-
ucts arising from competing thio-Michael reactions were
observed, as expected (see SI Section 2, page S22). Although this
is limiting when proteins contain free surface cysteines, the
presence of such residues is rare, as most cysteine thiol groups
are exist as stable disulfide bridges."* Cognizant that the
conditions for protein bioconjugation would differ from those

used on small molecules, these test reactions were
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unoptimized, with reduced nucleophilicity for amino acids
bearing large or branched side chains due to steric crowding
(most pronounced for the formation of 7c) thought to be the
major reason for lower conversions in some examples.® Lysine
and arginine derivatives are notable absentees in this amino
ester screen; however, lysine- and arginine-containing 6-mer
peptides feature later in the manuscript (see Fig. 1B and SI
Section 5), confirming their compatibility. The failure of imide
6a to react with dimethylguanidine sulphate suggests indicates
likely compatibility with arginine (see SI Section 2, page S23).
Attention next turned to assessing the viability of the CARE
method on a short peptide, using the 6-mer SLYRAG 8.
Initially, SLYRAG 8 was reacted at 37 °C in pH 7.4 phosphate
buffer with the same acryloyl imide 6a used in the small
molecule studies. Conversion to 9a was determined by LC-MS
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Fig. 2 CARE cascades of acryloyl imides with peptides and proteins. (A) CARE of imide 6b with SLYRAG 8. Reactions were run at 1 mM under
second-order conditions at pH 6.5, 7.4, 8.0. Reaction progress was monitored by LC-MS (see S| Section SI5). Rate constants were obtained from
a deterministic algorithm whose numerical solver computes changes to molecular species concentration and assigns values for each reaction
based on a 'trial-and-error’ approach. Full details, including errors of fitting, are provided in the Sl and Fig. SI9; (B) a plot of molecular species
concentration against time for entry 2 (for similar plots for entries 1 and 3, see Sl and Fig. SI9); (C) protein bioconjugation with CARE using imide
6b: #1 6.7 uL of protein (150 uM stock in 0.1 M PB, pH 7.4), 4 L of PB (0.5 M stock, pH 7.4) and 7.3 pL of HPLC-grade water is added to 2 pL of imide
6b (50 uM stock in DMSO) and incubated at the desired temperature, 1000 rpm for ~19 h before an aliquot is taken and analysed by LC-MS (for
full experimental and LC-MS details, see SI, Section SI8); (D) screening conditions for RNase A bioconjugation with imide 6b. Reactions were run
at 50 uM of RNase A at pH 6.0, 6.5, 7.4 and 8.0 with 5, 10, 20 or 50 equivalents of imide 6b (stock adjusted accordingly in DMSO) and incubated at
room temperature, 1000 rpm for ~19 h before an aliquot was taken and analysed by LC-MS (for full experimental and LC-MS details, see SI,
Section SI8; for tabulated data that make up the plot, see SI, Section S19).

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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(Fig. 1B). Only 2% conversion of SLYRAG 8 into its N-terminally
modified derivative 9a was observed when 2 equivalents of
imide 6a were used (entry 1), but increasing to 10 or 50 equiv-
alents of 6a (entries 2 and 3) enabled full conversion into 9a
after 4 h. Good or full conversion could also be achieved using
fewer equivalents of 6a (entries 4-6); e.g. when SLYRAG 8 was
reacted with 5 equivalents of 6a, 73% conversion into 9a was
observed within 1 h, and full conversion after 3 h. Similar
experiments were also performed using 5 equivalents of the 8-
membered ring acryloyl imide 6b, and this reagent was fully
converted into 12-membered ring modified SLYRAG derivative
9b within 2 h (entries 7 and 8). To test conjugate stability, 9b
was incubated at 37 °C for 19 h in the presence of 10 equiv. of
cysteine. If the CARE conjugation was reversible, degradation of
the product over time would be expected, with thiol trapping of
the Michael acceptor. However, such degradation was not
observed, demonstrating that the conjugate is stable and that
CARE is irreversible under these conditions (see SI and
Fig. 517).

To compare 6a and 6b with an established Michael acceptor
used for protein bioconjugation, the reaction of SLYRAG 8 with
5 equivalents of N-methylmaleimide initially led to an 84%
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conversion to modified peptide 9¢ over 2 h with 16% starting
material 8 remaining (Fig. 1C). Furthermore, after incubation
with cysteine for 19 h, a 24% reduction in product 9¢ and
increase in starting material 8 to 40% was observed (see SI and
Fig. S17), indicative of reversibility of the bioconjugate forma-
tion, and/or instability of the conjugate. However, unequivocal
characterisation of ring expansion conjugate stability and the
kinetics of any breakdown will require more detailed study,
notably exploring the potential impact of protein sequence and
structure, pH changes, and the stability in complex biological
milieu such as serum, which has previously been achieved
using FRET-based reporter assays.”® Of additional note, the
reaction of SLYRAG with N,N-dimethylacrylamide failed to
generate any labelled peptide 9d, demonstrating the beneficial
increased reactivity of the acryloyl imides 6a and 6b relative to
acrylamide electrophiles.

By investigating LC-MS data for the reaction of 6b with
SLYRAG 8 in more detail, we identified an additional peak with
the same mass as the product, which appeared at early time
points and decreased in intensity over time. We attributed this
peak to the intermediate aza-Michael product 10b, which
subsequently undergoes ring-expansion to generate the amide

N O
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Qw‘

_______________________________________________________________________

B raw MS data deconvoluted MS
1 19+
1x10° 1.4x10° 12370
T oar E)
E, E, 1x10°
> 10 Modified JVZ-007 >
@ ® .
5 § oxv
£ [104] £
et x107
Ll b . L ;
120¢ 1250 1300 1350 1400 1450 2100 1240 12700
' miz miz
 C JVZ-007 - -+ - -
i Modified JVZ-007 - + - - + R
AF647-JVZ-007 - - + - - +
35 =
kDa Y
15— '
- -

10 —

Fig.3 Bioconjugation of JVZ-007 with imide 6c. (A) Modification of JVZ-007 with imide 6c and fluorescent tagging. (i) JVZ-007 (169 uM stock in
PBS; 50 uM final) and imide 6c¢ (100 eq.) in phosphate buffer (0.5 M stock; 0.1 M final) were shaken in an incubator at room temperature overnight
(~19 h). (i) Modified JVZ-007 (40 uM stock in 100 mM PBS, pH 7.4; 20 uM final), sodium ascorbate (1.25 mg mL™Y), CuSO,4 (4 mM) and AF-647
(5 mM stock in DMSO; 40 uM final (2.0 eq.)) in a 500 pL Eppendorf tube protected from light (with foil) were rotated on a fan rotator for 45—
60 min. The crude reaction mixtures were purified by dialysis. For the conditions screen, reactions were run at 50 pM of protein at pH 6.0, 6.5, 7.4
and 8.0 with 5, 10, 20, 50, 100 or 200 equivalents of imide 6c: 6.7 uL of IVZ-007 (~150 uM stock in 0.1 M PB, pH 7.4), 4 uL of PB (0.5 M stock, pH
adjusted accordingly) and 7.3 uL of HPLC-grade water was added to 2 pL of imide 6c (stock adjusted accordingly in DMSO) and incubated at
room temperature, 1000 rpm for ~19 h before an aliquot was taken and analysed by LC-MS. For tabulated data that make up the plot, see S|,
Section S19; (B) left: raw ESI-MS for modified JVZ-007 showing [10+] and [9+] charge adducts; Right: charge deconvoluted ESI-MS showing
>95% single modification. Expected mass for singularly modified JVZ-007 = 12 370 Da; (C) analysis of JVZ-007, Modified JVZ-007, and AF647-
JVZ-007 by a TSDS-PAGE gel and visualisation by initial fluorescent imaging (right) followed by Coomassie staining (left).
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in 9b (Fig. 2A). Using the concentrations of the starting peptide
8, intermediate 10b, and final product 9b over time, we fitted
conversions to a two-step kinetic model and extracted rate
constants for the aza-Michael (k,), retro-Michael (k_,), and ring-
expansion steps (k) at pHs 6.5, 7.4 and 8.0 (Fig. 2A table and
Fig. 2B for a plot at pH 7.4 - for further details see SI Section
SI5). This analysis highlights the importance of ring expansion
in driving efficient peptide modification - in the absence of this
irreversible step, a reaction driven purely by the equilibrium
between Michael and retro-Michael reactions would only be
expected to reach a conversion of ~20% (equilibrium constant
K; = 41 M "). The bioconjugation of SLYRAG 8 with 6b was
found to be slower at pH 6.5, due to both reduced aza-Michael
addition and accelerated retro-aza-Michael reaction rates, as
would be expected with increased amine protonation at reduced
pH. Though conversions at pH 7.4 and 8.0 were comparable, we
chose to perform all further experiments at pH 7.4 to maximise
N-terminal selectivity.

In addition to SLYRAG 8, CARE reactions of 6a with other 6-
mer peptides with different N-terminal amino acids were also
tested (see SI and Fig. S20). Successful conversion into the ring-
expanded product was seen in all cases, with overall conversion
governed by a combination of factors: while a decreased a-amine
PK, led to an increased rate of conjugate addition (e.g. k; = 0.1
M 's ™" for MLYRAG, vs. 0.04 M ' s for SLYRAG 8), this did not
correlate with an overall increase in conversion due to a slowed
rate of ring expansion, which appeared to be influenced by the
size of the N-terminal side-chain (e.g. k&, = 1 x 10™* s™' for
WLYRAG, vs. 9 x 107* s~' for SLYRAG 8), in line with our
observations on small molecules.®*® We also investigated the
reaction of the e-amine of an internal lysine residue using
a peptide bearing an N-terminal acetate cap (see SI, Section S20).
In this case, negligible conversion was observed over 3 hours.
Both a reduced rate of Michael addition and accelerated retro-
Michael reaction were observed, leading to a greater than 2-
order of magnitude decrease in K; relative to the modification of
an N-terminal a-amine (0.12 M~ vs. 41 M~ for SLYRAG 8). This
is presumably due to increased amine protonation as a result of
the higher pK, of e-amines, in line with the observations of
reduced N-terminal labelling at slightly acidic pH described
above. Cumulatively, these results on model peptides indicated
a strong preference for N-terminal over lysine modification, with
selectivity expected to be reduced with increasing pH.

Next, we translated the CARE strategy to proteins, where
achieving selectivity was expected to be more challenging. A
panel of model proteins, RNase A, myoglobin, CjX183-D, and
cytochrome C, all with accessible N-termini,” were each incu-
bated with acryloyl imide 6b (5 equiv.) at pH 7.4. Reactions were
analysed after 19 h by intact protein LC-MS, and in all cases
successful protein modification was observed (Fig. 2C). For
RNase A, myoglobin, and cytochrome C, reactions at 37 °C led to
a modest degree of double and triple modification, presumably
due to off-target modification at lysine residues. However, this
could be avoided/minimized by performing the reactions at
room temperature, leading to much better selectivity for single
modification. CjX183-D is an interesting model substrate, since
the wild-type protein contains no naturally occurring lysine

© 2025 The Author(s). Published by the Royal Society of Chemistry
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residues, and as a result single-site modification was observed
even at 37 °C. Introduction of a single lysine residue in the
mutant protein CjX183 R51K led to the appearance of a small
amount (9%) of double modification at 37 °C, reinforcing the
hypothesis that e-amine modification is the predominant
competing reaction.

We subsequently investigated the modification of RNase A in
more detail (Fig. 2D). As would be expected based on our
observations on peptides and the role of a- and e-ammonium
PK,s, increasing the equivalents of 6b and increasing pH both
led to higher conversion, but with a selectivity trade-off.
Importantly though, conversions of ~50% to the singly modi-
fied protein could be achieved at both pH 6 and pH 7.4, through
careful control of reaction conditions.

To expand upon these results and demonstrate the utility of
our approach, we next synthesized acryloyl imide 6c¢ bearing
a pendant alkyne (Fig. 3A, see SI, Section SI2 and SI3 for
preparative details). The alkyne group provides a useful inter-
mediate for reagent diversification, as well as a handle for post-
bioconjugation functionalisation via copper-catalysed azide-
alkyne cycloaddition (CuAAC). The conjugation of acryloyl
imide 6¢ was first tested on RNase A, a protein already shown to
be compatible with CARE, and interestingly, selectivity for N-
terminal modification was greater than it was when using the
simpler imide 6b (see SI and Fig. S24). Bioconjugation of 6¢c was
then tested using a new protein, nanobody JVZ-007, and

JVZ-647

JVZ-647 + DAPI

Fig. 4 Immunofluorescent staining of BPH, PC, and breast cancer
tissue using the fluorescent nanobody AF647-JVZ-007 (left, red) and
DAPI nuclear counterstain (right, blue).

Chem. Sci.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc08044d

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 16 December 2025. Downloaded on 1/5/2026 4:10:53 PM.

(cc)

View Article Online

Chemical Science Edge Article

excellent conversions were achieved with imide 6c under several indicative of successful, irreversible ring-expansion (see SI,
of the conditions tested (Fig. 3A-C). Protein digestion of Section SI9). The accessibility of the pendant alkyne on modi-
modified JVZ-007 demonstrated that CARE had taken place at fied JVZ-007 for CuAAC and on-protein derivatisation was also
the N-terminus of the protein (see SI, Fig S23). Furthermore, the demonstrated, via the attachment of an AlexaFluor 647 azide,
conjugate was found to be stable to overnight dialysis at 37 °C  resulting in fluorescent labelling of JVZ-007 (to form AF647-JVZ-
with no evidence of degradation back to the starting protein, 007, Fig. 3A and C).
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Fig. 5 CARE bioconjugation in the exploration of CCL5-CCRS5 binding and receptor recycling. (A) Wild type CCL5 N-terminal insertion and
agonist binding into the extracellular CCR5 cavity induces receptor phosphorylation, followed by endocytosis and recycling of the activated
receptor via early-sorting and recycling endosomes; (B) N-terminal CARE reactions of CCL5 11 to afford 10-membered ring-CCL5 conjugate 12,
and 14-membered macrocycle conjugates 13a and 13b; (C) kinetics of CCR5 endocytosis upon treatment as indicated (mean of n = 3 exper-
iments); (D) confocal images visualising changes in CCR5 distribution from the cell-surface to perinuclear recycling endosomes (open and filled
arrows, respectively) after 30 min of treatment (scale bar = 10 um); (E) kinetics of CCR5 recycling and cell-surface recovery following 30 min of
treatment (mean of n = 3 experiments); (F) kinetics of CCR5 phosphorylation on Ser349 upon treatment, using 5P12-RANTES as a CCR5-
derivative control not inducing phosphorylation (mean of n = 2 experiments). **** P < 0.0001 two-way ANOVA with Dunnett secondary test.
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JVZ-007 is an important target for bioconjugation as it selec-
tively binds prostate-specific membrane antigen (PSMA) which is
overexpressed on the surface of prostate cancer cells.**** With the
fluorescent labelled protein conjugate in hand AF647-JVZ-007,
this was used to successfully visualise PSMA on LNCaP prostate
cancer cells, which endogenously express high levels of the
antigen, initially via fluorescence microscopy, (See SI and
Fig. S25).** Subsequent immunofluorescent staining of tissue
from prostate cancer (PC,) patients was compared with tissue
from patients with non-cancerous benign prostate hyperplasia
(BPH) (Fig. 4), and demonstrated the utility of the fluorescently
modified nanobody for identifying PC, tissue. PC, cells have been
established to present increased levels of PSMA on their surface
relative to BPH tissue,'® with a lack of staining in a control breast
cancer sample confirming specificity for PSMA. These results
confirmed that the mild bioconjugation conditions used in the
tandem CARE-CuAAC bioconjugation did not preclude the
nanobody from still recognising its target receptor.

Finally, we explored the utility of the CARE approach for
accessing proteins modified with functionalized macrocycles of
increasing size and structural diversity. To do this, we focused on
the modification of the human CCL5 chemokine (also known as
RANTES), which binds to the G-protein coupled chemokine
receptor CCR5 (Fig. 5A). Upon CCL5-CCR5 binding, intracellular
signaling is triggered leading to directed cell migration or
chemotaxis.”” CCL5-bound CCR5 is rapidly desensitised through
downmodulation, a process including CCR5 phosphorylation in
the cytoplasmic tail (residue Ser349), endocytosis, and recycling
with cell surface re-accumulation of de-activated receptors.'®
CCR5 also serves as the principal co-receptor for the human
immunodeficiency virus (HIV), and CCR5-binding “antagonists”
are therefore highly desirable as anti-HIV therapies'*?* This
includes modified versions of CCL5, like 5P12-RANTES, that have
previously been shown to be potent inhibitors of HIV infection.™
As the N-terminal region of CCL5 forms a high affinity interaction
by deep insertion into the extracellular CCR5 ligand pocket,” we
hypothesized that CARE modification of CCL5 with derivatised
macrocycles of varying size and structure might therefore
augment or alter the receptor activation and trafficking process.
We initially performed N-terminal CARE ring expansions on CCL5
11 with underivatized imide 6a to afford CCL5 bearing a 10-
membered macrocycle, 12, with full conversion (Fig. 5B). We also
performed ‘off-protein’ CARE reactions on 6a using the method
summarised earlier in Fig. 1C; the resulting 10-membered ring
bis-lactams were subsequently acylated with acryloyl chloride
under basic conditions (see SI, Section SI3 for synthetic details).
These functionalised, ring-expanded reagents 6d and 6e were then
used for CARE modification of CCL5, thus undergoing a further
ring expansion. In both cases, N-terminal CARE provided access
to 14-membered macrocycle-modified CCL5, bearing either an
ethyl ester (13a) or an aryl fluoride (13b) side chain.

Intriguingly, when we compared CCR5 stimulation by the
macrocycle-CCL5s 12-13 to wild-type CCL5 11, using phos-
phorylation, endocytosis and recycling assays (Fig. 5C-F), we
observed similar agonistic abilities indicating that introduction
of the macrocycles did not disrupt the binding interaction in
the ligand pocket. However, our experiments exposed marked

© 2025 The Author(s). Published by the Royal Society of Chemistry
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differences between wild-type and labelled CCL5s, with reduced
receptor endocytosis, recycling and phosphorylation observed
for 12-13 compared to 11 (Fig. 5C, E and F). Most notable,
however, was the 14-membered aryl fluoride modified
macrocycle-conjugate 13b, which did not elicit any CCR5
phosphorylation of Ser349 residue (Fig. 5F), which is the target
of G-protein coupled receptor kinases (GRKSs) prior to agonist-
mediated endocytosis.” Thus, 13b behaves like the 5P12-
RANTES derivative (Fig. 5F), in that it does not induce CCR5
phosphorylation, but unlike 5P12-RANTES? it can still trigger
CCR5 endocytosis. This demonstrates that the installation of
macrocycles at the N-terminus of CCL5, with subtle functional
group changes, is enough to decouple CCR5 phosphorylation
and down-modulation requirements and constitutes a novel
approach for dissecting chemokine ligand-receptor interac-
tions.” CCL5-ring expanded macrocycles therefore have the
potential for future application in the removal of CCR5 from the
cell-surface without inducing detrimental receptor signaling
stimulation, as observed with earlier derivatives.*

Conclusions

In conclusion, a novel strategy for N-terminal protein bi-
oconjugation has been established using easy-to-prepare acryloyl
imide reagents. The acryloyl imides reagents react selectively with
N-terminal amines in a CARE cascade reaction on a range of
biologically relevant proteins, with the CARE approach also vali-
dated using a range of amino acid derivatives and 6-mer peptide
models. Selectivity for N-terminal modification over lysine side
chains is observed, driven by differences in pK, between o-amines
and e-amines. The ring expanded bioconjugates formed have
enhanced stability, relative to conjugates formed using more
established Michael acceptor reagents, driven by the irreversible
ring expansion step in the CARE cascade. Importantly the CARE
approach enables access to novel protein-macrocycle bi-
oconjugates with broad scope for the incorporation of varied
chemical functionality within the newly formed macrocycle. The
utility of the approach is demonstrated in the modification of
untagged native proteins, including nanobodies for cancer cell
and tissue imaging, and human chemokines with altered down-
stream activation and processing. Thus, the CARE approach has
significant potential to serve as a platform technology for the post-
translational late-stage macrocycle derivatization and diversifica-
tion of chemokines and other proteins.

Ethical statement

All surgical specimens were collected in accordance with local
ethical and regulatory guidelines, with written informed
consent from patients (Newcastle REC 2003/11 and Human
Tissue Authority License 12534, Freeman Hospital, Newcastle
upon Tyne, United Kingdom).

Author contributions

M. A.F,C.D.Sand W. P. U. designed and supervised the study.
O.R.H, A T, E. H,]J. N, R H, and N. D. Y. performed the

Chem. Sci.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc08044d

Open Access Article. Published on 16 December 2025. Downloaded on 1/5/2026 4:10:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

experiments and interpreted the results. A. C. W collected and
processed the X-ray crystallographic data. C. N. R. and N. S.
supervised and advised on biological experiments. O. R. H. M.
A.F., C.D.S. and W. P. U. prepared the manuscript, supported
by all authors.

Conflicts of interest

There are no conflicts to declare.

Data availability

CCDC 2391160 contains the supplementary crystallographic
data for this paper.*

The data that support the findings of this study are available
in the supplementary information (SI) of this article. Supple-
mentary information: including detailed experimental proce-
dures for small molecule, peptide and protein transformations,
compound characterization data, chromatograms, LCMS data,
MALD]I, kinetic methods, protein expression methods, immu-
nofluorescence staining and microscopy and NMR spectra
images. See DOI: https://doi.org/10.1039/d5sc08044d.

Acknowledgements

We thank the Department of Chemistry, University of York for
funding the PhD studentship of O. R. H. We thank the Hull York
Medical School, University of York for PhD funding for A. T. We
thank staff at the Imaging and Cytometry Lab in the University
of York Bioscience Technology Facility for technical support
and advice, as well as Dr Ed Bergstrom and The York Center of
Excellence in Mass Spectrometry for LCMS studies. The York
Center of Excellence in Mass Spectrometry was created thanks
to a major capital investment through Science City York, sup-
ported by Yorkshire Forward with funds from the Northern Way
Initiative, and subsequent support from EPSRC (EP/K039660/1;
EP/M028127/1). M. A. F. also thanks UKRI (EP/X023680/1) for
project grant funding. C.D.S. acknowledges generous support
through a Wellcome Trust Career Development Award (225257/
Z/22/Z).

Notes and references

1 (a) C. D. Spicer and B. G. Davis, Nat. Commun., 2014, 5, 4740;
() E. A. Hoyt, P. M. S. D. Cal, B. L. Oliveira and
G. ]J. L. Bernardes, Nat. Rev. Chem., 2019, 3, 147.

2 (a) C. Brudy, C. Walz, M. Spiske, J. K. Dreizler and F. Hausch,
J. Med. Chem., 2024, 67, 14768; (b) A. K. Yudin, Chem. Sci.,
2015, 6, 30-49; (¢) Y.-C. Wang, S.-C. Bai, W.-L. Ye, ]. Jiang
and G. Li, Bioconjugate Chem., 2024, 35, 277; (d) S. Ullrich,
S. Kumaresan, M. G. Rahman, B. Panda, R. Morewood and
C. Nitsche, Chem. Commun., 2025, 61, 3009.

3 C. B. Rosen and M. B. Francis, Nat. Chem. Biol., 2017,13, 697.

4 Y. Fan, D. Yang, X. Hu and X. Bi, Chem. Eur. J., 2025, 31,
e01565.

5 (a) L. J. Barber, N. D. Yates, M. A. Fascione, A. Parkin,
G. R. Hemsworth, P. G. Genever and C. D. Spicer, RSC

Chem. Sci.

View Article Online

Edge Article

Chem. Biol., 2023, 4, 56; (b) L. J. Barber, K. S. Stankevich
and C. D. Spicer, JACS Au, 2025, 5, 1983.

6 (@) K. Y. Palate, Z. Yang, A. C. Whitwood and W. P. Unsworth,
RSC Chem. Biol., 2022, 3, 334; (b) W. E. Orukotan, K. Y. Palate,
B. Pogranyi, P. Bobinski, R. G. Epton, L. Duff,
A. C. Whitwood, G. Grogan, J. M. Lynam and
W. P. Unsworth, Chem.-Eur.J., 2023, 29, €202303270.

7 For reviews on ring expansion reactions, see: (@) M. Hesse in
Ring Enlargement in Organic Chemistry, Wiley-VCH,
Weinheim, 1991; (b)) W. P. Unsworth and J. R. Donald,
Chem.-Eur.J., 2017, 23, 8780; (¢) K. Prantz and J. Mulzer,
Chem. Rev., 2010, 110, 3741; (d) A. K. Clarke and
W. P. Unsworth, Chem. Sci, 2020, 11, 2876; (e)
T. C. Stephens and W. P. Unsworth, Synlett, 2020, 31, 133;
(f) J- M. Wootton, J. K. F. Tam and W. P. Unsworth, Chem.
Commun., 2024, 60, 4999.

8 For recent ring expansion approaches conceptually related to
the CARE method, see: (a) C. Kitsiou, J. J. Hindes, P. I'Anson,
P. Jackson, T. C. Wilson, E. K. Daly, H. R. Felstead,
P. Hearnshaw and W. P. Unsworth, Angew. Chem., Int. Ed.,
2015, 54, 15794; (b) T. C. Stephens, M. Lodi, A. Steer,
Y. Lin, M. Gill and W. P. Unsworth, Chem.-Eur.J., 2017, 23,
13314; (¢) A. Lawer, J. A. Rossi-Ashton, T. C. Stephens,
B. J. Challis, R. G. Epton, J. M. Lynam and W. P. Unsworth,
Angew. Chem., Int. Ed., 2019, 58, 13942; (d) Z. Yang,
I. Zalessky, R. G. Epton, A. C. Whitwood, J. M. Lynam and
W. P. Unsworth, Angew. Chem., Int. Ed., 2023, 62,
€202217178; (e) Z. Yang, J. K. F. Tam, J. M. Wootton,
J. M. Lynam and W. P. Unsworth, Chem. Commun., 2023,
59, 7927-7930; (f) 1. Zalessky, J. M. Wootton, J. K. F. Tam,
D. E. Spurling, W. C. Glover-Humphreys, J. R. Donald,
W. E. Orukotan, L. C. Duff, B. J. Knapper, A. C. Whitwood,
T. F. N. Tanner, A. H. Miah, J. M. Lynam and
W. P. Unsworth, J. Am. Chem. Soc., 2024, 146, 5702.

9 Z. Li, R. Huang, H. Xu, J. Chen, Y. Zhan, X. Zhou, H. Chen
and B. Jiang, Org. Lett., 2017, 19, 4972-4975.

10 CCDC 2391160  Experimental = Crystal  Structure
Determination, 2025, DOI: 10.5517/ccdc.csd.cc218669.

11 S. M. Marion and V. M. Gladysheyv, J. Mol. Biol., 2010, 404,
902.

12 For publications using 6-mer SLYRAG for peptide
modifications, see: (a) R. J. Spears, C. McMahon,
M. Shamsabadi, C. Bahou, I. A. Thanasi, L. N. C. Rochet,
N. Forte, F. Thoreau, ]J. R. Baker and V. Chudasama, Chem.
Commun., 2022, 58, 645; (b) R. J. Spears, R. L. Brabham,
D. Budhadev, T. Keenan, S. McKenna, J. Walton,
J. A. Brannigan, A. M. Brzozowski, A. ]J. Wilkinson,
M. Plevin and M. A. Fascione, Chem. Sci., 2018, 9, 5585; (c)
N. D. J. Yates, S. Akkad, A. Noble, T. Keenan, N. E. Hatton,
N. Signoret and M. A. Fascione, Green Chem., 2022, 24,
8046; (d) A. Dirksen, T. M. Hackeng and P. E. Dawson,
Angew. Chem., Int. Ed., 2006, 45, 7581.

13 N. C. Rose, A. V. Sanchez, E. F. Tipple, J. M. Lynam and
C. D. Spicer, Chem. Sci., 2022, 13, 12791.

14 K. L. S. Chatalic, J. Veldhoven-Zweistra, M. Bolkestein,
S. Hoeben, G. A. Koning, O. C. Boerman, M. de Jong and
W. M. van Weerden, J. Nucl. Med., 2015, 56, 1094.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1039/d5sc08044d
https://doi.org/10.5517/ccdc.csd.cc2l8669
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc08044d

Open Access Article. Published on 16 December 2025. Downloaded on 1/5/2026 4:10:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

15 J. S. Ross, C. E. Sheehan, H. A. G. Fisher, R. P. Kaufman,
K. Gray, I. Webb, G. S. Gray, R. Mosher and
B. V. S. Kallakury, Clin. Cancer Res., 2003, 9, 6357.

16 K. Coffey, L. Rogerson, C. Ryan-Munden, D. Alkharaif,
J. Stockley, R. Heer, K. Sahadevan, D. O'Neill, D. Jones,
S. Darby, P. Staller, A. Mantilla, L. Gaughan and
C. N. Robson, Nucleic Acids Res., 2013, 41, 4433.

17 A. Zlotnik and O. Yoshie, Immunity, 2012, 36, 705.

18 L. D. Bennett, J. M. Fox and N. Signoret, Immunology, 2011,
134, 246.

19 M. Mack, B. Luckow, P. J. Nelson, J. Cihak, G. Simmons,
P. R. Clapham, N. Signoret, M. Marsh, M. Stangassiner,
F. Borlat, T. N. Wells, D. Schlondorff and A. E. Proudfoot,
J. Exp. Med., 1998, 187, 1215.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

20 H. Gaertner, F. Cerini, J. M. Escola and O. Hartley, Proc. Natl.
Acad. Sci. U. S. A., 2008, 105, 17706.

21 J. M. Escola, G. Kuenzi, H. Gaertner, M. Foti and O. Hartley,
J. Biol. Chem., 2010, 285, 41772-41780.

22 C. Pastore, G. R. Picchio, F. Galimi, R. Fish, O. Hartley,
R. E. Offord and D. E. Mosier, Antimicrob. Agents
Chemother., 2003, 47, 509.

23 P. Isaikina, C. Tsai, N. Dietz, F. Pamula, A. Grahl,
K. N. Goldie, R. Guixa-Gonzalez, C. Branco, M. Paolini-
Bertrand, N. Calo, F. Cerini, G. F. X. Schertler, O. Hartley,
H. Stahlberg, T. Maier, X. Deupi and S. Grzesiek, Sci. Adv.,
2021, 7, eabg8685.

24 L. Vangelista, M. Secchi and P. Lusso, Vaccine, 2009, 26,
3008.

Chem. Sci.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc08044d

	N-terminal protein-macrocycles enabled by conjugate addition/ring expansion cascade reactions
	N-terminal protein-macrocycles enabled by conjugate addition/ring expansion cascade reactions
	N-terminal protein-macrocycles enabled by conjugate addition/ring expansion cascade reactions
	N-terminal protein-macrocycles enabled by conjugate addition/ring expansion cascade reactions
	N-terminal protein-macrocycles enabled by conjugate addition/ring expansion cascade reactions
	N-terminal protein-macrocycles enabled by conjugate addition/ring expansion cascade reactions
	N-terminal protein-macrocycles enabled by conjugate addition/ring expansion cascade reactions
	N-terminal protein-macrocycles enabled by conjugate addition/ring expansion cascade reactions
	N-terminal protein-macrocycles enabled by conjugate addition/ring expansion cascade reactions


