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21 SUMMARY

22 Interleukin-2 (IL-2) is a small a-helical cytokine that regulates immune cell homeostasis
23 through its recruitment to a high-affinity heterotrimeric receptor complex (IL-2Rov/IL-
24 2RPA.). IL-2 has been shown to have therapeutic efficacy for immune diseases by
25  preferentially expanding distinct T-cell compartments, and several T,.-biasing anti-IL-2
26  antibodies have been developed for combination therapies. The conformational plasticity
27  of IL-2 plays an important role in its biological actions by modulating the strength of
28  receptor and drug interactions. Through a NMR analysis of milliseconds-timescale
29  dynamics of free mIL-2 we identify a global transition to an auto-inhibitory conformation
30  controlled by an a-helical capping "switch". Binding to either an anti-mouse IL-2 mAb or
31  a small molecule inhibitor near the AB loop induces changes in dynamics at the core of
32 the structure, and perturbations of the capping hydrogen-bond network abrogate Ab
33  binding by destabilizing the auto-inhibitory conformation. Our results highlight a
34 paradigm for designing precision therapeutics targeting a continuum of IL-2
35  conformational states.
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37 INTRODUCTON

38 Interleukin-2 (IL-2) is a type I a-helical cytokine that functions as a multi-linecage
39  lymphocyte growth factor' 2. IL-2 signals through a high-affinity (10 pM) heterotrimeric
40  receptor complex, consisting of the IL-2Ra (also called CD25), IL-2Rp (CD122), and yc
41 (CDI132) chains, and the intermediate-affinity (I nM) heterodimeric receptor complex,
42 consisting of the IL-2Rp and yc chains (Fig. 1a)'. The IL2-Ra subunit is constitutively
43  expressed in high levels on regulatory T cells (T.,) and at lower levels on natural killer
44  (NK) cells and resting effector CD8+ T cells, resulting in differential IL-2 potency
45  between different immune cell compartments™. From a clinical perspective, both IL-2
46  agonism and antagonism is of considerable importance and it has been used for more than
47  three decades towards immunotherapies of malignancies.

48

49  The known plasticity of IL-2 has been an important parameter in the generation of small
50 molecules that bind to IL-2 and block signaling®”’, engineering ‘super-agonist’ mutant
51  versions of IL-2 with high affinity for IL-2RB®, and isolation of antibodies that bind to
52 IL-2 resulting in biasing its actions to different immune cell subsets’''. Indeed, many
53  efforts have partially focused in to improve its therapeutic potential by manipulating its

54 ability to selectively target specific cell types™'''®

. In one approach, monoclonal
55 antibodies against IL-2 can alter its properties by binding to a number of distinct
56  conformational epitopes, thereby modifying the interactions of IL-2 with any of the IL-
57 2R subunits and resulting in the proliferation of either Ty, or Tefr cells” . For example,
58  wild-type mouse IL-2 (mIL-2) can be administered in complex with an anti-mouse 1L-2
59  monoclonal antibody (JES6-1) and used to preferentially induce T, cell proliferation'®.
60  Subsequent work has validated therapeutic applications of the JES6-1 immunocomplex,

61  which promotes graft tolerance'’'®

and has shown efficacy in preclinical models of
62  diabetes'®?’. This strategy has been validated for human IL-2 through the discovery of
63  Tre-biased antibodies that appear to work by a similar allosteric mechanism''. Thus, the
64  conformational states of IL-2 can be selectively induced to achieve cell-type and receptor
65  selectivity, but more detailed insight is needed into the IL-2 conformational transitions.
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67  Focusing on mouse IL-2 as a model system, our team recently determined the X-ray
68  structure of the mIL-2/JES6-1 complex to elucidate the mechanistic basis for its selective
69  stimulation of T, over effector cells'’. JES6-1 sterically blocks interactions with the IL-

Low" e ffector

70  2RP and yc subunits leading to a reduction of signaling effects on IL-2Ra
71  cells. JES6-1 undergoes allosteric exchange with the IL-2Ra subunit, where surface-
72 expressed IL-2Ra displaces the JES6-1 antibody and releases the cytokine to signal
73 through the high-affinity heterotrimeric receptor on IL-2Ro™" Tree cells (Fig. 1b). Of
74  particular relevance is the mobility of the AB loop, which has been shown to undergo a
75  large conformational change upon JES6-1 binding. The AB loop is the main binding site
76  for IL-2Ra and crystallographic studies'® demonstrated that key residues in the IL-2 AB
77  loop engage the JES6-1 antibody and the IL-2Ra subunit in distinct orientations.
78  Therefore, JES6-1 and IL-2Ra binding are mutually exclusive, leading to bidirectional
79  exchange. Molecular dynamics simulations have suggested a significant conformational
80  rearrangement in the AB and BC loops characterizing the transition from JES6-1-bound
81  to IL-2Ra-bound states'’. Despite the importance of IL-2 in T cell differentiation and
82  homeostasis, a detailed biophysical characterization of its dynamic properties remains
83  elusive.

84 In the current work, we use methyl-based Nuclear Magnetic Resonance (NMR)
85  spectroscopy to establish that, in solution, free mlIL-2 samples an excited state
86  corresponding to an auto-inhibitory conformation with distinct functional properties.
87 Using a series of complementary NMR experiments we characterize a cooperative
88 transition, which involves a concerted motion of an a-helical capping "switch", linking
89  the AB loop with the hydrophobic core of the mIL-2 structure through a sequential
90  repacking of core sidechains. Selective disruption of the capping hydrogen-bond network,
91  through a designed mutation, quenches dynamics leading to a 3-order of magnitude loss
92  of affinity for the JES6-1 antibody and, consistently, a loss of immunomodulatory
93  activity in vitro. Insights derived from our data highlight the potential of targeting IL-2
94  excited states using mutagenesis or small-molecule binders, to steer the conformational
95  equilibrium towards states with maximum effects on T, cells for the treatment of
96  autoimmune diseases, and on Te¢r cells for immunotherapy of cancer.
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98 RESULTS
99
100 Long-range effects on mIL-2 core dynamics upon recognition of its binding partners

101  Due to their hydrophobic character, methyl groups are well-suited NMR probes for
102 monitoring the dynamics of the structural core of proteins®' 2. Methyl chemical shifts
103 report on sidechain rotameric state, packing and are less influenced by the molecular size
104  of the system under investigation because of their favorable relaxation properties™. To
105  gain insight into conformational changes on mIL-2 induced by its binding partners, we
106  prepared selective "H/">C MILV (Met, Ile, Leu and Val)-methyl labelled samples on a
107  uniform '?C, perdeuterated background. We obtained NMR assignments of mIL-2
108  backbone and methyl groups using a combination of TROSY-based triple-resonance and
109 3D out-and-back HMCM|[CG]CBCA sidechain transfer experiments. Under the
110  conditions of our NMR experiments mIL-2 is strictly monomeric, as characterized by
111  size exclusion chromatography coupled to multi-angle laser light scattering (SEC-MALS)
112  (Extended Data Fig. 1). To obtain stereospecific resonance assignments of methyl
113 groups, and to reduce spectral overlap observed in the free mIL-2 methyl spectrum,
114  which is typical of a-helical proteins, we also prepared a selectively 18,-'>C'Hs, proS
115  L,V-"*C'Hs-labeled protein sample®*. This approach allowed us to obtain unambiguous
116  sidechain resonance assignments of Met ¢;, Ile §;, Leu 8,/0, and Val vy,/y, (60 methyl
117  groups in total) (Extended Data Fig. 1), distributed throughout the structure, enabling us
118  to comprehensively map the cytokine’s surface and hydrophobic core in the IL-2Ra and
119  JES6-1-bound states. Figure 1c¢ shows *C-"H SOFAST HMQCs of I(LV)proS-methyl
120  labeled mIL-2 unbound (black) and as a stoichiometric complex with JES6-1 single-chain
121  Fv (scFv, cyan) or IL-2Rar (magenta). The weighted chemical shift perturbations (CSPs)
122 are presented along the mIL-2 sequence in Extended Data Fig. 2. In agreement with
123 previous SPR measurements'® under our NMR sample conditions mIL-2 forms tight
124 complexes with either JES6-1 or IL-2Ra. Exchange between the free and bound states is
125  slow on the chemical shift timescale, as indicated by a single set of peaks for each
126  complex, with large CSPs relative to the free state (up to 0.6 p.p.m).
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128  Notably, either receptor or antibody binding lead to measureable conformational changes
129  at the corresponding primary binding sites (for example, L48d,, L500, and L.549; in the
130  AB loop), but also induce long-range effects at remote sites distributed throughout the
131  structure, including L35, and L3809, in the A helix, L7308, L80d,, L86J; in the B helix,
132 11018, in the C helix and V129y,, V130y,, L1330, and 11370, in the D helix. Mapping the
133 most affected methyl groups on the mIL-2 structure (Fig. 1d, e) highlights a contiguous
134 path connecting the AB loop to the hydrophobic core of the structure. Overall, the methyl
135 CSPs reveal a global response of the mlIL-2 structure, indicative of allosteric
136  communication between the primary binding site at the AB loop and core residues of the
137  cytokine (Extended Data Fig. 2). Given that the four a-helical bundle core of apo-IL-2 is
138  maintained in the complexed forms with the IL-2Ra receptor or JES6-1 antibody
139 (backbone heavy atom r.m.s.d. of 0.8 A and 2.3 A, respectively), our results suggest that
140  binding of either JES6-1 or IL-2Ra at the AB loop region induces a remodeling of core
141  sidechains. Specifically, the observed methyl chemical shift changes can arise from either
142 changes in the lowest-energy rotameric state, or through perturbations in ensembles of

143  rotamers sampled by the free and bound forms.
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145  Figure 1: A plastic mIL-2 core structure mediates recognition of its binding partners for
146  immune modulation. (a) Schematic of IL-2 cytokine-receptor quaternary complex formation.


https://doi.org/10.1101/821207
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/821207; this version posted October 28, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

147  Assembly of the quaternary complex is thought to occur sequentially, with IL-2 first engaging IL-
148  2Ro with a dissociation constant (Kq) of ~10® M, which increases its affinity for the IL-2Rp
149  subunit, and finally recruiting the yc subunit to lock down the high-affinity quaternary complex
150 (K4 of ~10"" M). (b) Schematic of the proposed mechanism for mIL-2/JES6-1 immunocomplex-
151  mediated selective proliferation of regulatory T (T,) cells. The JES6-1 Ab (shown as blue scFv)
152 sterically blocks mIL-2 interaction with IL-2Rf3 and yc subunits, preventing signaling of IL-
153 2R effector cells (right). However, an exchange mechanism between JES6-1 and the IL-2Ra.
154 subunit allows a preferential release of mIL-2 for exclusive signaling on IL-2Ra high T, cells,
155  biasing toward an immunosuppressive response (left). (¢) Overlay of 'H,””C-HMQC spectra of

156  selectively labelled mIL-2 at the 18;-"CH;, L, V proS methyl positions, recorded in the free
157  (black) or as a stoichiometric complex with JES6-1 scFV (cyan) or IL-2Ra receptor (magenta),
158  acquired at 800 MHz, 25 °C. The arrows highlight major chemical shift effects. Selected methyl
159  assignments have been included. (d) Mapping of methyl chemical shift changes on the crystal
160  structure of mIL-2/JES6-1 complex (PDB: 4YQX) and (e) on the overlaid IL-2Ra subunit from
161  the homologous hIL-2 quaternary complex structure (PDB: 2B51I). The mIL-2 residues with CSPs
162 > 0.05 ppm are shown with cyan spheres in the cartoon representation of JES6-1-bound mIL-2
163  (blue) and with magenta spheres in IL-2Ro-bound mIL-2 (green).

164

165  Free mIL-2 samples a global transition to an excited-state conformation

166  Based on our observation that the "H-""N transverse relaxation-optimized spectroscopy
167  (TROSY) spectrum of free mIL-2 was of marginal quality (Extended Data Fig. 1) with a
168  significant fraction of completely broadened amide resonances (33%), we hypothesized
169  that in solution mIL-2 undergoes exchange between different conformational states. The
170 loss of signal for amide resonances corresponding to residues in the AB loop due to '°N
171  line broadening suggests that the loop is switching between multiple backbone
172 conformations with different chemical environments on an intermediate (microseconds to
173  milliseconds / ps-ms) time scale. This hypothesis is consistent with a recent MD
174  simulation-based model in which free IL-2 samples distinct conformations of the AB
175  loop akin to the crystallographically observed structures in complexes with the JES6-1
176  antibody and IL-2Ra receptor'®".

177  To characterize the conformational landscape sampled by free mIL-2 in solution, we
178  performed a series of °C chemical exchange saturation transfer (CEST)*® and *C single-
179  quantum methyl Carr-Purcell-Meiboom-Gill (CPMG) relaxation  dispersion
180  experiments®®. Briefly, in CPMG experiments the effective transverse relaxation rate
181  (Raer) 1s measured as a function of refocusing pulse frequency (VCPMG), which
182  quenches the effects of conformational exchange producing so-called dispersion profiles.
183  Such profiles can be fit to extract the rate of exchange between the ground and excited

184  conformational states, ke, the population of the excited state, pg, and the chemical shift
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185  differences between the two exchanging states |Aw| (ppm). In CEST, the intensities of
186  protein resonances are measured in the presence of a weak off-resonance radiofrequency
187  (B)) field, typically between 5 and 50 Hz, where a series of 2D experiments are acquired
188  with a varying offset of the B field. When the field offset coincides with the resonance of
189  an exchanging minor state, saturation transfer occurs during a fixed period, leading to an
190 attenuation of the resonance of the major state which can be readily detected. This
191  enables the indirect observation of the resonance of the otherwise "invisible", minor state.
192  While in principle both experiments can be used to quantify conformational exchange
193 processes in biomolecules”’, CEST is sensitive to timescales ranging from ~50 to 500 s,
194  whereas CPMG on the order of 100 to 3000 s”. As a result, CEST experiments are
195  typically recorded at a reduced temperature (4-10 °C), in order to slow the exchange to a
196  measurable rate.

197

198  Due to poor quality of the amide spectra of free mIL-2, we turned to methyl spectra as a
199  readout in both CPMG and CEST experiments. Conformational exchange was observed
200  for the resonances of several methyl groups distributed throughout the mIL-2 structure, as
201  illustrated by representative residues on the B helix (L809;), C helix (I1016;) and D helix
202  (L1339;) (Fig. 2a). The resonances of 20 methyls exhibiting well-defined CPMG
203  dispersion curves (Extended Data Fig. 3a, Extended Table 1) were used in a
204  quantitative analysis. The remaining mIL-2 resonances exhibited low S/N dispersion
205  curves (at 18.8 T magnetic field) or high spectral overlap. Dispersion curves were fitted
206  globally using a two-site exchange model, yielding a ke of 1,241 + 72 s and an excited
207  state population of 6.0 + 0.4%. Additionally, *C-CEST profiles for the same residues
208 (L8003, I1018; and L1339,) revealed significant dips in the '>C dimension, characteristic
209  of an excited state (Fig. 2b and Extended Data Fig. 4). To quantify the extent of
210  structural adaptations upon formation of the excited state for each methyl site
211  participating in the exchange process, we extracted values of the corresponding *C
212 chemical shift changes, |Aw|, from independent fits of the CPMG relaxation dispersion
213 and CEST data sets. We observe good correlation between the resulting |Aw| values,
214 suggesting that the two methods are likely reporting on a similar exchange process, with

215  the caveat that the CEST data were recorded at a lower temperature (Fig. 2c¢).
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216

217  Figure 2: Solution dynamics and ground-state structure of free mIL-2 by methyl NMR.

218  (a) methyl-selective °C single quantum CPMG relaxation dispersion profiles carried out at two
219  magnetic fields (600 MHz, purple; 800 MHz, blue) are shown for selected residues in the B helix
220  (L800d,), C helix (I1018;) and D helix (L1336;) of WT free mIL-2. Experimental data are shown
221 as small circles in all panels, with errors estimated from the S/N in the raw experimental data.
222 The best-fit lines are shown for a global analysis of 20 methyls with non-flat relaxation dispersion
223 profiles using a two-site conformational exchange model. (b) *C-CEST profiles carried out at
224 800 MHz for L806,, 11018, and L1338;. Plots of normalized intensity of the ground state
225  resonance relative to a control experiment where the saturating field is highly off-resonance (12
226  kHz), as a function of the position of the perturbing B; field (with a measured strength of 16.2
227  Hz). Uncertainties in I/l are determined from the root-mean-square deviation in the baseline of
228  the raw CEST profiles where no intensity dips are present (typically, n > 30). Global fits of the
229  CEST data to a two-site model of chemical exchange are shown as solid red lines. The resonances
230  of the major state (gray solid lines) and fitted minor state (grey dashed lines) are indicated, with
231  the resulting chemical shift difference shown in each plot. (¢) Linear correlation plot of chemical
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232 shifts of the excited state of WT mIL-2 obtained from *C CPMG (x-axis) and °C CEST (y-axis).
233 CPMG and CEST experiments were recorded at 25 °C and 10 °C, respectively. (d) 20 Methyl
234 probes undergoing chemical exchange by CPMG are shown as spheres on the model structure of
235 miIL-2 and colored orange according to the magnitude of fitted |Aw| values. (e) Cartoon
236  representation of mIL-2 illustrating the interconversion between a ground state, which is 94%
237  populated, and an invisible, excited state, which is ~6% populated. The doted arrows represent
238  the coupled conformational transition of the AB loop and the hydrophobic core of mIL-2. (f)
239 PCy-"Hy strips from a 3D Cy-CyHy SOFAST NOESY experiment taken at the '*Cy coordinates
240  of stereospecifically assigned methyl resonances noted on each panel, showing NOE cross-peaks
241  between the methyl resonances of residues on the AB Loop. (g) Close-up view of the AB loop
242  region from a Rosetta homology-based model of free mIL-2 (using PDB ID 1M47 as a template)
243 showing the network of observed NOEs (black dotted lines), corresponding to the major (ground-
244 state) solution conformation. The pattern of NOEs is consistent with a "closed" conformation of
245  free mIL-2, with where the AB loop is well-packed against the hydrophobic core of the structure.
246

247  Methyl groups exhibiting CPMG dispersion curves are plotted on the homology-based
248  model of free mIL-2 in Fig. 2d, and color-coded according to the magnitude of the fitted
249  |Aw| values, which reports on differences in the local magnetic environment between the
250  major and minor conformations. Large |Aw| values were observed for methyls at the AB
251  loop (L48d,, L549,), in addition to the C-terminus of the B helix facing towards the loop
252 (L800,, V83y;, L84d,) and throughout the hydrophobic core of the structure (11019,
253 V130y,, L1338, and 11370;). Thus, our CPMG data suggest that free mIL-2 samples a
254  global, cooperative transition to an excited state, which involves a conformational
255  "switch" of the AB loop, coupled to a cooperative repacking of core sidechains (Fig. 2e).
256  Notably, a pronounced structural change relative to the free form can be observed in the
257  X-ray structure of JES6-1-bound mIL-2"°, in which the AB loop (residues Y45-T55)
258  undergoes a ~38° rigid-body rotation to adopt a conformation that is optimal for
259  interactions with the antibody surface. Taken together, conformational plasticity of the
260  AB loop is a key component of the solution dynamics of free mIL-2, relevant for the
261  formation of a high-affinity immunomodulatory complex.

262

263  To characterize the major conformation sampled by the AB loop in solution, we analyzed
264  methyl NOE intensities recorded in a 3D Cy-CyHym SOFAST NOESY experiment (Fig.
265  2f), relative to the corresponding distances observed in i) a model of free mIL-2 built
266  using the human IL-2 apo-structure as a template, (PDB ID 1M47) ii) the co-crystal
267  structure of mIL-2 in complex with the JES6-1 Ab (PDB ID 4YQX) and iii) a model of
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268  mlIL-2 build using the human IL-2/IL-2Ra receptor complex structure as a template (PDB
269  ID 2B5I). Consistently with the models of mIL-2 in the apo and IL-2Ra receptor-bound
270  states, we find that the network of observed NOEs connecting the methyl groups of M42,
271  MS53, L54, L80, V83 and V129 located at the vicinity of the AB loop, (Fig. 2g, black
272  dotted lines) is consistent with a "closed", well-packed conformation where the
273  sidechains of M53 and L54 are making hydrophobic contacts with residues at the
274  hydrophobic core defined by the amphipathic A and B a-helices. This is evident from the
275  observation of several unambiguously assigned short-range (5 A upper limit) NOEs
276  between the corresponding methyl groups (Fig. 2d, f and g). On the contrary, in the
277  antibody-bound mIL-2 structure the AB loop is found in an "open" conformation, with
278  the methyl groups of M53 and L54 oriented towards the solvent at distances from the
279  core methyls (13 A), well beyond the NOE detection limit of 10 A (Fig. 2g and
280  Extended Table 2). Thus, our NOE data provide strong evidence that the major state of
281  free mIL-2 has a closed AB loop conformation, similar to the X-ray structure of human
282  IL-2 in either the free form or in the complex with IL-2Ra.

283

284 A conserved hydrogen bond network stabilizes the excited mIL-2 conformation

285  We next sought to characterize the structural features of the excited-state conformation
286  identified by our CPMG and CEST experiments. Excited states play important roles in

287  protein function, including catalysis™°

and complex formation via conformational
288  selection or induced fit-type mechanisms’' 2. However, their de novo structure modeling
289  is challenged by the inherently low-resolution nature of the NMR chemical shifts. A
290  qualitative comparison of the placement of residues undergoing conformational exchange
291  in free mIL-2 (Fig. 2d) with those perturbed upon formation of the IL-2Ra- and JES6-1-
292 bound states (Fig. 1d, e) showed a significant overlap, both for residues that are within
293  the AB loop and other binding surfaces (L8006, and L869,) and also at the core of the
294  structure (L1330, and 11378;), suggesting that the same sites that participate in the
295  formation of the excited state also undergo structural changes upon formation of the mIL-

296 2 tertiary complexes.
297
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298  Our NOE-based analysis has shown that the backbone conformation of the AB loop in
299  the major, "closed" state of mIL-2 is inconsistent with the JES6-1-bound structure. Close
300 inspection of the structure reveals that, in the JES6-1 complex, the AB loop instead
301  participates in a network of C-capping interactions with the A helix (Fig. 3a,d).
302  Specifically, the sidechain guanidino group of R52 forms multiple hydrogen bonds with
303  the backbone carbonyl oxygens of M42, Y45 located at the C-terminal end of A helix,
304 and with R46, L48 at the N-terminal part of the AB loop (Fig. 3b,c). Conversely, in the
305  free structure of the homologous human IL-2 (1M47 - termed "uncapped" state), the R52
306  sidechain is solvent-exposed, and M53 is buried at the hydrophobic interface between the
307 A and B a-helices. The "closed/uncapped" conformation is optimal for interactions with
308  co-receptors, as exemplified by the IL-2Ra complex where R52 forms a salt bridge with
309 a conserved aspartic acid on the receptor surface (PDB 2BS5I). JES6-1 binding therefore
310  induces a transition from a "closed" to "open" AB loop conformation, which exposes the
311  hydrophobic sidechains of L50, M53 and L54 towards the surface of the molecule, while
312 the sidechain of R52 becomes buried. In this "capped" state, the loss of hydrophobic
313 packing contacts is compensated by the formation of multiple C-capping hydrogen bonds

314  with the A helix, and the backbone of the loop itself (Fig. 3a,c).
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316  Figure 3: Effects of a conserved helical capping motif on IL-2 dynamics and function.

317  (a) Crystal structure of mIL-2 (cartoon) bound to JES6-1 (blue surface) with a detailed view of
318  the mIL-2/JES6-1 interface on the AB loop and B helix of the cytokine (PDB: 4 YQX). (b) The
319  AB loop in mIL-2 adopts either an uncapped “closed” conformation (apo state) or a capped
320  “open” conformation (JES6-1-bound state). The open conformation is stabilized by an
321 intramolecular C-capping interaction between the sidechain of R52 and the backbone of M42-
322 Y45-R46. Black dashes indicate hydrogen bonds. The R52 sidechain does not contribute to
323 intramolecular stabilizing interactions in the closed conformation. Black dotted arrow shows the
324 direction of loop movement between the closed and open states. (¢) Close-up view of the AB loop
325  in the closed and open conformations. The R52A mutation eliminates the C-capping interactions.
326  (d) Sequence conservation pattern in the AB loop region in various IL-2 species. (¢) Comparison
327  of “C-CPMG relaxation dispersion profiles for L80d,, 11018, and L1338, of WT mIL-2 (purple)
328  and R52A (green), at 600 MHz and (f) *C-CEST profiles for WT mIL-2 (red) and R52A (green).
329  Conformational exchange profiles throughput the mIL-2 structure are quenched by the R52A
330  mutation. Experimental errors in CPMG and CEST data are determined as described in Figure 1.
331 (g) Thermodynamic fingerprints of the interactions between WT and R52A mlIL-2 with JES6-1.
332  Isothermal titration calorimetry thermographs and curve fits for titrations. The R52A mutation
333 leads to a 3-order of magnitude reduction in binding affinity. To minimize enthalpy of solvation
334  effects, all experiments were performed in 20 mM phosphate buffer, pH 7.2, 150 mM NaCl. (h)
335  STATS5 phosphorylation response to WT and R52A mlIL-2 in the free state or JES6-1
336  immunocomplexes treatment in IL-2Ro” mouse CTLL-2 cells. R52A shows attenuated
337  immunomodulation by the JES6-1 Ab, while signaling via IL-2Ra" is at similar levels to WT.

338
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339  According to our NOE-based analysis, the placement of M53 at the hydrophobic
340 interface between the AB loop and the core of the structure promotes the "closed" loop
341  conformation, which is the major solution state. We sought to determine whether the
342  excited state sampled by free mIL-2 encompasses the C-capping features of the "open"
343  state. If the dynamics observed by NMR correspond to a concerted process, such as an
344  open-to-closed transition of the AB loop, then mutations which destabilize the open state
345  should alter the observed exchange parameters in a uniform manner. To perturb the
346  "open" state conformation, we used the mutant R52A which eliminates all C-capping
347  interactions (Fig. 3¢ and Extended Data Fig. 5) and compared the resulting CPMG
348  relaxation dispersion and CEST data performed under identical conditions to our
349  established results for the WT. Remarkably, Ala mutation of R52 suppressed the CPMG
350 relaxation dispersion profiles of all methyl probes that were undergoing conformational
351  exchange in the WT form (Fig 3e,f and Extended Data Fig. 3b). Data fitting showed
352  that, in the R52A mutant, the exchange process was 2-fold faster relative to the WT with
353  a ke 0f 2,692 + 80 s and had a 3-fold reduced excited state population of 2.0 + 0.1%.
354  Consistently, in CEST profiles recorded using the R52A mutant the second dip was
355  barely observed (I1018;) or notably absent (L700,, 11438;, L1338;, L1339,) (Fig. 3e,f
356 and Extended Data Fig. 4), indicating that the population of the excited state (“closed”
357  state) was below the detection limits of the experiment. The R52A mutation quenched ps-
358 ms relaxation not only at the sidechain methyl but also the backbone amide groups,
359 alleviating resonance broadening and leading to a significant improvement in the quality
360  of the "H-""N TROSY spectrum (Extended Data Fig. 5a). These observations imply that
361  while at least two conformational exchange processes are at play on the pus-ms time scale
362 (AB loop switching and a transient twisting or ‘‘breathing’’ of the a-helices), the
363  conserved C-capping sequence motif at the AB loop is critical for the formation of the
364  excited state, which is directly coupled to changes at the core of the structure.

365

366  To determine how destabilization of the excited state affects mIL-2 binding to JES6-1,
367 we used isothermal titration calorimetry (ITC) and measured the binding free energy
368 (AG), and its enthalpic (AH) and entropic (-T*AS) components both for WT and R52A

369 mlL-2 (Fig. 3g,h). Consistently with previous SPR measurements'® and our observation
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370  of a tight complex in slow-exchange by NMR, WT mlIL-2 binds JES6-1 with a high
371  affinity of 2 nM. The interaction is largely entropy-driven, with a positive net enthalpy
372 change of 12.7 kcal mol™ and a favorable entropic contribution of -24.3 kcal mol™ at 293
373 K (Fig. 3h, Extended Table 3). Notably, R52A binds to JES6-1 with 3 orders of
374  magnitude lower affinity than WT mIL-2, due to less favorable binding entropy (Fig.
375  3g,h). The weaker association cannot be due to a loss of interface contacts or buried
376  surface area, given that R52 does not participate in direct interactions with JES6-1 in the
377  X-ray structure of the complex (Fig. 3a). Thus, our ITC results show that perturbations of
378  the capping hydrogen-bond network abrogates JES6-1 binding by destabilizing the open
379  conformation, consistently with our NMR measurements showing a shift of the
380  conformational equilibrium towards the closed state.

381  To determine the functional activity of the R52A mutant, we probed JES6-1 antibody
382 effects on mIL-2-induced signaling in IL-2Ra.” subpopulations of mouse CTLL-2 cells as
383  asurrogate for its effects on IL-2Ra™ immune cell subsets (Fig. 3h). Consistent with our
384 NMR and ITC results, JES6-1 showed a 5-fold reduced WT mlL-2-mediated STATS
385 activation. However, STATS signaling potency by R52A was independent of JES6-1, as
386  demonstrated by the comparable ECsy values, suggesting that the weaker affinity to
387  JES6-1 was primarily responsible for the behavior of the R52A mutant (Fig. 3g).

388
389  Allosteric communication in mIL-2 through a remodeling of sidechain rotamers

390  Our methyl-based NMR probes revealed a global response of the mIL-2 structure upon
391  binding to JES6-1, alongside the crystallographically observed conformational changes of
392  the AB loop (Fig. 1c¢, d). Consistently, our NMR relaxation measurements suggest a
393  coupling of dynamic motions between the loop and core methyls. We sought to identify a
394  plausible mechanism linking AB loop movement to changes in core sidechain packing
395  during transitions between "closed/uncapped" and "open/capped" conformations. To
396  enumerate all possible sidechain rotamers that can be adopted by each residue, we
397 performed a global analysis of compatible rotamer pairs using a satisfiability-based
398 approach in Rosetta (see Methods, Extended Data Fig. 7) and mapped our results on the
399  free and JES6-1-bound mlIL-2 structures (Fig. 4, Extended Data Fig. 8). Using the

400  backbone conformations of the "open" and "closed" states as inputs, our analysis
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401  highlights differences in rotamer sets that can be accessed by the free (closed) and JES6-1
402  bound (open) states. We identified a large set of residues (L28, L39, M42, L48, M53,
403  F58, F132, L133, W136 and F139) (Fig. 4a, b) spanning the AB loop, A Helix and D
404  Helix, and part of the hydrophobic core. For these residues the space of rotamers was
405  significantly different between the closed and open states, indicating a plausible
406 remodeling of packing interactions. Specifically, a 10-residue segment (V129-F139)
407  forming the hydrophobic face of the amphipathic D helix exhibits expansions and
408  contractions in allowed rotamer sets as IL-2 transitions between the two states (Extended
409 Data Fig. 7). A concerted motion of the D helix upon binding of IL-2Ra has been
410  highlighted as having a functional role in the formation of the high-affinity heterotrimeric
411  signaling complex (Wang et al., 2005). These results are consistent with our observed
412  NMR chemical shift mapping of the IL-2Ra and Ab-bound states (Fig. 1¢, d) suggesting
413  that the conformational transition between the free and complexed states can lead to a
414  redistribution of the rotameric states at the hydrophobic core, albeit limited by known
415  ambiguities in interpreting methyl chemical shifts. A plausible allosteric communication
416  network starts at the AB loop on one end of the structure, traverses through the inner core
417  of mIL-2 and ends at the N-terminus of the A and D helices adjacent to the binding site of
418  the IL-2Rp receptor (Fig. 4¢). The hydrophobic core residues exhibiting differences in
419  rotamer sets also include sites with significant R.x values in our NMR CPMG data,
420  indicating the presence of dynamics at the ps-ms timescale (Fig. 4c¢, orange circles).
421  Taken together, our results highlight a plausible allosteric communication network in the

422 IL-2 structure mediated via sequential remodeling of sidechain packing interactions.
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424  Figure 4: Sampling of different ensembles of sidechain rotamers in the "open' and "closed"
425  mlIL-2 states. (a) Heat map showing the number of allowed sidechain rotamers for buried
426  residues in the "closed" and "open"-state structures. Buried residues were computed using a 10 A*
427  solvent accessible surface area threshold. Residues that show a significant difference (> 3) in the
428  number of allowed rotamers between closed and open states are highlighted with stars (*). (b)
429  Closed/free and open/bound structures showing residues that exhibit significant difference in
430  sidechain rotamer sets, with the total number of allowed rotamers colored as in panel a. (c)
431 Illustration of a putative allosteric communication network linking the AB loop conformation to
432 the core structure. A sequential path demarcated by residues undergoing sidechain remodeling as
433  mlIL-2 transitions between the two states is shown with a red patch onto the mIL-2 structure of
434  the closed state, used as a reference. The methyl groups showing significant exchange (Re)
435  contributions in our CPMG experiments indicating dynamics are highlighted with blue surfaces
436 (Re > 10 ™) or orange circles (R > 30 s™).

437

438  Skewing the dynamic landscape of mIL-2 by ligand binding

439  The R52A mutation characterized here destabilizes the open mIL-2 conformation by
440  perturbing the C-capping hydrogen-bond network between the AB loop and B helix,
441  leading to quenching of conformational exchange throughout the core of the structure.
442  We hypothesized that a small molecule binding preferentially to the closed AB loop
443  conformation would impact the dynamic landscape of mIL-2 in a similar manner. We
444  used a known compound targeting hIL-2 (Ro 26-4550), to compete with IL-2Ra
445  binding”. The co-crystal structure (PDB 1M48) shows that Ro 26-4550 is nestled in a
446  hydrophobic pocket at the interface between the AB loop and B helix, with the hIL-2
447  sidechains of M39, V69, and L72 (mIL-2 residues M53, V83 and L86) packing against
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448  the terminal aromatic ring’. We performed an NMR titration of increasing molar ratios of
449  Ro 26-4550 on ILV-methyl labeled WT mIL-2 using 'H-">C HMQC spectra as a readout
450  (Fig. 5a). Under our NMR conditions, we observed the formation of a moderate-affinity
451  (uM range K4) complex in fast exchange with the free mIL-2 form, where residues in
452  close proximity to the AB loop (L480;, L5498, and L600,) experience the largest effects
453  (Extended Data Fig. 6). However, CSPs extend beyond the AB loop, to sites in the
454  hydrophobic core (L808;, V129y,, V130y,, L1338, and 11378,) at distances >12 A from
455  the inhibitor binding site in the co-crystal structure (Fig. Sc). A quantitative NMR line
456  shape analysis of the resonances of V129y, and L1330, yielded an equilibrium
457  dissociation constant of 39.4 + 5.5 uM (Fig. Sb), suggesting a 2-state cooperative
458  transition impacting all sites in the ligand-bound form. To further examine whether Ro
459  26-4550 binding affects the ps-ms dynamics of mlIL-2, we repeated “C-CPMG
460 relaxation dispersion experiments under saturation binding conditions under identical
461  protein concentration and NMR sample conditions, and compared with our established
462  data recorded for the free form (Fig. 5d). Our results indicate that Ro 26-4550 binding
463  strongly dampens relaxation of methyl groups that are undergoing ps-ms conformational
464  exchange throughout the mIL-2 structure. Thus, in agreement with our allosteric network
465 model of mlL-2, stabilization of the closed/uncapped conformation through ligand
466  binding reduces dynamic exchange at the hydrophobic core of mlIL-2, as the
467  conformational equilibrium is skewed toward the closed state. The observation of
468  residual exchange at the CPMG time scale suggests that sampling of the open state is still

469  permitted by the presence of the ligand, albeit with a much lower occupancy.
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471  Figure 5. Small molecule binding at the AB loop quenches dynamics of mIL-2 (a) 2D
472 'H,”C-HMQC spectra of ILV-methyl labeled mIL-2 in the free state (red), and with increasing
473 concentrations of Ro 26-4550 inhibitor (1:4 molar ratio, shown in black). Data were recorded at
474 800 MHz, 25 °C. (b) NMR line shape analysis for the V129y, and L1338, methyl resonances
475  using TITAN (see methods), with indicated equilibrium dissociation constant and errors
476  propagated from the spectral S/N. Recorded NMR spectra are shown in blue, with simulated line
477  shapes in red. Ratios of mIL-2 to inhibitor are indicated in each panel. (¢) Two views showing the
478  mapping of residues undergoing significant chemical shift perturbations (CSPs) onto the ribbon
479  representation of mIL-2. Methyl groups with marked CSPs (>0.05 ppm) are shown as black
480  spheres. The inhibitor is shown as a blue ball-and-stick diagram on the overlaid hIL-2 complex
481 structure (PDB: 1M48). (d) "C single quantum CPMG relaxation dispersion profiles in the
482  absence (purple) and presence of Ro 26-4550 at saturating concentration (black) for selected
483  residues in the AB loop (L546,), B Helix (L80d;), C Helix (I1018;) and D Helix (V130y,,
484 L1338, 11378,). CPMG experiments were performed at a 'H field of 600 MHz and 25 °C.
485
486
487
488
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489  DISCUSSION

490  The unique conformational plasticity of IL-2 appears to play an important role in
491  targeting the IL-2 receptor signaling axis in both agonist and antagonist mode. However,
492  this plasticity also presents an opportunity to target or otherwise manipulate the
493  conformational landscape of IL-2 for drug discovery, but more detailed insights are
494  needed for actionable value. Evidence for a functional role of such conformational
495  plasticity was provided in previous studies focusing on both human and mouse IL-2
496 model system. These studies employed small molecule binding®’, antibody
497  engineering”'? or directed mutagenesis® to induce minor perturbations in the cytokine's
498  core o-helical fold, leading to distinct immunomodulatory functions. Specifically,
499  elucidating a link between specific allosteric effects on the IL-2 structure, induced by the
500 JES6-1 and S4B6 antibodies, with the targeting of opposing immune cells types
501  expressing different levels of receptor subunits in vivo has provided a solid foundation for
502  immune modulation through the stabilization of different IL-2 conformational states.
503  Conversely, the high-throughput screening of hIL-2 libraries in yeast led to the
504  identification of a variant, termed "super-2", comprising a helix that is locked in a
505  conformation which is primed for interactions with the IL-2Rp subunit, thereby leading
506 to preferential expansion of cells lacking IL-2Ra®. These results were leveraged to
507  discover a human T,-based Ab, akin to JES6-1, of significant therapeutic potential'’.
508  Thus, given the sequence and structure conservation of the IL-2 fold across species, the
509  results established for the mouse IL-2 paradigm directly relate to human IL-2, whose use
510 as a multi-faceted protein therapeutic (Proleukin) has been hampered by an incomplete
511  understanding of its precise functional properties. Therefore, a detailed characterization
512 of the relevant conformational states and their dynamic interconversion process in
513  solution would provide a roadmap for drugging IL-2, through a range of approaches.

514

515  Our methyl-based NMR measurements from two complementary methodologies, CPMG
516 and CEST, provide strong support that free mIL-2 is highly dynamic at the ps-ms
517  timescale and samples an excited state via a concerted conformational transition of the
518 AB loop and core of the structure. Functionally relevant excited states have been

519  previously described for a range of protein and nucleic acid systems®’, and are typically
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520  separated by relatively low energy barriers from the ground state. The inherent plasticity
521  of the AB loop and allosteric crosstalk with the hydrophobic core suggested an avenue
522  for biasing the conformational equilibrium by perturbing key features present in the
523  excited state conformation. Based on our analysis of crystallographically observed
524  snapshots of IL-2, we hypothesized that the excited state might share similar features
525  with the JES6-1 antibody-bound structure with respect to a stabilizing C-capping motif,
526 and tested this hypothesis through a detailed dynamic, binding and functional
527  characterization of a designed Ala mutant. In fact, our data demonstrate that the structural
528  basis for such functional complexity may be surprisingly simple: the global dynamic
529  motions of mIL-2 are induced by a conserved C-capping hydrogen-bond network, and
530  can be switched on and off by a single point mutation (Fig. 3). Taken together, out results
531  show that the IL-2 energy landscape is highly malleable, and establish a paradigm for
532 controlling IL-2 cytokine activity though designed changes in protein dynamics.

533  Analysis of our NMR, ITC and functional data in the context of the available IL-2 co-
534  crystal structures suggests a general scheme for molecular recognition between IL-2 and
535 its binding partners (Fig. 6). According to this model, free mIL-2 exists in a pre-
536  equilibrium between closed (major form, 94%) and open conformations (minor form,
537  6%), with the AB loop and the hydrophobic core engaged in a cooperative motion on the
538 us-ms timescale. In the closed/uncapped (productive) state, the AB loop is in a
539  conformation that is primed to interact with the IL2-Ra receptor. Formation of a C-
540  capping hydrogen network locks the AB loop in an open (autoinhibited) state, in which
541  the loop adopts a conformation that is optimal for interactions with the JES6-1 antibody
542 (Fig. 6 left). Disruption of the C-capping hydrogen bond network by mutation or small
543  molecule binding shifts the equilibrium towards the closed state, leading to a reduction in
544  Ab binding by 3 orders of magnitude (Fig. 6 right). While the "closed" and "open"
545  conformations mediate high-affinity complex formation with the receptor and Ab,
546  respectively, the binding process is likely achieved via the formation of an initial
547  encounter complex, where additional induced structural adaptations follow the selection
548  of pre-existing conformational states. This model is consistent with the majority of
549  protein-ligand binding examples, where both processes contribute to complex

550  formation®'.
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551 A consequence of allosteric crosstalk in the IL-2 fold is that the protein becomes globally
552 sensitive to mutations. Point mutations can induce long-range effects, which may explain
553  the high level of sequence conservation of IL-2 residues removed from the primary
554  receptor recognition sites. Further examples of such long-range modulation are provided
555 Dby engineered IL-2 agonists. IL-2 superkine (also denoted as “super-2”) functions
556  independently of IL-2Ra and has enhanced binding to IL-2Rf in spite of five of the six
557  mutations being clustered on the B-C loop and within the C helix core, removed from the
558 IL-2Rp primary binding site. Instead, a cluster of hydrophobic substitutions (F80, V85
559 and V86) induce a subtle change in C helix orientation leading to an increased affinity for
560 IL-2Rp. Super-2 exerts a more potent expansion of tumor-specific cytotoxic T cell
561  populations, and a reduced expansion of T cells®. Moreover, Super-2 can be used as a
562  platform for additional mutations that inhibit binding to yc receptor, and consequently
563  heterodimerization of IL-2Rp and yc, thereby acting as a potent antagonist'>. Conversely,
564  to bypass allosteric effects present in the IL-2 fold, a de novo design approach was used
565  to generate a mimetic of IL-2/IL-15 showing a new a-helical fold with a well-packed
566  hydrophobic core, denoted Neoleukin-2/15 (Neo-2/15)"°. This synthetic molecule retains
567  the binding surfaces for the IL-2R[/yc receptors while also alleviating the requirement of
568 IL-2Ro/IL-15Ra for formation of a productive signaling complex. Neo-2/15 exhibited
569  enhanced anti-tumor activity in mouse models, was more stable, and lacked detectable
570  immunogenicity'®. These studies highlight the potential for modulating IL-2 function
571  through different design approaches, showing varying levels of responsiveness to

572  regulatory molecules and conditions at the vicinity of the membrane signaling complex.
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574  Figure 6. Conformational "priming" of free mIL-2 drives high-affinity complex formation.
575 A global conformational transition enables mIL-2 to sample two distinct states that are
576  recognized by IL2-Ra and JES6-1 via additional induced fit steps. In the closed conformation,
577  the polar face of the AB loop including R52, is primed to interact with the IL2-Ra receptor.
578  Formation of a C-capping hydrogen bond network by R52 locks the AB loop in an autoinhibitory,
579  open conformation with high affinity for the JES6-1 Ab. As shown in Figures 3 and 4, point
580  mutations or binding of small molecules can shift the equilibrium to favor the closed
581 conformation, with measureable functional effects (right). Representative exchange parameters
582  and excited-state populations obtained from our NMR data for mIL-2 are indicated.

583  In summary, our results highlight the role of conformational plasticity at conserved
584  features of the IL-2 fold, acting locally and allosterically to form an "excited" state with
585  discrete functional properties. Our NMR-based characterization offers a window to
586  access otherwise hidden states of the energy landscape that can be then exploited to fine-
587  tune the affinity and selectivity for different IL-2 binding partners towards engineering
588  novel cytokine functions. For example, our established allosteric coupling between the
589  receptor binding sites to the hydrophobic core of the structure presents an opportunity to

590 alter IL-2 function through the introduction of core mutations and induction of allosteric
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591  effects without directly affecting the receptor/Ab binding surfaces. Given that the 1L-2

592  fold presents a limited surface area with overlapping binding epitopes, our findings have

593  important practical utility from an engineering and synthetic biology perspective.

594
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595 METHODS
596  mlL-2 NMR sample preparation, backbone and methyl assignments

597  The sequence encoding hexahistidine-tagged mouse IL-2 (mIL-2, amino acids 1-149)
598  was cloned into the pMAL vector with an N-terminal maltose-binding protein (MBP)
599  followed by a 3C protease site. U-["°N,"*C,’H]-labelled mIL-2 was overexpressed in
600  Escherichia coli BL21(DE3) cells in M9 medium in “H,O containing 2 g I *H"C
601  glucose (Sigma #552151) and 1 g I'" "'NH4Cl. Selective methyl labelling with Ile-8,-
602 [“CH;], Leu-8-[°CH,/C?H,], Val-y-[°CH,/'“C’H,], Met-¢,[°CH,] referred to as
603  MILV*, was achieved by the addition of appropriate precursors (ISOTEC Stable Isotope
604  Products (Sigma-Aldrich) as detailed previously’**. MILV-methyl (Ile "“Cd1; Leu
605  C81/°C82; Val PCy1/°Cy2; Met-"Ceg,) U-[°N, *H]-labelled mIL-2 was prepared in M9
606 medium in *H,O, supplemented with 2 g I"' H'">C glucose (Sigma #552003) and 1 g I’
607  “NH,CI. Both MILV* and MILV were induced at ODggpo = 0.7 by addition of 1 mM
608 IPTG and expression was performed for 20 h at 23 °C. Protein in the periplasmic
609  compartment was isolated by osmotic shock and purified by nickel-nitrilotriacetic acid
610 (Ni-NTA) (Qiagen) affinity chromatography and via size-exclusion chromatography on a
611  Superdex-75 column (GE Healthcare) in HEPES-buffered saline (HBS, 150 mM NacCl in
612 20 mM HEPES pH 7.0). NMR experiments were recorded at temperature of 25 °C using
613  14.0 and 18.8 T magnetic field, cryoprobe-equipped Varian and Bruker spectrometers,
614  respectively. Both MILV* and MILV IL-2 samples contained 400 to 600 uM protein in
615 150 mM NaCl, 20 mM HEPES pH 7.0, 0.01% NaN,, in 90% H,0/10% D,O. The
616  backbone resonance assignments were obtained using a suite of TROSY-readout triple-
617  resonance experiments’® (HNCO, HNCA and HNCB) and subsequently extended to the
618 Ile, Leu and Val sidechain methyls using a 3D HMCM[CG]CBCA methyl out-and-back
619  experiment’’ recorded on the MILV* IL-2 sample. MILV sidechain methyl assignments
620  were validated using methyl-to-methyl NOEs obtained from 3D Hy-CyHym SOFAST
621  NOESY and 3D Cy-CyHym SOFAST NOESY experiments (Rossi et al., 2016). For the
622 3D Hu-CvHMm SOFAST NOESY experiment, acquisition parameters were 40, 80, 1,024
623  complex points in the 'Hy;, “Cy, 'Hy dimensions with corresponding acquisition times of
624 25, 10 and 80 ms with 4 scans/FID. For the 3D Cy-CyHy SOFAST NOESY acquisition
625  parameters were 52, 32, 1,024 complex points in the 13CM, 13CM, "Hy dimensions with
626  corresponding acquisition times of 13, 8 and 80 ms with 8 scans/FID. Backbone amide
627 and sidechain methyl assignments were cross-validated using methyl-to-amide NOEs
628 obtained from 3D Hyn-CuyHm SOFAST NOESY experiments38. The acquisition
629  parameters were 64, 32 and 1,024 complex points in the 1HN-13 Cwm, 1HM dimensions with
630  corresponding acquisition times of 15, 11 and 80 ms with 8 scans/FID. All 3D SOFAST
631  NOESY experiments were recorded at 800 MHz, 25 °C on MILV-methyl-labelled mIL-2
632  samples using a recycle delay of 0.2 s and NOE mixing time of 300 ms. Assigned NOEs
633  were cross-validated based on the Rosetta homology-based model of mIL-2 (using as a
634  template PDB ID 1M47). In this manner, a set of complete assignments was obtained for
635  the methyl groups of MILV (60) probes. All spectra were processed with NMRPipe®® and
636  analyzed with CcpNMR program™’.

637
638  Stereospecific isotopic labeling
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639 A specifically methyl-labeled acetolactate precursor (2-[*CH,], 4-[*H,] acetolactate) was
640  obtained through deprotection and exchange of the protons of the methyl group in
641  position 4 of ethyl 2-hydroxy-2-("’C)methyl-3-oxobutanoate (FB reagents) achieved in
642  D,0O at pH 13 (24). Typically, 300 mg of ethyl 2-hydroxy-2-("*C)methyl-3-oxobutanoate
643  was added to 24 mL of a 0.1 M NaOD/D,O solution. After 30 min, the solution was
644  adjusted to neutral pH with DCI and 2 mL of 1 M TRIS pH 8 in D,0O was added. For the
645  production of highly deuterated [U-*H], I-[°*CH;]81, L-[°CH,]proS, V-[°CH,]proS WT
646  mlIL-2 samples, 300 mg/L of 2-[*CH,], 4-[°H,] acetolactate, prepared as described above,
647  was added 1 h prior to induction (ODgpp = 0.55). 40 min later (i.e. 20 min prior to
648  induction), 3,3-[°H,]4-["°C]-2-ketobutyrate (SIGMA #589276) was added to a final
649  concentration of 60 mg/L. Protein was induced at ODgy = 0.7 by addition of 1 mM IPTG
650 and expression was performed for 20 h at 23 °C.

651

652 SEC MALS

653  Absolute molecular weight calculations were obtained by static light scattering in-line
654  with size exclusion chromatography using a Wyatt Optilab T-rEX refractometer and mini
655 DAWN Treos multiangle light scattering system at 4 °C. mlL-2 protein samples
656  (injection volume of 100 puL at 12mg/mL) were run at a 0.5 mL/min flow rate on a
657  Superdex 200 10/300 GL gel filtration column (GE Healthcare) in a running buffer of 20
658 mM HEPES (pH 7.0), 150 mM NaCl. Protein concentrations were monitored by a
659  refractometer and light scattering directly after the gel filtration column. Absolute
660  molecular weights were determined using ASTRA version 6.0 (Wyatt Technologies).

661  Site-directed mutagenesis

662 pMAL-mIL-2 derivative plasmids carrying mutations were amplified using primers
663  containing the mutations of interest and appropriate reverse primers using a Phusion
664  polymerase (New England Biolabs) according to the manufacturer’s recommendations.
665 Template DNA was removed by Dpn I treatment, and transformed into E. coli DH5a
666  strain. The introduced mutations and the absence of secondary mutations were verified by
667  sequencing of plasmid DNA. Plasmids were transformed into E. coli BL21(DE3) strain.
668

669 mlL-2Ra receptor and JES6-1 scFv antibody samples preparation

670 mIL-2Ra (amino acids 1-213) ectodomain was secreted and purified using a baculovirus
671  expression system, as previously described’’. Recombinant JES6-1 single-chain Fv
672  (scFv) was expressed and purified in a baculovirus expression system as described
673  earlier'. All proteins were purified to >98% homogeneity with a Superdex 200 sizing
674  column (GE Healthcare) equilibrated in 150 mM NaCl, 10 mM HEPES pH 7.3. Purity
675  was verified by SDS-PAGE analysis.

676

677  STATS signaling

678  CTLL-2 cells (AATC TIB-214), a murine IL-2 dependent T cell line, were maintained in
679  complete RPMI (RPMI 1640-glutaMAX supplemented with 10 % fetal bovine serum,
680  non-essential amino acids, sodium pyruvate, 15 mM HEPES and penicillin-streptomycin
681  supplemented with 1000 IU/mL recombinant mouse at 37 °C with 5 % CO,. Cells were
682  rested in RPMI for 16 hours prior to signaling analysis. For STATS signaling, 2-3 x10°
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683  cells were cultured in 100 uLL. RPMI with cytokine or cytokine:antibody mixture (2:1) in
684 a 96 well plate prior to fixation with 1.6 % paraformaldehyde for 10 min at room
685  temperature. Cells were permeabilized with 100 % ice-cold methanol and stored at -20 °C
686  prior to staining. Cells were washed twice with FACS buffer (PBS pH 7.2, 2 % FBS, 2
687 mM EDTA) and stained with 1:100 Alexa Fluor 647 conjugated anti-STATS pY694
688  (BD) for 1 hour at room temperature. Mean fluorescence intensity (MFI) was monitored
689  using a CytoFLEX flow cytometer (Beckman Coulter).

690

691 mlL-2Ro and JES6-1 NMR chemical shift mapping

692 2D 'H-"*C SOFAST-HMQC were acquired on 100-200 uM I8,-">CHs, L, V proS methyl-
693  labelled mIL-2 in the free state and in the bound state in a 1:1 molar complex with IL-
694  2Ra or JES6-1 at 800 MHz, 25 °C. Acquisition parameters were 256 and 1,024 complex
695  points in the *Cy;, "Hy dimensions with corresponding acquisition times of 58 ms and 80
696  ms using a relaxation delay of 0.2 s with 8 scans/FID in the free state and 32 scans/FID in
697  the bound state. The change in chemical shift (in p.p.m.) between the free and IL-2Ra or
698  JES6-1 bound state of mIL-2 I(LV)proS-methyls was determined using the equation
699  AS“™ = [1/2 (AY®H + Ad’C/4)]"% To confirm the assignments of mIL-2 I(LV)proS-
700  methyl peaks that shifted upon IL-2Ra binding, an additional 3D Cy-CyHy SOFAST
701  NOESY was acquired on labelled mIL-2 in a 200 uM 1:1 complex with IL-2Ra using 45,
702 30, 1,024 complex points in the “Cy, “Cy, 'Hy dimensions with corresponding
703 acquisition times of 11, 7.5 and 80 ms and 48 scans/FID. The assignments of mIL-2
704  I(LV)proS-methyl peaks that shifted upon JES6-1 binding were confirmed by a 3D Cy-
705 CuHm SOFAST NOESY using 45, 20, 1,024 complex points in the Cy-CyHwm
706  dimensions with corresponding acquisition times of 10, 4.5 and 80 ms and 32 scans/FID.
707

708  Small molecule NMR titration

709  The titration of the small molecule Ro 26-4550 (Tocris Bioscience) onto ILV methyl-
710  labeled WT mlIL-2 was performed on a 350 uM sample in NMR buffer (150 mM NaCl,
711 20 mM HEPES pH 7.2, 2.5% deuterated DMSO) at the following mIL2-Inhibitor ratios:
712 1:0, 1:0.04, 1:0.1, 1:0.2, 1:0.4, 1:0.7, 1:1, 1:1.2 and 1:4, with 2D "H-"*C SOFAST HMQC
713 spectra as a readout. The mIL-2 sample was saturated (~97%) by the addition of a 4-fold
714 excess of inhibitor. A small dilution of the protein sample occurred over the course of the
715  titrations due to addition of the inhibitor solution aliquots. The compound was prepared
716  as a ImM stock solution in NMR buffer containing 2.5% deuterated DMSO. The change
717  in chemical shift (in p.p.m.) between the free and Ro 26-4550 bound state of mIL-2 ILV-
718  methyls was determined using the equation as described above. Data were processed with
719 4 Hz and 10 Hz Lorentzian line broadening in the direct and indirect dimensions,
720  respectively and fit using a two-state model in TITAN** with bootstrap error analysis of
721 100 replicas. A total of eight NMR peaks were used for the global fitting procedure.

722

723 Methyl CPMG relaxation dispersion experiments
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724 Methyl single-quantum *C CPMG relaxation dispersion experiments (Lundstrom et al.,
725  2007) were recorded on highly deuterated ILV-methyl labeled WT and R52A mlL-2
726  samples (both at 400 uM protein concentration) at field strengths of 14.0 T and 18.8 T, at
727 25 °C, using Varian and Bruker spectrometers, both equipped with a cryogenically cooled
728  probe. The CPMG data set was acquired as pseudo 3D experiments with a constant
729  relaxation time period Tix of 20 ms and with 18 CPMG pulse frequencies vepmg =
730  1/(27) ranging from 50 to 1000 Hz, where T is the delay between the consecutive 180°
731  refocusing pulses in BC CPMG pulse-train. Relaxation dispersion profiles Ry s vepme)
732 were calculated from peak intensities (I) recorded at different CPMG frequencies vepmg
733 using the following equation: Ry es(vepma) = -1/TrelaxIn(I/1p), where I is signal intensity in
734  the spectra collected at Treax = 20 ms, Ip is signal intensity in the reference spectrum
735  recorded at Treax = 0. An interscan delay of 1.5 s was used with 24, 32 or 36 scans/FID,
736  giving rise to net acquisition times between 40-58 h for a complete pseudo-3D data set.
737  All data were processed using NMRpipe® and peak intensities were picked using
738  CCPN™. The error was determined from the noise level of the spectra. The variation in
739  Roesr with vepmg was fit to a two-state model of chemical exchange based on the Bloch-
740  McConnell equations, to extract values of exchange parameters (pp, kex=kapt+ksa), as well
741  as “C chemical shift differences for nuclei interconverting between pairs of states. The
742 software CATIA® was used to fit the data. Initially, global fits included 6 profiles for
743 WT mlL-2 at two magnetic fields (L5401, L8082, V83y1, L8431, 110181, L13381). The
744 fitting was performed by minimizing the function % as previously described**. The group
745  fit of selected residues was performed if the XZGroup/XzLocal was less than 2.0. As a second
746 step, 14 profiles (only from 14.0 T magnetic field) were used to obtain |[Aw| values
747  calculated from per-residue and global fits with k.x and pp fixed to the values obtained in
748  global data fits. For R52A mlIL-2, global fits included 8 profiles at two magnetic fields
749 (L6082, L8082, L8461, V109y1, V129y1, V130y2, L133481, 113731).

750

751  C CEST

752 BC CEST experiments*’ were recorded on highly deuterated ILV-methyl labeled WT and
753  R52A mlL-2 samples (both at 400 uM protein concentration) at field strength of 18.8 T
754  at 10°C with an exchange period (Tcgst) of 300 ms and using a pair of B, fields, 16.2 and
755  32.4 Hz. For WT mlIL-2, 135 data sets were obtained for B; = 16.2 Hz, with offsets
756  ranging from 16 to 26 ppm (82 spectra, 25 Hz steps) and from 5.3 to 12.8 ppm (53
757  spectra, 30 Hz steps); 52 spectra were recorded from 16 to 26 ppm in 40 Hz increments
758  for B; = 32.4 Hz. For R52A mlIL-2, 135 data sets were obtained for B; = 16.2 Hz, with
759  offsets ranging from 16 to 26 ppm (82 spectra, 25 Hz steps) and from 5.3 to 12.8 ppm (53
760  spectra, 30 Hz steps). Each 2D data set comprised of 60 (**C) x 512 ("H) complex points
761 (28 ms, 64 ms), 16 scans/FID and a repetition delay of 2.0 s corresponding to a total
762  measuring time of 88 (B; =16.2 Hz) and 63 (B; =32.4 Hz) h for each 2D series.
763  Experiments were processed using NMRpipe®® and CEST profiles were generated as the
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764  ratio in intensities of peaks in spectra acquired with and without the Tcgst period vs the
765  position of the low power B, field. Uncertainties in I/Iy were determined from the scatter
766  in the baseline of CEST profiles where no intensity dips are present (typically, n > 30).
767  Weak B, fields applied during T,.x Were calibrated according to the procedure46. The
768  CEST profiles were analyzed using the program Chemex
769  (https://github.com/gbouvignies/chemex), which numerically propagates the Bloch—
770  McConnell equation as described*’. Initially, data sets were analyzed simultaneously and
771  all residues were included in the analysis, including those for which well-resolved excited
772  state dips were not obtained. For the two-site exchange model, only residues that showed
773  distinct major and minor dips or asymmetry were fit globally (nine residues) including
774  the initial ke and py, and residue-specific Aw values. As a third step, we fixed the global
775  exchange parameters (kex and py,) and re-fitted all residues.

776  Sidechain rotamer space analysis in mIL-2

777  We analyzed sidechain rotamer space of buried residues of mIL-2 using a customized
778  software tool (manuscript in preparation) (Extended Data Fig. 7a). This software takes
779  as input, a protein structure and then explores the sidechain rotamer space of the residues
780  of interest. Before examining the space of rotamers, sidechains of the input structure are
781  removed. Every sidechain rotamer of a residue obtained from a backbone dependent
782  rotamer library is plugged in to check for a steric clash with its or its neighbors’
783  backbones. All the rotamers that result in clashes with backbone are eliminated. Next,
784  rotamers of neighboring residues are considered in pairs; clashing rotamer pairs are
785  retained as constraints for subsequent step. The information about independent and
786  pairwise rotamers is utilized towards an exhaustive global check phase that eliminates all
787  the rotamers that are incompatible in all the valid combination of rotamers in a structure
788  (Extended Data Fig. 7b-d). Finally, the reduced rotamer set for each residue is
789  constructed and output by the tool.

790

791  Isothermal titration calorimetry

792  Titrations of WT and R52A mlIL-2 (40 or 96 uM) into JES6-1 (4 or 9.6 uM) were
793  performed at 20 °C, using a MicroCal VP-ITC instrument. To minimize enthalpy of
794  solvation effects, all experiments were performed in phosphate buffer. All protein
795  samples were extensively dialyzed against ITC buffer (20 mM sodium phosphate, pH 7.2,
796 150 mM NaCl). All solutions were filtered using membrane filters (pore size, 0.22 um)
797  and thoroughly degassed for 20 min before the titrations. Typically, two injections of 2
798  pL were followed by 26 injections of 10 pL until a molar ratio of 2.0-3.0 was obtained.
799  The dilution heats are typically small and were subtracted from the calorimetric data.
800 Integration of the thermogram and subtraction of the blanks yielded a binding isotherm
801  that was fitted to a one-site binding model using the MicroCal Origin 7.0 software
802  (OriginLab Corporation) to determine the stoichiometric ratios, the dissociation constants
803  and the changes in enthalpy.
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protein is monomeric in solution. (e) Distribution of
assigned MILV methyl probes in the free mIL-2
structure. The backbone of the mIL-2 is show as in
Figure 1. Color-coding: Ile, red; Leu, blue; Val, yellow;
Met, orange. The numbers in parenthesis indicate the
number of the corresponding residues in mIL-2.

Supplementary Fig. 1 | NMR spectra of free mIL-2.
(a) 'H-""N TROSY HSQC, (¢) 'H-"C methyl HMQC
spectra of [U—ZH,ISN, Iled,-">CHj; Leu, Val—13CH3/12CD3]
and (d) 'H-"C methyl HMQC spectra of [U-"H,"N, 13;-
BCHs, L, V proS]-labeled mIL-2 acquired at 800 MHz,
25 °C. (b) MALS of free WT mIL-2 shows that the
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Supplementary Fig. 2 | Long-range effects in mIL-2
core dynamics induced by binding to the mIL-2Ra
receptor or JES6-1 immunomodulatory scFv. (a)
Effect of IL-2Ra receptor and JES6-1 scFv on the mIL-2
structure as assessed by chemical shift perturbation. The
black spheres represent missing residues of mIL-2 due to
significant exchange broadening upon JES6-1 binding.

Chemical shift difference (A9, ppm) values are mapped
by continuous-scale color onto the mIL-2 structure. (b)
Histogram of chemical shift perturbations (Ad) as a
function of IL-2 residue number. Mapping of methyl
chemical shift changes on the mIL-2 structure are shown
in Figure 1. CSPs were calculated as described in
Methods.
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Supplementary Fig. 3 | Relaxation dispersion site exchange model. Twenty residues of WT and R52A
experiments indicate that RS2A mutant abrogates IL-2 were used for the global analysis using CATIA
conformational exchange in IL-2. (a) Experimental program. (b) Plots of the R« contributions of the methyl
relaxation dispersion profiles (circles) for residues groups for WT and R52A mutant. R, contributions were

exhibiting ps-ms timescale dynamics as measured by °C  calculated from the differences between Raegr (50 Hz)
SQ CPMG relaxation dispersion experiments for the WT  and Ry (1000 Hz). The methyl groups with significant
(purple) and R52A (green) mIL-2, acquired at 600 MHz R, contributions (> 10 Hz) are colored purple for WT
(25 °C). Solid lines represent the best fit to a global two-  and green for R52A mIL-2.
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Supplementary Fig. 4 | R52A mutation disrupts the The chemical shift for the major state (solid lines) and
conformational dynamics of mIL-2 as measured by minor state (doted lines) are indicated. Uncertainties in
NMR. Representative of “C-CEST profiles obtained for 1/, for CEST data are determined from the rmsd in the
WT (red) and R52A (green) mIL-2, recorded at a B, baseline of the profile where no intensity dips are present

saturation field of 16.4 Hz (T, = 300 ms), acquired at (typically, n > 30). L94,1104 and 1144 are examples of
800 MHz and 10 °C. residues in which a minor dip were not observed.
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Supplementary Fig. 5| N and "C NMR
characterization of R52A mIL-2. (a) Comparison of
'H-""N TROSY HSQC and (b) Superimposed 'H-"C-
HMQC spectra of ILV-methyl labeled WT (black) and
R52A (green) mIL-2, respectively. Assignments are
indicated for residues with the largest chemical shift
changes. Data acquired at 800 MHz, 25 °C. (¢)
Histograms of chemical shift perturbations in ILV-

methyl labeled IL-2. Residues with CSPs values 1s
above the average are indicated (black doted line). CSPs
were calculated as described in Materials and Methods.
(d) Mapping of the methyl groups with marked chemical
shift differences onto the mIL-2 structure. The results of
the effect of this mutation on the dynamics of mIL-2 and
binding to JES6-1 are shown in Figure 3.
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Supplementary Fig. 6 | Small molecule binding chemical shift changes on the mIL-2 structure are shown
induces long-range effects and quenches dynamics in in Figure 5. CSPs were calculated as described in
mlL-2. Histogram of chemical shift perturbations (Ad) Materials and Methods

as a function of IL-2 residue number. Mapping of methyl
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Supplementary Fig. 7 | (a) Workflow of the method (c¢) backbone and pairwise clash check, and (d)
used to perform side chain rotamer space analysis. (b) exhaustive global check between neighboring
Number of rotamer combinations between residues. Here, the upper triangular matrix shows
neighboring residues along the sequence of IL-2. An rotamer combinations for a capped structure, whereas

upper bound for number of rotamer combinations after the lower triangular matrix for an uncapped structure.
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Supplementary Fig. 8 | Ratio of rotamer set sizes Black are residues that are buried in both capped and
between the closed and open mIL-2 states. Blue/red uncapped structures, and green residues that are buried
points indicate residues showing expansion/contraction in one of the two structures.

of allowed rotameric states in the uncapped structure.
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Supplementary Table 1 | Global fits of the >C-CPMG relaxation dispersion curves measured at
600 and 800 MHz at 25 °C for WT mIL-2.

R

Residue (600 M?Iz, &) Aw (ppm) (%) kex (s
L28-C§; 15.8 0.75 (0.02) 5.8+0.4 1,241 £72
L35-Cd, 7.6 0.44 (0.04)
L48-C5, 14.5 0.67 (0.01)
L54-Cd, 16.8 0.71 (0.03)
L60-C8, 28.5 1.27 (0.01)
L60-C5, 38.1 1.57 (0.01)
L70-Cd, 20.6 0.83 (0.04)
L.80-C5, 36.1 131 (0.05)
L80-Cd, 25.7 0.98 (0.04)
V83-Cy, 29.3 1.1 (0.06)
1.84-C5, 30.4 1.02 (0.06)
L86-Cd, 19.2 0.91 (0.02)
L94-C8, 6.2 0.42 (0.02)
1101-C8, 37.1 1.43 (0.05)
V108-Cy, 11.1 0.59 (0.01)
V109-Cy, 8.7 0.54 (0.01)
V130-Cy, 52.9 1.89 (0.01)
L133-C5, 67.3 1.94 (0.01)
L133-C8, 14.4 0.69 (0.02)
1137-C§, 29.9 1.22 (0.06)

*In order to justify group fitting, y2group/ y2local < 2 where y2local is the 2 when a residue
is locally fit and %2 group is the x2 of the same residue when group fit.
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Supplementary Table 2 | NOE violation analysis for the mIL-2 open and closed structures.

Closed” Open°

NOE distance constraint statistics
Total NOE distance constraints® 26 26
Distance violations

less than 1 A 7 4
between 1 and 2 A 1 2
between 2 and 5 A 0 3
greater than 5 A 0 7

*We used a strict upper distance bound up to 6 A for the NOE restraints assigned manually.
» mIL-2 Rosetta homology model
“PDB: 4YQX

Supplementary Table 3 | Parameters obtained from the ITC experiments measured at 20 °C.

Titrations AG 1 AH 1 AIS 1 Kd
(kcal mol™) (kcal mol™) (cal K" mol™) (nM)
WT mlIL-2 + JES6-1 -11.6 £0.3 12.7+0.1 83.1+£0.6 2
R52A mIL-2 + JES6-1 -7.8+0.2 7.9+£0.3 53.8+0.5 1557

R52A mIL-2 + IL-2Ra -94+£0.2 -7.6+0.2 6.1+0.2 94
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