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Knowledge of protein dynamics is fundamental to the understanding of biological processes, with NMR and

2D-IR spectroscopy being two of the principal methods for studying protein dynamics. Here, we combine

these two methods to gain a new understanding of the complex mechanism of a cytokine:receptor

interaction. The dynamic nature of many cytokines is now being recognised as a key property in the

signalling mechanism. Interleukin-17s (IL-17) are proinflammatory cytokines which, if unregulated, are

associated with serious autoimmune diseases such as psoriasis, and although there are several

therapeutics on the market for these conditions, small molecule therapeutics remain elusive. Previous

studies, exploiting crystallographic methods alone, have been unable to explain the dramatic differences

in affinity observed between IL-17 dimers and their receptors, suggesting there are factors that cannot

be fully explained by the analysis of static structures alone. Here, we show that the IL-17 family of

cytokines have varying degrees of flexibility which directly correlates to their receptor affinities. Small

molecule inhibitors of the cytokine:receptor interaction are usually thought to function by either causing

steric clashes or structural changes. However, our results, supported by other biophysical methods,

provide evidence for an alternate mechanism of inhibition, in which the small molecule rigidifies the

protein, causing a reduction in receptor affinity. The results presented here indicate an induced fit model

of cytokine:receptor binding, with the more flexible cytokines having a higher affinity. Our approach

could be applied to other systems where the inhibition of a protein–protein interaction has proved

intractable, for example due to the flat, featureless nature of the interface. Targeting allosteric sites

which modulate protein dynamics, opens up new avenues for novel therapeutic development.
Introduction

The interleukin-17 (IL-17) family of proteins are proin-
ammatory cytokines that play important roles in both the
innate and adaptive human immune response. The family
consists of six members (IL-17A through to IL-17F), which
function as disulphide linked homodimers (e.g., IL-17AA). In
addition, IL-17A and IL-17F also form a mixed protomer hetero-
dimer (IL-17AF). The physiological roles of IL-17AA and IL-17FF
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36
are in protection against bacterial and fungal infection,
primarily at epithelial and dermatological barriers; however
unregulated accumulation in these tissues is also associated
with several serious autoimmune diseases including psoriasis,
ankylosing spondylitis and psoriatic arthritis. As such, IL-17AA
in particular, has been the target of successful therapeutic
intervention by two licensed biological entities, secukinumab1,2

and ixekizumab.3,4 In addition, next generation therapies, such
as bimekizumab,5,6 target complexes containing both IL-17A
and IL-17F. There is growing evidence that targeting both the
IL-17AA and FF isoforms may bring added patient benet over
IL-17AA alone, stimulating a detailed study into the origins of
their functional differences.

We focus upon the role of IL-17 structural dynamics in the
formation of complexes between the cytokines and cell-surface
receptors, which is part of the signalling process. The IL-17
receptors have ve family members (IL-17RA through to IL-
17RE) each of which contain subunits comprising an extracel-
lular cytokine binding domain, a transmembrane region, and
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc00728f&domain=pdf&date_stamp=2023-07-11
http://orcid.org/0000-0003-0090-2947
http://orcid.org/0000-0003-3094-9762
http://orcid.org/0000-0001-7400-5152
http://orcid.org/0000-0003-1303-0009
https://doi.org/10.1039/d3sc00728f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00728f
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014027


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

6.
08

.2
4 

18
:1

6:
52

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
an intracellular signalling domain. The long-accepted model of
IL-17AA, IL-17FF and IL-17AF signalling is based upon the
formation of a hetero-trimeric complex in which the cytokine
binds two different receptor molecules, one RA and one RC,
leading to receptor complex dimerization.7,8 Recent studies have
suggested that IL-17FF may also be able to signal via a complex
formed with only IL-17RC.9

Crystal structures of the three IL-17 dimers (AA, AF and FF) in
complex with the extracellular domains of receptor IL-17RA (D1
and D2) have been reported.10–14 Whilst the symmetry of the IL-
17 homodimers presents the opportunity for binding two
molecules of IL-17RA, in practice only a 1 : 1 complex has been
observed, and it has been proposed that conformational
changes induced in the cytokine upon binding preclude
recruitment of a second IL-17RA molecule. To date, only the
structure of IL-17FF in complex with receptor IL-17RC D1–D4
has been reported.9 In contrast to IL-17RA, IL-17RC binding
induces very few structural changes in IL-17FF, thus permitting
the recruitment of two IL-17RC molecules. This structural data
points to the possibility of the existence of different binding
mechanisms between the receptor classes. Recently, the crystal
structure of the heterotrimeric complex of IL-17FF in complex
with IL-17RA and IL-17RC has been reported.15

The essence of therapeutic intervention strategies has been
the inhibition of signalling complex formation through ligand
binding to IL-17 dimers, which then prevents interaction with
the receptors. Several studies have shown that small molecule
inhibitors of IL17AA are able to bind in the central hydrophobic
pocket, located between the two interior hairpins at the inter-
face between the two halves of the homodimer16–19 (see Fig. 1),
while a recent study has identied a new binding site at the C-
terminus.20 These ligands have been shown to be capable of
either directly inhibiting IL-17AA binding to IL-17RA and/or
inhibiting IL-17AA signalling.

Structural data available for a limited number of the IL-17AA/
inhibitor complexes that target the central hydrophobic pocket
Fig. 1 Ribbon representation of IL-17AA illustrating major structural
elements (generated using PDB code: 7UWM). The illustration shows
one protomer to the left and the other to the right of the dotted line
resulting, in the case of the homo-dimers, a symmetric dimer.

© 2023 The Author(s). Published by the Royal Society of Chemistry
suggest that there is only very limited overlap between one of
the binding sites of IL-17RA and the inhibitors, while only
moderate structural changes occur to the cytokine. Recent NMR
studies21 have however highlighted the markedly different levels
of conformational heterogeneity observed in the IL-17AA, IL-
17FF and IL-17AF dimers, with the higher amount of exi-
bility exhibited by the IL-17AA dimer being linked to the
signicantly tighter affinity observed for IL-17RA binding to IL-
17AA relative to IL-17FF and IL-17AF. This leads to the possi-
bility that these small molecule inhibitors may also function by
altering the exibility of particular regions of IL-17AA and this is
the hypothesis that we test here.

The importance of dynamics has also been alluded to
previously by groups who have determined cytokine structures
either free or bound to receptors, ligands or antibodies using X-
ray crystallography.9,12 Indeed, as observed “a potential short-
coming of such structural comparisons is that the crystal
structures of neither the free- nor of the liganded-state may be
fully representative of the solution state(s)”.9

Taken together this leads to the conclusion that a detailed
study of the structural dynamics of IL-17 and its ligand
complexes is needed to establish the presence of a link between
IL-17 function and the degree of exibility exhibited by the IL-17
dimers. To achieve this we combine an extensive set of NMR
relaxation parameters with 2D-IR spectroscopy of the IL-17
amide I vibrational mode, which is sensitive to secondary
structure and structural dynamics.

Protein dynamics refers to the time dependant uctuations
of the proteins structure and 15N NMR provides a residue-by-
residue readout of backbone motions occurring on the pico-
second to nanosecond (ps–ns; 10−12–10−9 s) timescale as well as
probing motions on the microsecond to millisecond (ms–ms;
10−6–10−3 s) timescales. Motions in the ps-ns regime include
ligand binding events and the kinetics of reactions, whereas the
ms–ms regime encompasses many enzyme reactions and allo-
steric effects. Therefore, measuring these timescales by 15N
NMR can potentially link protein dynamic nature to these
functional processes. Comparison of these backbone timescales
between closely related proteins or free and ligand/receptor
bound proteins, as we do here, allows an insight into the
roles of dynamic differences in these processes.

To complement NMR data we also apply 2D-IR spectroscopy.
2D-IR uses a sequence of ultrashort laser pulses to generate
a 2D-spectroscopic map which arises directly from the protein
secondary structure and the spatial arrangement and interac-
tions of peptide units. Of particular relevance here, the 2D-IR
spectrum of the amide I vibrational mode (essentially the
C]O stretching motion of the peptide link) is highly sensitive
to the vibrational coupling that occurs when peptide carbonyl
groups form extended 3D structures such as alpha helixes viaH-
bonding.22 In combination with the ultrafast femtosecond to
picosecond (fs–ps, 10−15–10−12 s) time resolution of 2D-IR, the
2D map of the amide I band allows us to evaluate the overall
relative rigidity of the backbone of each protein on ultrafast
timescales.

In combination, NMR and 2D-IR approaches allow us to
probe dynamics across a broad time scale from femtoseconds to
Chem. Sci., 2023, 14, 7524–7536 | 7525

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00728f


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

6.
08

.2
4 

18
:1

6:
52

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
milliseconds and length scales ranging from single residue to
the whole molecule. By comparing results for IL-17AA, IL-17AF
and IL-17FF individually and in complex with a tool
compound that is known to affect receptor affinity (the inhibi-
tory macrocyclic compound MC – ensemble 369 (ref. 23)) clear
differences between the isoforms have been established along-
side distinctive impacts of the MC on their respective dynamics,
which correlate with changes in receptor binding affinities. The
new understanding of the function of these important proteins
and the inhibitory mechanism of the MC compounds17 provides
new insights into opportunities for modulation of the confor-
mational exibility of IL-17 isoforms.

As this exibility is directly related to the assembly of the
signalling complex, this information will serve to guide future
campaigns seeking to target multiple family members, whilst
avoiding others, with either small molecules or biologics.
Clearly, such an approach can be applied to other complexes so
aiding the understanding of the mechanism of ligand–receptor
formation and advancing therapeutic development.

Experimental

Detailed methods are provided in the ESI.†

Protein sample preparation

Unlabelled and uniformly 15N, 15N/13C, 15N/2H and 15N/13C/2H
labelled samples of mature human IL-17AA and IL-17FF
homodimers (residues 24–155 and 31–163 respectively) and
IL-17AF hetero-dimers were prepared as described previously.21

2D-IR spectroscopy

For 2D-IR measurements, a 20 mL aliquot of a solution of IL-17
(∼100 mM, in a deuterated 50 mM sodium phosphate buffer at
pH 7.4 also containing 100 mM NaCl) was placed between two
CaF2 windows with a path-length of 25 mm. All 2D-IR spectra
were acquired using the ULTRA B laser system at the STFC
Rutherford Appleton Laboratory, which has been described
elsewhere.24 Each 2D-IR spectrum was the average of three
scans. Full details are given in the ESI.†

NMR spectroscopy

Detailed methods for the backbone assignment of IL-17AF in
complex with MC, ligand mapping and backbone dynamics
experiments are provided in the ESI.†

NMR spectra of the IL-17 dimers were acquired from 350 mL
samples of approximately 200 mM monomer IL-17AA, and IL-
17FF, and 75–100 mM protomer IL-17AF (only one protomer
labelled). NMR spectra of the IL-17 hetero-dimers with macro-
cycle (MC – ensemble 369, purchased from WuXi AppTec) were
acquired from 350 mL samples of 200 mM 15N/13C/2H labelled IL-
17A in complex with unlabelled IL-17F and 110–200 mM unla-
belled IL-17A in complex with 15N/13C/2H labelled IL-17F and at
a saturating concentration of MC (1.5 molar excess). Control
experiments (data not presented) were collected to assess the
effects of DMSO on the spectra of the various protomers at the
maximum amount required to achieve saturation with MC (5%
7526 | Chem. Sci., 2023, 14, 7524–7536
v/v). Only minor effects on the spectra were observed (i.e.,
chemical shi changes at a maximum of less than one half line
width) consistent with many protein systems and interpreted as
changes in solvation of the protein and/or very low affinity (KD »

100 mM) DMSO interactions.
NMR data were acquired at 308 K on either a 600MHz Bruker

Avance HD III or 800 MHz Bruker AVII spectrometer equipped
with 5 mm, z-gradient TCI cryoprobes. Spectra assignments for
the apo-IL-17 homo- and hetero-dimers have been reported
previously.21 15N relaxation data were acquired on a Bruker AV
III HD 600 MHz spectrometer using in-house written, standard
trosy based T1, T2 and NOE experiments.25,26 All NMR data were
processed using NMRPipe27 with linear prediction used to
extend the effective acquisition times by up to 2-fold in nitrogen
in regular sampled data. The non-uniform sampled data was
reconstructed using the IST algorithm implemented in
NMRPipe. Spectra were analysed, and relaxation parameters
calculated, using the NMRFAM Sparky package.28 Values for the
reduced spectral density function were calculated using the
soware Relax version 4.1.3.29,30
X-ray crystallography

Human IL-17AA protein (amino acids 34–155, N68D, C129S) was
concentrated to 8 mg mL−1 and crystals were grown by sitting
drop vapour diffusion in 100 mM sodium citrate buffer, pH 5.5,
8% v/v 2-propanol, and 10% w/v PEG10k. Crystals were then
soaked with themacrocycle (10mM in DMSO) for 2 hours at 18 °
C. Crystals were then cryoprotected with 25% ethylene glycol
and ash-cooled at 100 K. Data was collected on beamline I04-1
at the synchrotron Diamond Light Source, UK. The diffraction
data was indexed, integrated, and scaled with FastDP.31–34 The
crystal structure was determined by molecular replacement
method using Phaser35 and the published human IL-17AA
structure (PDB code 4HR9)13 as the search model. The model
was rened using the CCP4 suite36 and Phenix37 with alternating
cycles of manual model building with Coot.38 Data collection
and renement statistics are listed in the ESI, Table S1.† The
coordinates and structure factors have been deposited in the
Protein Data Bank (PDB code 8CDG). All structures were ana-
lysed, and gures prepared using Pymol.39 In addition, all
structures used in this work were compared using the soware
DSSP40 with the results summarised in the ESI (Fig. S9†).
Microuidic diffusional sizing (MDS)

MDS was performed by Fluid Analytics (https://
www.uidic.com), detailed description of the assay method
and results are provided in the ESI.†
Biolayer interferometry binding assays (BLI)

The dissociation constant (KD), Kon and Koff for IL-17AA and IL-
17AF binding to IL-17RA were determined by biolayer interfer-
ometry on an Octet Qke system (ForteBio). Equivalent experi-
ments were also recorded in the presence of a saturating
amount of MC and experiments were carried out at 25 °C and
1000 rpm orbital shaking. DMSO was included in all
© 2023 The Author(s). Published by the Royal Society of Chemistry
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experiments at the concentration used with a saturating
amount of MC (5% v/v).

Raw data was corrected by double referencing and analysed
using the Octet data analysis soware (ForteBio) and exported
into Prism (version 9.3.1) for analysis. The KD values were
derived from the steady state equilibrium analysis by tting the
steady state maximum response binding levels. Association and
dissociation rate constants were calculated based on tting to
the heterogeneous ligand model in the Octet Data Analysis
soware (version 12.0.2.11).

Equivalent experiments were also acquired to characterise
the interaction of IL-17AA and IL-17AF with IL-17RC. For these
experiments, the Protein G biosensors were coated with C-
terminal Fc tagged IL-17RC isoform 1 (residues 21–465) (R&D
Systems).

Results and discussion
IL-17 structure and dynamics

To investigate our hypothesis that the dynamics of IL17 are
important for cytokine-receptor binding we chose to combine
two techniques that have been used extensively in the study of
protein dynamics: 2D-IR22,41 and NMR spectroscopy. Combining
these methods allow us to probe dynamics not only across
a broad time scale (femtoseconds to milliseconds) but also from
individual residues to entire secondary structural elements.

We begin with a discussion of the secondary structure of the
IL-17 homodimers before progressing to measurements of their
dynamics via 2D-IR and NMR spectroscopy. Thereaer we
introduce the effect of binding the tool compound MC to assess
the impact of ligand binding on IL-17 structural dynamics.

IL-17 secondary structure. The crystal structures of IL-17AA,
IL-17FF and IL-17AF have previously been determined12,13,42,43

and have similar structural features. Each protomer consists of
two b-hairpins (see Fig. 1). Strands 1 and 2 (b1 and b2) form the
external b-hairpin, and strands 3 and 4 (b3 and b4) make up the
internal b-hairpin and forms a major part of the dimer inter-
face. The structure of the IL-17 dimers has been likened to
a garment, with the internal b-hairpin being referred to as the
“body” and the external b-hairpin referred to as the “sleeves”.
The skirt region contains the N-terminal region, b0-sheet and
part of the internal b-hairpin. The unstructured N-terminal
region of one chain is tethered to the turn of the second b-
hairpin of the adjacent chain by two conserved interchain
disulphide bonds. As a consequence, once the mature protein
has formed the protomers are unable to dissociate unless these
interchain disulphide bonds are reduced.

The collar region contains four conserved (two per protomer)
intra-chain disulphide bonds which link the internal b-hairpin
of each protomer to both the external b-hairpin and the loop
which links the two hairpins. These disulphide bonds bestow
a “cysteine knot like” fold, although the central disulphide
bond, which should be threaded through the eye of the knot, is
missing in this instance. A long, poorly conserved coil region
links the N-terminal region to the external b-hairpin.

2D-IR spectroscopy of IL-17AA and IL-17FF homodimers
reveal different structural dynamics. In general, the 2D-IR
© 2023 The Author(s). Published by the Royal Society of Chemistry
spectra of the IL-17 isoforms (Fig. 2) all contain a negative
(red) and a positive (blue) peak, which are assigned to the v= 0–
1 and the v = 1–2 transitions of the amide I band of the protein
backbone respectively.22 In the case of IL-17AA the v = 0–1
portion of the amide I band peaks at 1636 cm−1 (pump= probe)
with a broad ridge extending to higher frequencies along the
diagonal of the spectrum (Fig. 2A and E). In the case of IL-17FF,
the broad ridge remains, but instead of a single peak, the
spectrum contains a main peak at 1641 cm−1 with a shoulder to
the low frequency side of the band at 1632 cm−1 (Fig. 2C). This
is most easily seen using the diagonal projection of the data
(Fig. 2G, looking along the antidiagonal direction) where the
main band and shoulder are marked with black and red arrows
respectively. The spectrum of IL-17AF also displays the main
band (1640 cm−1) and shoulder (1634 cm−1), though the
shoulder is less prominent than for IL-17FF (Fig. 2B and F).

Subtracting the 2D-IR spectrum of IL-17AA from that of IL-
17FF reveals the spectral signature of the changes occurring
between the two homodimers (Fig. 3B). Specically, gains in
amplitude at 1620 and 1640 cm−1 on the spectrum diagonal
reect the change from a single peak (IL-17AA) to a double-
peaked structure (IL-17FF) shown by comparing Fig. 2(E and
G). A similar peak pattern is obtained in the IL-17AF-IL-17AA
difference 2D-IR spectrum. This difference spectral signature
will be referred to again in discussions of MC binding (below).

To shed light on the molecular origins of the shoulder
feature, which represents the key difference between the 2D-IR
spectra of IL-17 AA and IL-17 FF (cf. Fig. 2E and G), the 2D-IR
spectrum of a sample of IL-17AF in which the A protomer
contained 13C isotope substitution was obtained (Fig. 2D and
H). The spectroscopic impact of this isotopic labelling is to shi
the amide I band of the A protomer down in frequency by
∼40 cm−1 enabling it to be separated from that of the 12C-
containing F protomer. The diagonal projection of the result-
ing spectrum (Fig. 2H) clearly shows that the shoulder is present
only in the amide I band of the F protomer (red arrow, Fig. 2H),
while the A protomer contains a single peak as observed for IL-
17AA (Fig. 2A).

The form of the 2D-IR spectrum of the amide I band of IL-
17AA is consistent with a structure containing both b-sheet
and random coil elements, as indicated by the crystal structure.
The main peak at 1636 cm−1 is assigned to the nt mode of a b-
sheet.41 The broad ridge is assigned to a combination of random
coil elements, unstructured contributions to the b-sheet and b-
turns.41 In the spectra of IL-17FF and IL-17AF the appearance of
the shoulder feature (red arrows Fig. 2F–H) is consistent with
part of the nt mode shiing to lower frequency, leading to it
manifesting as a shoulder and creating the double-peaked
structure that isn't present in IL-17AA (Fig. 2E). Such a down-
shi of the nt mode is observed for more extensive b-sheet
structures or ones in which the amide oscillators (C]O bonds)
are more strongly coupled. The latter would be observed if
structural dynamics or conformational uctuations are
reduced.41,44 The data on the partially isotopically labelled IL-
17AF sample shows clearly that the differences are specic to
the b-sheet structures of the IL-17F protomer.
Chem. Sci., 2023, 14, 7524–7536 | 7527
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Fig. 2 2D-IR spectra for all dimers, IL-17AA in panels A and E, IL-17AF in panels B and F, IL-17FF in panels C and G, and IL-17AF 13A12F in panels D
and H, as labelled at a pump–probe delay time (Tw) of 250 fs are depicted along the top row of (A–D). The color scale runs from red (negative) to
blue (positive). Diagonal projections of the spectra in A–D are shown in E–H. The frequency positions of themain band and shoulder described in
the text are marked with arrows (black: main band; red, shoulder). The 13A12F sample contains IL17AF in which the A protomer has been
isotopically enriched with 13C to shift the amide I band to lower frequency and remove overlap between the amide I bands of the A and F
protomers.

Fig. 3 (A) shows the difference spectrum obtained by subtraction of
IL-17AA apo-2D-IR data from a 1 : 2 macrocycle (MC) bound sample at
waiting time (Tw) of 250 fs and at parallel polarisation, whilst (B) shows
the subsequent difference obtained from subtraction of the same IL-
17AA apo-data from that for an IL17-FF apo-sample at the same
waiting time. A similar difference is shown in (C), obtained for an AF
macrocycle minus AF apo-subtraction, again at a Tw of 250 fs, but with
a much lower signal-to-noise level that is indicative of the low binding
affinity of the AF isoform. The dashed horizontal lines highlight the
similarity in peak positions for both subtractions, indicating that the
binding of the macrocycle to both IL-17AA and IL-17AF induces
changes that are much more comparable both spectroscopically and
structurally to the IL-17FF apo-form.
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Overall, the evidence from the 2D-IR data is that the b-sheet
structures of the F protomer include a component that differs in
terms of its structural dynamics from that of the A protomer,
with the results consistent with IL-17AA being more exible
than IL-17FF. Measurements of the vibrational relaxation time
of the v = 0–1 (blue) of the amide I bands of IL-17AA, IL-17AF
and IL-17FF using IR pump-probe spectroscopy (Fig. S1A–C†)
provide further support for this hypothesis. This experiment
7528 | Chem. Sci., 2023, 14, 7524–7536
measures the rate at which the amide I band of the protein
dissipates excess vibrational energy following excitation.
Vibrational relaxation times of 0.87 ± 0.08, 0.81 ± 0.04 ps and
0.74 ± 0.05 ps for the b-sheet portion of the IL-17AA, AF, and FF
amide I bands respectively show that the shi to lower
frequency of the nt mode observed via 2D-IR also correlates
with faster vibrational relaxation. It has been shown that, in the
absence of signicant changes in solvent access to a particular
residue, which is not the case here, vibrational relaxation of
peptides is dominated by intramolecular vibrational relaxa-
tion.45,46 Such a process would be expected to be facilitated by
stronger intra-sheet interactions arising from reduced struc-
tural dynamics. Leading to the observed shorter vibrational
lifetime and consistent with the assignment of the differences
in IL-17 AA and FF to structural dynamics.

NMR spectroscopy. To complement the 2D-IR data, which
provides a whole molecule picture of the secondary structure
and dynamics of IL-17, NMR spectroscopy was used to access
a residue-by-residue insight into the protomer backbone
dynamics.

The dynamic properties of IL-17. 15N NMR relaxation
parameters give a residue-by-residue insight into the timescales
of motions that each amino acid experiences. These concepts
can be simplied by relating them to the overall correlation
time of the molecule (sc). With motions that are faster than the
correlation time of the protein (expressed as se) such as exible
N- or C- termini or exible loops, or motions that are much
slower than the protein's correlation time (e.g., msec–msec)
commonly referred to as conformational exchange.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Ribbon representation of IL-17 isoforms. (A) IL-17AA (PDB code
4HSA), (B) IL-17FF (PDB code 1JPY), (C) IL-17Af (PDB code 5N92), (D)
IL-17Fa and (E) IL-17AF:MC complex. The backbone is colour coded by
motion type. Colours are, white – not assigned, grey – overlapped
resonance therefore no reliable data, cyan – relaxation dominated by
overall correlation time (sc), magenta – motions faster (se) than the
overall correlation time (sc) dominate relaxation, green – resonance
decayed too quickly to determine R2 and therefore are interpreted as
undergoing conformational exchange (Rex), red – exchange contri-
bution (Rex) to relaxation of resonance. Due to the absence of
a significant portion of the long interface coil region in the crystal
structure of free IL-17AA, the more complete structure obtained in
complex with IL-17RA was used.
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The line-shape of resonances in 2D-trosy spectra varies
between isoforms (as discussed previously21), with the spectra
obtained for the ‘A’ homodimer generally showing a greater
range of line widths and signal intensities than those of the ‘F’
homodimer. In addition, spectra acquired at 800 MHz were
signicantly broadened compared to those at 600 MHz, indi-
cating the system is approaching the intermediate exchange
regime at this magnetic eld. High quality spectra that yielded
reliable relaxation parameters for the majority of backbone
amides were obtained at 600 MHz. The 15N relaxation rate
constants R1, R2 and the 1H–15N steady-state NOE, R2/R1 vs. R1R2

plots and reduced spectral density parameters47–50 calculated for
the IL-17 isoforms are given in the ESI.†

Analysis of R1 and R2 plots show signicant variation
throughout the sequence for all protomers, particularly in the
rst 50 residues and the last 5 C-terminal residues (see ESI,
Fig. S3†). The N- terminal region has signicantly elevated R1

and reduced R2 values (indicating ps-ns exibility and/or
anisotropic rotation) compared to the majority of residues of
the core b-hairpins. These regions also have reduced hetNOE,
again indicating internal exibility (se). The C-terminal residues
148 to 153 (158 to 163 for the F protomer) have more core like
values but with the last few residues being signicantly smaller,
again suggesting considerable backbone exibility in these
regions. Both the N- and C- termini are effectively tethered to
the core of the protein via the disulphide bonds in the cysteine
knot and the interchain disulphide bond. These bonds stabilize
the backbone motions in the adjacent residues, but the affect is
limited, particularly in the N-terminal which shows internal
exibility up to about residue 63 (70 in the F protomer).

Further analysis using R2/R1 vs. R1R2 plots51 indicate that all
systems investigated show anisotropic rotational diffusion,
indicative of deviation from a rotationally averaged spherically
globular structure. Also, a signicant number of residues are in
either chemical exchange (Rex) or experience fast internal
motions (se). Accordingly, we used reduced spectral density
mapping47–50 to analyse the complex dynamics observed in these
systems. Combining both these qualitative methods enabled
a more detailed analysis of the backbone dynamics, where we
have chosen to describe the results in terms of the protomer
contribution in the AA, Af, aF (where the upper-case letter refers
to the 15N labelled protomer) and FF isoforms, and to subse-
quently show the effect of binding of an inhibitory macrocycle
to the hetero-dimer.

The IL-17 homodimers have different backbone dynamics.
Viewed on the structure of IL-17 protomers, the backbone
dynamics of these molecules starts to become clearer (Fig. 4).
The ‘collar’ region and the top of the ‘body’ and ‘sleeves’ are the
most stable parts of the proteins. However, the lower part of the
‘body’ and the ‘skirt’ region, particularly in the AA protomer,
appear to be in conformational exchange. Strand 2 of the rst b-
hairpin also has a region of residues that appear to be in
conformational exchange, however this could be due to the
proximity of this region to the second b-hairpin that is in
conformational change rather than a reection of actual
conformational exchange of these residues.
© 2023 The Author(s). Published by the Royal Society of Chemistry
For IL-17AA, a signicant number of amides (26 in total)
decayed very rapidly during the course of the R2 NMR experi-
ment with no visible signal aer the third or fourth time-point
(48 ms), hence it was not possible to determine reliable relax-
ation parameters for these residues. However, a conservative
lower limit could be estimated of about 0.5 s−1 of R2 for these
Chem. Sci., 2023, 14, 7524–7536 | 7529
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residues. Such a rapid decay in the signal intensity could be
interpreted as residues that are undergoing signicant chem-
ical exchange i.e., existing in two or more conformational states
with different magnetic environments.

Conversely, the IL-17FF homodimer has relatively few resi-
dues that show a signicant right shi in the J (0.87uH) vs. J (0)
plot (i.e., greater than the median average deviation) that would
indicate chemical exchange in the ms–ms timescale (summar-
ised in ESI† and see Fig. 4). The exchange observed for residues
74–75, 79–80, 92 and 154 are at the cystine knot and is possibly
due to disulphide bond isomerization.

15N dynamics of the IL-17 heterodimer. As with the 2D-IR
experiments, specically 15N-labelling of the ‘A’ promoter of
the IL-17AF hetero-dimer allowed its dynamics to be studied
independently of the ‘F’ promoter so allowing its contribution
to the function of IL-17 to be analysed (and vice versa). Analysis
of the data showed that the ‘A’ protomer has been signicantly
stabilized in the ‘Af’ hetero-dimer relative to the ‘A’ homo-dimer
with more (68% for IL-17Af hetero-dimer vs. 26% for IL-17AA
homodimer) of the backbone amides relaxation dominated by
the overall correlation time of the protein. Much of the
conformational exchange in the IL-17AA homodimer's N-
terminal region has been stabilized, with the relaxation of this
region now being dominated by fast internal motions (se).
Stabilization in this region could be due to residues 49–54 of the
‘A’ protomer now being in close contact to residues 134–141 of
the ‘F’ protomer. In particular, Q142 of the F protomer has polar
contacts with N48 and N50 of the ‘A’ protomer which would
help stabilize this region. The equivalent residue in the ‘AA’
homodimer is an arginine (R121) and therefore these stabi-
lizing polar contacts are not possible.

However, most signicant is the loss of conformational
exchange in the bottom part of the second b-hairpin and the
‘skirt’ region. The few residues (95, 97, 118, 131, 136, 140 and
143) that are in conformational exchange are mostly located in
the loop between the two b-hairpins and in strand 4 of the
second b-hairpin (the other residues are in the ‘skirt’ region of
the molecule). Those at the top of strand 4 are in the ‘collar’
region of the molecular near the cysteine knot and the observed
exchange could, as with the homodimers, be a consequence of
disulphide bond isomerization.

The dynamics of the IL-17Fa protomer of the heterodimer
show a very similar pattern to the IL-17FF homodimer but with
the N-terminal residues 60–64 and 74–80 showing conforma-
tional exchange and conversely residues 132–139 becoming
more stable. The increased conformational exchange may be
due to the loss of polar contacts these residues make with
residues 143–145 with the second ‘F’ protomer in the homo-
dimer. The stabilization of residues 132–139 may be as
a consequence of this region now making polar contacts with
N91 in the ‘F’ protomer and K39 of the ‘A’ protomer. In the ‘FF’
homo-dimer polar contacts are still made with N91 but K39 is
replaced with a serine residue, with F41 and Q42 forming
a short helical turn so re-orienting that segment away from the
‘A’ protomer. This re-orientation of the N-terminal residues
changes the sidechain and backbone contacts dramatically
between the two protomers.
7530 | Chem. Sci., 2023, 14, 7524–7536
In general terms, the results from 2D-IR and NMR experi-
ments complement each other very well. The observation that
the IL-17AA isoform has a hydrophobic core that is considerably
more dynamic is supported by the 2D-IR data, where the b-sheet
signal is not clearly separated from the main amide I band
leading to a single ‘averaged’ frequency distribution (see Fig. 2).
The ‘F’ homodimer is a much less dynamic protein with the
relaxation of the majority (70%) of the residues being domi-
nated by molecular tumbling. The heterodimer is more F- like,
with the A-protomer being stabilized at the expense of the F-
protomer.
Impact of ligand binding on IL-17 structure and dynamics

Crystal structure of IL-17AA with an inhibitory tool
compound. Having established the relative dynamic nature of
the protomers we wished to investigate whether an inhibitory
macrocycle compound (MC – ensemble 369 (ref. 23)) changed
these properties and so affected cytokine-receptor binding.
Therefore, to conrm the binding site of the macrocycle, any
structural changes within the protein or a possible mechanism
of inhibition by steric clashes, we determined the crystal
structure of the IL-17AA macrocycle complex (see ESI, Fig. S10
and Table S1†).

Co-crystallisation of IL-17AA:MC revealed a binding site
located at the dimer interface. As with other reported cytokine–
ligand complexes16,52 the MC binds in a central pocket formed at
the dimer interface. Although covalently linked by disulphide
bridges, the monomers move apart slightly so widening the
pocket to accommodate the MC. This movement is not as
dramatic as reported for other related ligands16 as, relative to
the apo structure (PDB accession code 4HR9), the distance
between Ca atoms for L120 increases by only 1.5 Å. Indeed, the
Ca RMSD between the apo IL-17AA and our structure is calcu-
lated at 0.74 Å, again indicating only moderate structural
changes upon ligand binding. However, as with all reported
ligand complexes L120 forms two hydrogen bonds with the
amide groups of the MC and a h hydrogen bond is formed by
the amide group of W90 of one protomer with a carboxylic acid
moiety of the MC (see ESI, Fig. S10†). The calculated dimer
interface energy (calculated using PDBePISA) remains
unchanged (DG ∼ −23 kcal mol−1) as does the dimer interface
area (∼2100 Å2). Therefore, it would appear that this macrocycle
causes only moderate structural changes, and although the
macrocycle would undoubtedly block receptor binding at one
site the other site would still be available for receptor binding.

Comparison of the apo-IL-17AA13,53 crystal structures avail-
able with those bound to a receptor13–15,54 show that the IL-17AA
does undergo conformational change upon binding. This
indicates that, for the IL-17AA:MC complex to bind to
a receptor, it too would need to undergo a similar conforma-
tional change. However, there are no major changes to the
secondary structural elements (as indicated by DSSP analysis,
see ESI, Fig. S9†) or the tertiary fold.

Receptor-binding affinity of IL-17. Having established that
only moderate structural changes result upon MC binding to IL-
17AA and that only one binding site would be sterically blocked,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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but that there are clear differences in the dynamics of the IL-17
isoforms, we extended our investigation to the functional
consequences of these differences via the affinity of the dimers
binding to their receptors: IL17RA and IL17RC.

A number of previous studies have shown that quantitative
receptor binding affinities show some variation however, trends
in affinities between all studies are consistent.11–14,16 In order to
study the effect of the MC on receptor binding, biolayer inter-
ferometry, using tethered proteins and microuidic diffusional
sizing (MDS), which uses uorescently labelled, untethered
protein, were used to provide quantitative data to compare with
spectroscopy results.

Receptor binding studies using microuidic diffusional
sizing. Using microuidic diffusional sizing, KD values for the
binding of each of the three IL-17 isoforms (AA, AF, FF) to
receptors IL-17RA and IL-17RC were determined. All three iso-
forms bind to receptor A (RA) but with signicantly different
affinities, the IL-17AA isoform has the highest affinity (∼3 nM),
while the IL-17AF isoform binds with a ∼23 fold lower affinity.
This is reduced further for the IL-17FF isoform, which shows
a ∼77-fold lower affinity (see Table 1). MC binding has
a pronounced and signicant effect (P value # 0.05) on the
affinity of IL-17AA for both IL-17RA and IL-17RC, with the
affinity being reduced by ∼16 fold for receptor RA and ∼4 fold
for RC. The affinity of the IL-17AF and IL-17FF isoforms are
affected far more moderately, and not statistically signicant,
with reductions of ∼1.3 fold for the IL-17AF isoform and a ∼3-
fold reduction for IL-17FF. In contrast, all three isoforms bind
to receptor RC with similar affinities, but again MC binding has
a signicant effect (P value # 0.05) on affinity for IL-17AA (∼4
-fold decrease). Additionally, in agreement with recent
studies,9,15 stoichiometric analysis indicates IL-17FF binds two
IL-17RCmolecules whilst the other cytokine:receptor complexes
studied here have 1 : 1 stoichiometry.

Receptor binding studies using biolayer interferometry. The
technique of biolayer interferometry has the advantage of
recording both kon and koff rates, so allowing a KD to be
Table 1 Summary of KD values obtained from Microfluidic diffusional
sizing (MDS) and Biolayer Interferometry. Values from MDS are
expressed as mean with 95% confidence values in brackets. BLI values
are expressed as mean ± s.e.m. Single value t-test shows a significant
effect on KD for IL-17AA affinity (P value 0.0048) and for IL-AF (P value
0.0024)

Microuidic diffusional sizing

KD (nM) KD with MC (nM)

IL-17AA:RA 2.85 (0.49–8.72) 45.7 (16.52–110.8)
IL-17AF:RA 65.3 (34.98–120.10) 92.8 (47.04–185.20)
IL-17FF:RA 221 (93.83–533.8) 668 (379.2–1198)
IL-17AA:RC 2.95 (1.02–6.19) 11.8 (5.23–24.13)
IL-17AF:RC 1.10 (0.12–2.86) 2.19 (0.21–6.59)
IL-17FF:RC 5.10 (3.02–8.06) 7.02 (4.45–10.59)

Biolayer interferometry
IL-17AA:RA 5.5 � 1.7 16.5 � 6.5
IL-17AF:RA 14.6 � 3.0 23.0 � 7.5

© 2023 The Author(s). Published by the Royal Society of Chemistry
estimated. Representative isotherms are given in the ESI
(Fig. S12†). As the limiting solubility and very low affinity of the
macrocycle for the IL-17FF isoform (discussed in subsequent
section on NMR dynamics) made its analysis by this method
impossible, our analysis focused on the IL-17AA and IL-17AF
isoforms binding to IL-17RA. The isotherms obtained indi-
cated a very complex binding event which could not easily be
tted to a simple 1 : 1 model. Due to a limiting signal-to-noise
ratio we were unable to optimise conditions to simplify the
binding event so accurate determination of kon and koff was not
possible. However, from steady state kinetics (see ESI, Fig. S12†)
an estimation of KD was possible, and a qualitative evaluation of
the binding isotherms revealed signicant differences between
IL-17AA and AF both in the absence and presence of MC. The
results are summarized in Table 1.

Qualitative assessment of the binding isotherms of the IL-
17AA and IL-17AF isoforms to IL-17RA suggest similar kon
values, however notably the IL-17AA isoform shows no dissoci-
ation during the course of the experiment, whereas IL-17AF has
a measurable koff. Previous studies16,17,19 have suggested that
small molecule inhibitors function by either causing structural
changes that prevent receptor binding or by causing steric
clashes. Our experiments, run in the presence of MC, suggests
that IL-17AA binds bothMC and IL-17RA simultaneously as only
signicant effects on koff are observed resulting in approxi-
mately a 3–4-fold weaker KD.

Binding of MC to IL-17AF also reduces the affinity for IL-
17RA, although to a lesser extent (∼2 fold). However, in
contrast to IL-17AA, the MC has little effect on the off-rate. This
perhaps suggests a different mechanism of AF inhibition by the
MC.

The MC has a clear impact on KD for IL-17AA binding to
receptor RA and less so for the IL-17AF and IL-17FF. Here, we
recall that NMR and 2D-IR both indicated that IL-17AA was the
most structurally dynamic of the three isoforms, while those
containing F were more rigid in nature. Interestingly, for the IL-
17AA isoform, kon is relatively unaffected but koff is signicantly
increased, indicating that the ternary complex (of IL-
17AA:MC:RA) forms but is unstable.

Clearly, this is not the case for receptor C, where affinities are
similar for all three isoforms, and with only modest affects
observed in the presence of MC. However, this difference may
reect the nature of receptor C's ability to accommodate the
binding of a more rigid molecule (e.g., receptor C itself being
more dynamic than receptor A), it may also reect structural
differences between the receptors.

As can be seen from published crystal structures of IL-17
isoforms bound to either RA or RC,9,10,12–15 RA binding induces
signicant structural changes in the cytokine whereas when
binding to RC far more modest structural changes occur.
Effects of an inhibitory macrocycle on IL-17 dynamics

Having established the varying dynamic nature of the IL-17
isoforms, and that the impact of the MC upon receptor
binding is isoform dependent, it is clear that the possibility
exists for MC binding to alter isoform dynamics in a manner
Chem. Sci., 2023, 14, 7524–7536 | 7531

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00728f


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

6.
08

.2
4 

18
:1

6:
52

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
that inhibits the interaction of IL-17AA with IL-17RA.16 We now
test this hypothesis by considering the results of NMR and 2D-
IR spectroscopy of the MC-bound IL-17 isoforms in a similar
manner to that reported above for the MC-free IL-17 dimers.

NMR spectroscopy of IL-17:MC. Complexing the IL-17AA
homodimer and the IL-17AF heterodimer with the MC resul-
ted in signicant changes in the NMR spectrum, consistent with
high affinity binding of such a large, complex ligand. At the MC
concentrations used for NMR experiments, the MC had a high
enough affinity to fully saturate both the IL-17AA homodimer
and IL-17AF heterodimer. For the complex with the IL-17AA
isoform many additional signals were observed in the 15N-
trosy spectrum (see Fig. 5A). These additional signals were
a result of de-symmetrisation of the dimer and consequently,
the spectrum could not be reliably assigned. Interestingly, for
the IL-17AF hetero-dimer there are signicant spectral changes
in the IL-17AF trosy spectrum, but no additional signals were
observed upon addition of the MC, indicating that the MC
binds in one orientation as observed in our crystal structure of
the IL-17AA homo-dimer MC complex.

For the IL-17FF isoform additional, but weak, signals were
observed (Fig. 5B). This was interpreted as incomplete satura-
tion of the binding site (estimated as about 10% based on peak
height ratios) due to a combination of very low ligand affinity,
limiting solubility of the ligand and a slow kon.

At such a low occupancy, it was not possible to obtain reli-
able NMR dynamics data. Consequently, only the IL-17AF:MC
Fig. 5 15N-trosy spectra of the IL-17 isoforms in the presence and absen
presence of MC, green/blue contours are aliased arginine sidechain reson
15N labelled F protomer of IL-17AF. Insert panel A shows additional signals
B shows additional signals resulting from incomplete saturation of the IL

7532 | Chem. Sci., 2023, 14, 7524–7536
complex afforded spectra suitable for an NMR dynamics
analysis.

NMR backbone dynamics of the IL-17AF:MC complex. The
NMR backbone dynamics following the binding of the MC to
the IL-17AF heterodimer has subtle but signicant effects on
the dynamics of the protein. Residues L120 and I138 of the A-
protomer which in the free protein are in conformational
exchange are now stabilized such that their relaxation is
dominated by the overall tumbling of the molecule. These two
residues are involved in MC binding with L120 forming
hydrogen bonds with the MC (ESI, Fig. S8, S10 and S11†). In
addition, V142 and T145 which are in the ‘collar’ region of the
protein by the cystine knot are also stabilized. Thus, binding of
the MC would appear to have a stabilizing effect at the protomer
interface. However, the loops at the beginning and end of the
rst b-hairpin which forms the ‘sleeve’ region (residues 86–88
and 95–99), now appear to be in conformational exchange.

The dynamics of the F protomer show a very similar pattern
to both the IL-17FF homo- and IL-17Fa hetero-dimer. However,
unlike the ‘A’ protomer in the complex residues (E96 and L147)
near the MC binding site now appear to go into conformational
exchange.

2D-IR spectroscopy shows that MC binding alters structural
dynamics of IL-17AA and IL-17AF. The above-mentioned issues
that limited the NMR dynamics analysis to the IL-17AF:MC
complex are not a limiting factor for 2D-IR spectroscopy, so
allowing the study of all three isoforms complexed with MC.
The changes to the 2D-IR spectra of the IL-17 isoforms caused
ce of MC. Black contours are apo protein and red contours are in the
ances. (A) IL-17AA (B) IL-17FF (C) 15N labelled A protomer of IL-17AF (D)
due to de-symmetrisation of the Il-17AA dimer. and the insert to panel
-17FF homodimer.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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by MC binding were determined by subtracting the spectra of
IL-17AA, AF and FF dimers in the apo form from those of
samples containing a 1 : 2 molar ratio of IL-17 to MC (see Fig. 3).
Binding of MC to IL-17AA was found to induce clear changes in
the 2D-IR spectrum of the homodimer, characterised by gains
in amplitude at 1620 and 1640 cm−1 on the spectrum diagonal
(Fig. 3A). Indeed, it is striking that the form of the difference
spectrum is almost identical to that obtained between spectra of
the apo IL-17FF and AA homodimers (Fig. 3B). It is important to
stress that, at the concentrations studied, the MC does not
contribute to the IR spectrum in this region. The similarity of
the IL-17AA:MC – apo IL-17AA and the apo IL-17FF- apo IL-17AA
– difference spectra (see Fig. 3A & B) clearly shows that MC
binding to IL-17AA induces changes in the 2D-IR spectrum of
the IL-17AA molecule that make it spectroscopically more
similar to the IL-17FF homodimer. Given the attribution of the
spectral differences between IL-17AA and IL-17FF to reduced
structural dynamics affecting the portion of the amide I band
originating from b-sheet structures in IL-17FF, above, this
implies that a reduction in exibility occurs upon binding MC
to IL-17AA, such that its spectrum closely resembles that of the
FF isoform.

A similar result is obtained for the AF:MC complex though
the signal-to-noise ratio obtained for the IL-17AF:MC – apo IL-
17AF difference spectrum is lower than the equivalent one for
IL-17AA (Fig. 3). This observation correlates with a smaller
overall change in the exibility upon MC binding, as observed
in the NMR dynamics analysis. In the case of the IL-17FF:MC
complex, the 2D-IR spectral distribution is essentially the
same in the presence and absence of the MC, indicating that no
appreciable change in dynamics could be detected, which is
consistent with a very low binding affinity for IL-17FF compared
to the other isoforms.

Vibrational relaxation times indicate structural stabilisation.
As discussed for the uncomplexed IL-17 dimers above,
measurements of the vibrational relaxation times of the amide I
bands of the IL-17:MC complexes reinforce the conclusion from
2D-IR spectroscopy that MC binding alters the structural
dynamics of the A-containing isoforms. It was found that, in the
presence of a 1 : 2 excess of the MC ligand compound, the
vibrational relaxation time for the IL-17AA:MC complex was
signicantly shorter than observed for the apo protein, with an
18% decrease to 0.70 ± 0.04 ps. This value in the IL-17AA:MC
complex is remarkably close to that observed for IL-17FF in
the absence of the MC molecule (0.74 ± 0.05 ps) as shown in
Fig. S1.† In marked contrast, macrocyclic addition to IL-17FF
resulted in no change in its relaxation dynamics, consistent
with the observed low binding affinity for MC.

Summary of dynamic data of MC complexes. Taken
together, we conclude that the 2D-IR and NMR data is
consistent with the IL-17AA homodimer exhibiting b-sheet
structures that are more structurally dynamic than those of IL-
17FF, while MC binding to IL-17AA induces changes leading to
structural dynamics that are more reminiscent of the IL-17FF
homodimer. Therefore, both 2D-IR and NMR data indicate
that upon MC binding to the AA dimer, and AF dimer to
a lesser extent, become more rigid; the number of residues in
© 2023 The Author(s). Published by the Royal Society of Chemistry
conformation exchange reduce and the vibrational relaxation
time shortens.

In contrast, macrocyclic addition to IL-17 FF resulted in no
change in the relaxation dynamics, consistent with the observed
low binding affinity.

Conclusions

Previous studies on a number of cytokines have highlighted
their dynamic nature, which is believed to play an important
role in allowing them a range of diverse binding partners.55

Indeed, structural studies of the IL-17 dimers have oen failed
to fully explain important features of the IL-17 receptor
complexes, leading to the suggestion that the crystal structures
might not be fully representative of the solution state.12 We have
previously reported21 a phenomenological analysis of solution
NMR data for IL-17A, AF and F, which established a link
between the varying dynamic nature of the IL-17 dimers and
their affinity for IL-17RA. The quantitative dynamics data re-
ported in this paper, using a combination of NMR and 2D-IR
spectroscopy, sheds considerably more light on the molecular
mechanism of IL-17AA:RA binding and that by which a series of
small molecule inhibitors modulate such interactions.

Based on measurements of structural dynamics spanning
a range of time and length scales alongside structural and
biophysical studies, we conrm that differences in the struc-
tural dynamics of the IL-17 isoforms play an important role in
dening their relative affinities for receptor A. The IL-17AA
isoform is the most structurally dynamic and has the highest
affinity for the receptor, while the more rigid IL-17FF isoform
has the lowest receptor affinity. This implies the presence of an
induced t model of receptor ligand binding: IL-17FF being the
most rigid of the three isoforms studied would have a higher
energy barrier to overcome before it can bind to receptor RA.

Whilst a number of therapeutic antibodies targeting IL17A
have been approved, to date only one small molecule antagonist
has progressed to clinical trials.56 However, a number of small
molecule inhibitors that target IL-17A have been reported.16–19

Of these, perhaps the best studied have been based on the series
of macrocycles patented by Ensemble,23 which have been shown
to bind in the central binding pocket. Previous crystallographic
studies of IL-17:peptide:ligand complexes have suggested that
these inhibitors of IL-17 function either by sterically blocking
and/or inducing structural changes that preclude receptor
binding. We report here the rst structure of a IL17AA:MC
complex in the absence of any additional binding partners and
this structure has conrmed that there are only moderate
structural changes to IL-17AA induced upon ligand binding.
Comparison of the IL-17AA:MC and published IL-17:receptor
structures show that structural changes induced by either
ligand or receptor would sterically block binding of the second
partner, but this does not preclude the possibility that the IL-17
dimer could undergo structural rearrangements to accommo-
date the simultaneous binding of both partners. In fact, the BLI
data presented here shows that the MC has a dramatic effect on
the dissociation of IL-17RA from IL-17AA providing clear
evidence for the ability of IL-17AA to form a ternary complex
Chem. Sci., 2023, 14, 7524–7536 | 7533
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with both MC and RA, hinting that there could be a further
previously unidentied inhibitory mechanism.

In order to more fully elucidate the molecular mechanisms
by which MC-369 inhibits the interaction of IL-17AA with IL-
17RA, and based on the dynamic analysis of the apo-IL-17
dimers presented in this paper, we obtained dynamics data
for IL-17:MC complexes. Comparison of the apo-IL-17 and IL-
17:MC data provides compelling evidence that these ligands
function, at least in part, by modulating the dynamic nature of
the IL-17AA dimer. In fact, the MC ligand reduces the dynamic
nature of IL-17AA to a level comparable to the IL-17FF isoform.
Moreover, the impact of MC binding on receptor affinity is
greatest for IL-17AA. We propose therefore, that MC binding
dramatically reduces the dynamics of IL-17AA, so inhibiting IL-
17AA from adopting the conformation required for a high
affinity interaction rather than just causing structural changes
or steric clashes. Such a conclusion is consistent with the
limited structural changes observed upon MC binding to IL-
17AA.

Our ndings identify an important new mechanism by
which one could target IL17:RA binding in the search for new
therapeutics. On a more global scale the studies presented here
highlight the importance of studying protein dynamics in
solution, using complimentary techniques such as NMR and
2D-IR spectroscopy. Understanding the dynamic nature of
a protein not only greatly adds to our understanding of their
function, including their interaction with binding partners, but
in the case of relatively exible molecules, including many
cytokines, could also open up new avenues in the design of
inhibitors, potentially resulting in the development of new
unexpected therapeutic options. Indeed, our approach paves
the way for the development of allosteric inhibitors that
modulate the interaction of proteins which bind via at,
featureless surfaces which to date have proved intractable to
small molecule inhibition.
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