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ABSTRACT: Dynamics are often critical for biomolecular HS-MS (CPMG/CEST)
function. Herein we explore the role of motion in driving the Ly
maturation process of pro-IL-18, a potent pro-inflammatory \_\_‘\ . ,@}‘( %
cytokine that is cleaved by caspases-1 and -4 to generate the ’Z '\.0 2%!( é’”
mature form of the protein. An NMR dynamics study of pro-IL-18, A-B&C
probing time scales over 12 orders of magnitude and focusing on ~ HDX / 0'4%\ HDX
'H, C, and "*N spin probes along the protein backbone and ~2% ~0.5%
amino-acid side chains, reveals a plastic structure, with millisecond \,
time scale dynamics occurring in a pair of #-strands, f1 and %, Vi | ’

A

pro-IL-18
pro-lL-18 + caspase-1

that show large structural variations in a comparison of caspase-
free and bound pro-IL-18 states. Fits of the relaxation data to a
three-site model of exchange showed that the ground state
secondary structure is maintained in the excited conformers, with the side chain of 148 that undergoes a buried-to-exposed
conformational change in the caspase-free to -bound transition of pro-IL-18, sampling a more extensive range of torsion angles in
one of the excited states characterized, suggesting partial unpacking in this region. Hydrogen exchange measurements establish the
occurrence of an additional process, whereby strands 1 and f* locally unfold. Our data are consistent with a hierarchy of dynamic
events that likely prime pro-IL-18 for facile caspase binding.

B INTRODUCTION

Proteins are dynamic molecules that interconvert between

becomes increasingly restricted as maturation proceeds.'> We
present here a further example, involving a small signaling

different conformational states on a wide range of time
scales.”* The often sparsely populated, transiently formed
structures that result have been shown to play integral roles in
protein function, including in allostery, molecular interactions,
and enzyme catalysis.”® Examples, among the many that are
notable, include work by the Kalodimos group establishing the
importance of rare conformers of Abl kinase in explaining the
mechanism by which some mutations confer resistance to
imatinib, a kinase inhibitor targeting Bcr-Abl for the treatment
of chronic myelogenous leukemia,” and studies by the Kern
laboratory showing that protein dynamics can direct enzyme
function in a variety of systems.m’lI In particular, protein
dynamics can also serve to guide the evolution of structure. For
example, Wright and co-workers have shown that in E. coli
dihydrofolate reductase, each intermediate of the multistep
catalytic cycle samples sparse conformations that closely
resemble the ground state structure of the adjacent
intermediate(s) in the cycle.'” In addition, Beach et al. have
demonstrated that apo RNaseA populates a conformation
similar to the structure of the substrate bound enzyme.’®
Further, Culik et al. have established that the immature form of
SOD1 explores conformations resembling those of the ground
state structures of subsequent steps of its maturation pathway
and that the conformational space available to the molecule
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protein, interleukin-18 (IL-18), whose dynamics in the pro-
form may play a significant role in facilitating its maturation
process.

As a member of the interleukin-1 cytokine family, IL-18 is a
key player in regulating innate immunity and inflammation."*
IL-18 is expressed in an inactive form, termed pro-IL-18, with
an N-terminal pro-domain (residues 1—36) and a C-terminal
mature domain (residues 37—193). Proteolytic cleavage,
primarily by the inflammatory caspases caspase-1 and
caspase-4,' 7' removes the pro domain, thus producing the
mature (active) form of the protein (Figure la). Mature IL-18
is then secreted, leading to its subsequent binding to an IL-18
receptor localized to the surface of either the cell from which it
originated or neighboring immune cells, such as T-cells and
dendritic cells,">"” ultimately resulting in the production of
interferon-y that, in turn, plays an important role in modulating
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Figure 1. Maturation of IL-18 requires structural changes. (a) Cartoon representation of IL-18 maturation. Pro-IL-18, containing a pro-domain
(green) and a mature domain (orange), binds to caspase-1/-4 (gray). Caspase-1/-4 then cleaves pro-IL-18, removing the pro-domain and
producing the mature cytokine. Note that the binding stoichiometry is two pro-IL-18:two caspase-1/-4. (b) Structures of IL-18 at each step of the
maturation process are shown (pro-IL-18:8URYV, pro-IL-18 + caspase-1:8SV1, mature IL-18:3W02). The color scheme is the same as that in (a).
N- and C-termini are labeled on the structures. (c) Overlays of the structures of apo pro-IL-18 (magenta) and pro-IL-18 complexed with caspase-1
(cyan) is shown. The dashed box highlights a region of significant structural difference between the two, which includes the 1 and f* strands.
Residues 53—80, which include f* (55—58), are missing entirely from the structure of the complex and are presumably disordered in that state.
Additionally, the 148 side chain, part of the 1 strand, resides in the core of the protein in the apo structure, while in the complex the side chain
points to the solvent, where it forms an interaction with the side chain of W294 from caspase-1. Notably, there are substantial differences in the
structures of pro- and mature IL-18, which have been described in detail previously.'®

immune responses. As such, elevated levels of IL-18 have been
implicated in a number of autoimmune diseases.'”"®

Recently, we have published a solution NMR structure of
pro-IL-18, as well as a cryo-EM structure of pro-IL-18
complexed with caspase-1 (Figure 1b)."” A comparison of
these structures reveals significant differences between the apo
and complexed forms, particularly in the #1 and f* strands of
the protein (Figure 1lc), though both forms adopt a f trefoil
fold. In particular, the side chain of 148 (1), which forms a
critical interaction with W294 of caspase-1 in the complex,' is
buried in the core of the apo form. In addition, the residues
forming * in the apo form are not observed in the cryo-EM
structure of the complex, presumably because they are
disordered. The structural changes associated with binding of
pro-IL-18 to caspase-1 and caspase-4 raise the question of
whether the observed structural transitions might be facilitated
by protein dynamics, in this case in the apo state, as has been
seen in other systems.

Nuclear magnetic resonance (NMR) spectroscopy is a
powerful tool for the characterization of protein motions, at
atomic resolution, across a broad window of time scales. Here
we have used a range of NMR techniques to quantify the
dynamics of pro-IL-18 on time scales ranging from pico-
seconds to days. We have recorded N spin relaxation

experiments that are only sensitive to pico- to nanosecond time
scale motions, with contributions from slower time scale
motions suppressed,”” as well as Carr—Purcell-Meiboom—Gill
(CPMG)*'™* and chemical exchange saturation transfer
(CEST)** data sets, that typically report on exchange time
scales in the ~0.2—10 ms>® and ~2—20 ms 1‘anges,24
respectively, measured on a variety of backbone and side
chain methyl probes. Peak duplication is observed for multiple
residues in 'H—""N correlation spectra of pro-IL-18, localized
to Q92-P93 cis:trans peptide bond isomerization; such
equilibria typically report dynamics on lifetimes in the many
tens to hundreds of seconds. Finally, hydrogen—deuterium
exchange (HDX) data sets, sensitive to dynamics on time
scales that can extend to multiple days, have also been
measured. The extensive range of time scales explored in this
study provides an opportunity to address whether a hierarchy
of motions and motional time scales is present in unbound
pro-IL-18. Notably, in this regard, we find that the 1 and f*
strands, while rigid on the ps—ns time scale, undergo exchange
on the ps—ms time scale involving at least three conforma-
tional states that do not recapitulate the caspase-bound form.
HDX data establish that these two strands participate in a
further exchange process, in which they become unfolded in a
sparsely formed state. The correlation between residues with
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Figure 2. Two sets of peaks in 'H—'°N spectra of pro-IL-18 stem from isomerization of the Q92-P93 peptide bond. (a) Overlays of selected
regions from 'H—"*N HSQC spectra of WT (magenta) and P93T (cyan) pro-IL-18 are shown. Assignments of peaks derived from the WT protein
are displayed, with the minor state resonances indicated by ’. Nearly all of the residues with a minor peak in the WT spectrum have only a single
peak in the P93T spectrum, indicating that these minor peaks result from a cis—trans isomerization of the Q92-P93 peptide bond. (b) Residues
whose amide has a minor peak are shown on the structure of pro-IL-18. The seven prolines are indicated as spheres, with P93 colored in red.
Residues whose minor peak is gone in the P93T spectrum are colored in magenta, while the few residues whose minor peak is still present in the
P93T spectrum are colored in cyan. These residues cluster around other prolines (A3, E4, V6, and E7 around PS; N62 around P64; N77 and A78
around P79) and presumably stem from isomerization of these other prolines. Finally, residues whose minor peak status in P93T cannot be

confidently determined by the HSQC due to spectral overlap are colored in white.

both ps—ms time scale dynamics and slower motions resulting
in local unfolding in the apo protein and residues participating
in the structural changes accompanying binding to caspase-1/-
4 suggests that the plasticity of pro-IL-18 can play an
important role in the maturation of this cytokine.

B RESULTS AND DISCUSSION

Two Sets of Resonances in 'TH-—"N HSQC Spectra of
Pro-IL-18 Stem from Isomerization of P93. Initial 'H—"°N
HSQC spectra recorded on pro-IL-18 revealed two sets of
resonances for many amides (Figure 2a), for which the relative
intensities are roughly 2:1. Notably, amides yielding two peaks
are found for residues located all over the molecule, including
all 13 strands of the fS-trefoil (Figure 2b). Given that mature
IL-18 is reported to also show two sets of amide resonances
which result from an isomerization of P79,”° we hypothesized
that the second set of resonances observed in pro-IL-18 is also
due to proline isomerization. Interestingly, mutation of each of
the seven proline residues in pro-IL-18 (one at a time)
revealed that while this second set of amide resonances is
indeed due to proline isomerization, it is, in fact, P93 that is
responsible rather than P79 as in the mature form (Figure
2a,b). Further, the *Cf (31.7 ppm) and “*Cy (27.5 ppm) side
chain chemical shifts of the major conformation of P93 are
consistent with a trans Q92-P93 peptide bond for this state.””
Notably, there are a few amides that still show a second
resonance in P93T, which cluster around PS5, P64, and P79,
suggesting that both cis and trans forms of these prolines are
also populated, though the structural consequences of these
isomerization equilibria are localized, unlike that of P93
(Figure 2b). While a great number of probes throughout the
protein structure are sensitive to the isomerization of the Q92-
P93 peptide bond, the generally small chemical shift
differences between the two sets of amide peaks in each case
suggest that the structural changes induced by this isomer-
ization event are small. The exchange process could not be
further characterized through magnetization exchange experi-

ments, which are sensitive to exchange processes on the order
of several times per second (although we did try), as proline
isomerization is typically in a time window of many tens of
seconds or higher.”® Nevertheless, the isomerization process
observed for pro-IL-18, in particular, involving large segments
of the protein, provides a first hint of a dynamic molecule,
which we subsequently explore further below. It is worth
noting that our study focuses on the major state (higher
intensity signals), corresponding to the trans conformation of
the Q92-P93 peptide bond.

p Strands of Pro-IL-18 Are Rigid on the ps—ns Time
Scale. As described in the previous section, the Q92-P93 cis/
trans peptide bond isomerization leads to additional peaks in
NMR spectra that are derived from residues throughout all -
strands in pro-IL-18 (Figure 2b). Given this inherent plasticity,
we wondered whether the strands might also show increased
dynamics on additional time scales, including within the ps—ns
window. Such fast motions have been shown to contribute
significantly to the conformational entropy of proteins, which
can play an important role in binding thermodynamics.”” To
rigorously characterize the dynamics of pro-IL-18 on this time
scale, we have recorded a series of data sets that focus on
relaxation of "H—""N two spin elements, including 'H—""N
longitudinal order, antiphase 'H and "N single quantum
coherences, and "H—'"N multiple quantum coherences,”’ in
addition to traditional experiments that record '*N in-phase
Ry, and R; relaxation rates, as well as SN{'H}-heteronuclear
NOEs.* The importance of the two-spin element experiments
is underscored by the fact that from an appropriate linear
combination of all four rates it is possible to obtain a measure
of N dipole—dipole transverse relaxation which is not
contaminated by chemical exchange, Ry.”" Alternatively,
from a different linear combination, the residual chemical
exchange contribution to '*N transverse magnetization under
the experimental spin lock conditions, R,, ,, can be estimated.”!
Values of a residue-specific spectral density function, J(®),
measuring the motion of the '"H—"N bond vector in question
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Figure 3. § strands of pro-IL-18 are rigid on the ps—ns time scale. (a) Comparison of ] (O)M_fm and J(0) r,y calculated from Ry, or from R, , derived

R, rates, respectively, as described in the text. The best fit line is shown in red (y = 0.95x + 0.33), while the line y = x is shown in black. (b) R, , as a
function of residue number. Reported errors (red) also reflect the potential variation in residue specific chemical shift anisotropy values, as

,,,,,

J(0)ea—free The best fit line is shown in cyan (y = 0.99x + 0.04), while the line y = x is shown in black. The two largest outliers, denoted by the
asterisks, were omitted from the subsequent order parameter determination. The reason for these outliers is unclear presently. (d) Backbone amide
bond vector order parameters as a function of residue number. Amides from residues in /3 strands are colored blue, while all other amides are shown
in cyan. The black curve connects the ](O)ex_fm values, scaled such that the agreement with the S* profile is highest. The dashed black line at S* =
0.913 marks the average order parameter of amides from all f strands. The secondary structure diagram shows the locations of all # strands in pro-
IL-18. (e) Heteronuclear NOE as a function of residue number, with the dashed black line at NOE = 0.86 marking the theoretical maximum NOE
value at 800 MHz for a molecule with an effective correlation time of pro-IL-18 (8.7 ns; 1.04 A bond length and '*N CSA of -163 ppm *°). Error
bars are included in all plots but can be smaller than the symbols used. (f) I,/I, as a function of time from a triple-quantum based relaxation
violated coherence transfer experiment>* is plotted for selected methyl groups within $1 and #* (circles) along with the best fit of the data (see
Supporting Information). Error bars are smaller than the symbols. Histograms of SZ,;7¢ values are shown for methyl groups of Ile, Leu, and Val
residues in f# strands, with the values for residues within 1 and $* marked by dashed vertical lines.

and evaluated at 0, wy, and 0.87wy; frequencies (®; is the
Larmor frequency of nucleus i) were obtained from an analysis
of either (Ry, R;,”N{'H}-NOE) or (R,,R,'°N{'H}-NOE)
parameters.”” The resulting J(0) values are of particular
interest, since J(0) o« S*zc, where S* is the square of an order
parameter quantifying the amplitude of the motion of the
amide bond vector, and 7 is a residue specific correlation time
that depends, upon other things, on the orientation of the
amide bond with respect to the molecular diffusion tensor.”
Note that J(0) values obtained from Ry are exchange free
(referred to as ](O)Ex_f,ee), while the second set of J(0)s, from
R, (referred to as J(0)p ), can be contaminated with

exchange. That this is the case is illustrated in Figure 3a,
where for many of the residues, J(0)g, > J(0)u—frw and in

30284

Figure 3b, which plots R,, , vs residue. R,, , values are nonzero
for many amides, with several rates greater than 3 s™' and the
largest value of approximately 9 s™'. Correcting the R, rates
derived from R, ,, via the relation R, ,, = R, — R,,, and then
repeating the spectral density mapping with these corrected

transverse rates yielded J(0), =~ values which are in good

agreement with J(0),,_s.. (Figure 3c). Values of S* were then
calculated from (R,,,, R, “N{'H}-NOE) after first
estimating the diffusion tensor (see Materials & Methods);
order parameters range between 0 and 1, where a value of 1
indicates that the amide is rigid, while a value of 0 is indicative
of unrestricted motion on this fast time scale. Notably, all
strands of pro-IL-18, including #1 and f%*, are rigid, with an
average S’ value calculated over all f strands of 0.91 + 0.001.
Further, the average heteronuclear NOE values in f§ strands are
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Figure 4. The ps—ms time scale backbone dynamics of pro-IL-18 can be described by a 3-state exchange model. CPMG and CEST profiles
(circles) are shown for a number of nuclei from S$46, 148 (both in 1), and R49 (a) as well as L56 (b) and F57 (c), both in f*. Superimposed on
the profiles are fits to a linear 3-state model (solid lines). (d) Populations and exchange rates were determined from a combined fit of the *N
CPMG and "*N CEST data for all residues. The two dashed vertical lines on the CEST profiles indicate the chemical shifts of states A (ground
state) and C (longer-lived excited state). The dotted line marks the chemical shift of state B. Dotted lines are not placed on the Ca, Cf, and Ha
profiles, as the lack of CPMG data for these nuclei precludes accurate determination of state B chemical shifts in these cases. Insets in panels show
an overlay of the 3-state model fit (cyan) and a fit where exchange is not included (black), focusing on a region in the vicinity of the chemical shifts
of residues in state C. In this and all following figures, CPMG profiles in overlays are shifted vertically such that the fit curves coincide at the last

Vepme value.
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Figure S. The largest structural differences between ground and excited states are in the f1—f* region. (a) The magnitude of Aw, for each
residue is shown for °N, 'HN, *CO, "*Cq, *Cf, and "Ha spins. The region from 1 to #* (residues 45—58) is demarcated by dashed lines in
each panel. (b) Avcpys values are displayed on the pro-IL-18 structure (PDB code 8URV)' as a white-red gradient, where

Ay pus = %Zil ijc,i and Av,c, is the chemical shift difference of nucleus i in states A and C (v — v,), in Hz. The largest Avycrys

values are found in f1 and f*, as well as in the turn bridging these two strands, suggesting that the largest structural differences between the ground
and excited states occur in this region. The maximum value of Avc pys is close to 600 Hz for FS7 (see Table S3), but the color gradient is cut off at

350 Hz for visual clarity.

close to the maximum value of 0.86 (800 MHz) that would be
expected for pro-IL-18, again consistent with their rigidity on
the ps—ns time scale.

To characterize the ps—ns dynamics of pro-IL-18 beyond
the backbone, we also measured intramethyl 'H—'H dipolar
cross-correlated relaxation rates of Ile, Leu, and Val side chain
methyl groups via a triple-quantum based relaxation violated
coherence transfer experiment.’* Fits of the ratio of peak
intensities resulting from the forbidden (I,) and allowed (I,)
transitions, I,/I, (Figure 3f), enables the determination of the
cross-correlated relaxation rate, which can then be used to
calculate SZ,; 7o, where SZ is an order parameter squared
describing the amplitude of motion of the methyl 3-fold axis.”
While the methyl groups of L45 (f1) and LS6 (f*) have
relatively low S2,,7 values compared to other Leu residues in

f strands, the S2,7¢ values measured for methyl groups of Ile

axis
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and Val in 1 (V47,148) and f* (V5S, IS8) are typical of these
residue-types throughout the f strands of pro-IL-18 (Figure
3f). Thus, on the picosecond to nanosecond time scale, 1 and
p* do not show unusual dynamics in relation to other
strands in pro-IL-18.

p1 and p* Are Dynamic on the ys—ms Time Scale. In
contrast to localized motions observed in proteins on the ps—
ns time scale, concerted motions involving many residues in a
protein, in some cases related to ligand binding and enzyme
catalysis, often occur on the s—ms time scale.”'****” The
nonzero R, , rates discussed in the previous section indicate
that pro-IL-18 is dynamic on this slower time scale. To
characterize the dynamics of pro-IL-18 in the ys—ms motional
regime, we collected CPMG data sets on three different
backbone probes (N, 'HN, *CO) as well as data sets
focusing on Ile (§,), Leu (8y, 8,), and Val (y,, 7,) (ILV) side

https://doi.org/10.1021/jacs.4c09805
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Figure 6. An additional ms time scale motional process is reported by the side chain methyl groups of 1. Methyl CPMG (**C MQ and 'H SQ)
and CEST ('H and '*C) profiles are shown for several residues in 1 (a) and * (b), along with fits to 3-state models. While the linear 3-state
model determined from the backbone data produced good fits for the majority of the methyl group profiles (19 of 25 considered) (c), poor quality
fits for the methyl groups of L45, V47, and 148 in 1 were observed. Instead, a bifurcated 3-state model best describes the data from these methyl
groups (c). Vertical dashed lines on the CEST profiles indicate the chemical shifts of nuclei in states A (ground state) and either state C (V5S, LS6)
or state D (L4S, 148), while the dotted lines denote shifts of spins in state B or state E. Only chemical shifts of nuclei in state C or state D are fit
from the 'H profiles (i.e., no dotted lines; see Materials & Methods). The insets in '*C CEST panels show an overlay of the 3-state model fit (cyan)
and a fit assuming no chemical exchange (black) in a region proximal to the chemical shift of the nucleus in either state C or state D.

chain methyl *C and 'H spins (Table S1). In addition, we
recorded N, 'HN, CO, 3Ca, *Cp, and 'Ha CEST data
sets as well as °C and 'H ILV methyl group CEST profiles
(Table S2). Initial attempts to analyze the N CPMG and "*N
CEST data, independently, with a 2-state model on a per-
residue basis revealed different populations and exchange rates
for the same amide from the two methodologies (Figure S1),
indicating that the true exchange kinetics are more complex.
Global fits of the combined N CPMG and "*N CEST data to
a triangular model led to significantly improved results. To
simplify the analysis, we next considered both linear
(A©B<C) and bifurcated (B<>A<C) three-state models,
where A denotes the major, observable conformer and B and C
are the minor states, whose resonances are not observed in
conventional 'H—"N or 'H-"C correlation spectra. Both
schemes generally reproduced the CPMG and CEST data well;
however, there were cases where the linear model yielded
significantly better fits than the bifurcated model (Figure S2).
Notably, the linear 3-state model enabled a global fit of the "N
CPMG and N CEST data from all exchanging residues,
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yielding minor state populations pg = 0.53 + 0.01%, p. = 0.69
+ 0.02%, and exchange rates k, 5 = 1600 % 80 s/, k5 =
1330 + 50 s7* (2, = 0.8), where k.. = ki + k;. In the analysis
of the remaining backbone data, the populations and exchange
rates were fixed to these values, and the resulting fits
reproduced the data reasonably well 2y = 26,22, 09, 1.0,
and 1.8 for 'HN, *CO, Ca, *Cp, and 'Ha, respectively)
(Figure 4).

The lifetime of state C, 7, = ki = 1.7 ms, falls nicely within

CB

1 p—
kg + ke
0.42 ms, is approximately 4-fold shorter (i.e., faster exchange
than optimal for CEST); thus, only minor state dips derived
from state C are observed in CEST profiles. Further, CPMG
profiles could not be recorded for BCa, *Cp, and 'Ha probes
due to interference effects resulting from homonuclear scalar
couplings.”®*” For these nuclei, only the (signed) chemical
shift difference between the longer-lived excited state, state C,
and state A (Awyc = we — w,, where @ is in ppm) could,
therefore, be determined with reasonable accuracy (from the

the CEST window, while the lifetime of state B, 75 =
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CEST data). In what follows the more accurately defined
A, values, that derive from the position of dips in CEST
profiles, and include all the backbone and side chain *Cp
nuclei, are used in structural analyses, rather than A,z shift
differences, the latter of which are obtained only indirectly
through analysis of CPMG data and do not include "*Ca,
BCp, and 'Ha shifts that are important indicators of the type
of secondary structure present. The large magnitude of Aw,¢
(Figure Sa, Table S3) indicates that the relatively small
exchange contribution to transverse relaxation observed in
CPMG profiles (typically 4—5 s~ or less) is the result of the
small minor state populations. The largest chemical shift
differences are seen in f1 and f*, as well as in the turn
connecting them (Figure Sb). These strands show pronounced
structural differences between apo pro-IL-18 and the complex
between pro-IL-18 and either caspase-1'Y or caspase-4'°
(Figure 1c). Smaller “N, 'HN, and "CO chemical shift
changes are observed throughout f1’ and 13, the two strands
sandwiching f1.

The combination of >N, 'HN, *CO, *Ca, '*Cf, and 'Ha
chemical shifts enables the determination of regions of defined
secondary structure in protein conformers, such as the excited
state C considered here.*””** Of particular interest in the
present study is the secondary structure of the region
corresponding to f* in the ground state, as these residues
are not observed in the cryo-EM structures of pro-IL-18 bound
to caspase-1/-4 and are presumably disordered in either
complex, and of #1 that changes position in the free and bound
conformations. Using the chemical shift secondary structure
population inference program (CheSPI),” we determined the
secondary structure of these regions in both the ground (state
A) and excited (state C) states (Table S4). Despite the large
chemical shift differences observed across all of the backbone
probes, regions corresponding to A1 and f#* in the ground state
remain in the f strand conformation in the excited state.

While the backbone analysis shows a concerted 3-state
process shared by all exchanging residues, the side chain
methyl data reveal some degree of heterogeneity in the gs—ms
dynamics (Figure 6). The CPMG and CEST data from most of
the methyl groups (19 of the 25 methyl groups for which
relaxation data are available, Table S5) are fit well by the same
linear 3-state model and parameters from the analysis of
backbone probes, including methyl groups within the f*
strand. However, the five methyls from 1 (145, V47, and 148)
showed distinct behavior as attempts to fit the '*C methyl
CEST data of V47 and I48, in particular, to the A&B<C
model with parameters as determined from analysis of
backbone data led to larger minor state dips in CEST profiles
than were observed experimentally (Figure S3). Instead, the 1
methyl groups were fit well with a bifurcated 3-state model (
E<AeD; excited states denoted by D and E to distinguish
them from B and C in the linear model), where state D has a
very small population of 0.24 & 0.01% and large chemical shift
differences, Aw,;, (Figure 6a,c, Table SS). Alternatively, the
data could be fit to a 4-state model, D«>A<—B<C (states A, B,
C equivalent to those in the Ae&B«<C scheme, described
above), where the rates and populations related to states B and
C are the same as those for the backbone (linear) model, with
a similar y2; to that obtained with the bifurcated 3-state model
(and essentially identical parameters obtained for state D).
Given that the data cannot discriminate between these two
models, we present here the simpler 3-state model, although it
may well be that the E&A<D process is, in fact, just a more

complex version of the linear scheme (ie., in reality
DoA<BoC, with E denoting B<C). Notably, the fact that
only five of the 25 methyl probes are sensitive to this distinct
(or more complex) process, and that these are all proximal,
suggests a local effect that influences only these side chains.
Some insight into the nature of the structural changes that give
rise to these additional conformers can be obtained by analysis
of methyl *C chemical shifts in terms of side chain rotameric
populations, as described below. However, detailed structural
insights are not available from the limited data that include
only methyl group chemical shifts. Similar to the backbone, the
largest A values for the methyl groups are associated with 1
and f* (Figure 7). Sizeable shift changes are also observed in
the adjacent strands 4 and f13.

Figure 7. Significant chemical shift changes in f,—f* region between
ground and excited states as reported by side chain methyl groups.
AVycrms AVaprus and Avgpg pys for V189 (Avgyg) values are
displayed on the pro-IL-18 structure (PDB code 8URV) as a white-
blue gradient, with shift differences defined as in Figure S and
including both geminal methyl groups from Leu and Val in the
calculation (note that state C was used for all methyl groups in the
calculation with the exception of those from 1 where Avyprys Was
calculated and V189 where state ES1 was used, Table SSC). The
maximum value of Avy,s is close to 500 Hz for L45 (see Table S5),
but the color gradient is cut off at 350 Hz for visual clarity. Cf
carbons of Ile, Leu, and Val residues are shown in spheres. The largest
Avycrus O AVyp rys Values are observed in 1 and f%, with methyl
groups from nearby strands such as 182 (f4), 185 (f4), and V189
(p13) also showing noticeable shift differences.

Methyl "*C chemical shifts of ILV residues correlate strongly
with the rotameric states of these side chains. Using methods
described previously,** we have determined the rotamer
populations of ILV residues in 1 and f* in ground and
excited states (Table S6). Interestingly, the y2 angle of 148
(p1) shifts from nearly 100% trans in the ground state to a 2:1
ratio of trans:gauche(—) in the excited state (state D),
consistent with increased motion and, hence, decreased
packing around this side chain in the excited state. V55
(p*), whose Cy, lies only 4.3 A from the C5, of 148, shows an
even more dramatic shift from nearly 100% trans in the ground
state to a 1:1 ratio of trans:gauche(—) in the excited state (state
C). While the backbone data demonstrate that 1 and f*
retain their secondary structure in the excited state, the methyl
data show that the side chains of 148 and V55 become less
restricted (Tables S6 and S7).

Probing Dynamics in 1 and f* via HDX. The chemical
shift differences obtained from fits of the CPMG and CEST
data sets are not consistent with local unfolding of strand 1 or
B*. As discussed above, this is established through a combined
analysis of backbone 'H, 13C, and *N chemical shifts using the
CheSPI program where the population of random coil in these
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Figure 8. HDX NMR establishes an excited state where strands 1 and f* locally unfold and reveals additional motion in the nearby $1" and f13
strands. (a) AG values determined by HDX NMR are displayed on the structure of pro-IL-18 as a red-white-blue gradient (AG = —RT In(K,,,) =
— RT1In(p,,,), where K, is the equilibrium constant for the opening reaction to a rare exchange competent state of population p,,,,). Residues
whose amide resonance intensity had already decayed to ~0 in the first time point (210 s) are shown in the dark red color, while those whose
amide resonance intensity decayed so little throughout the full time-course that a decay rate could not be fit are shown in the dark blue color.
Finally, residues that could not be analyzed due to either peak overlap or lacking assignment are shown in gray. Several amides in f strands have low
AG values, despite being hydrogen bonded, consistent with an exchange process involving unprotected conformations at these sites. These include
p* (LS6), p13 (M186), $10 (M149), and most prominently 51, where all of the amides have low protection factors despite each being hydrogen
bonded. Notably, #13 forms extensive contacts with 1, and the amide of M149 is hydrogen bonded to the carbonyl of V189 (13). (b) Plots of
intensity decays of amides from several § strands with fits to monoexponential decays shown. The dashed vertical lines mark the time point at
which $46 and L56 have both essentially fully decayed (insets show zoomed-in regions of data up to this point in time). A range of AG values is
observed, indicating that distinct unfolding motions are present in these various f strands. AG = ND (not determined) is given in cases where the
intensity loss over the full time-course of the experiment is so small that a decay rate cannot be confidently determined. (c) Open (local unfolded)
population is shown for all residues analyzed. Amides from residues in f strands are colored blue, and data for all other amides are shown in cyan.
Error bars are within the data points. The horizontal dashed magenta line marks the population of state C at 25 °C determined by CPMG/CEST.
(d) "N CPMG/CEST profiles and fits at 40, 35, 32.5, 29, and 25 °C are shown for several amides. The CEST profiles have been normalized by
dividing each point by exp(—R;t), where R, is the "N longitudinal relaxation rate, and t is the duration of the CEST period. Excited state
populations at each temperature are plotted, with dashed lines to guide the eye. At 25 °C, kexpc was poorly defined by the data and so was fixed to
the value obtained at 29 °C (this rate changes slowly with temperature; see Table S9). The resulting p. (marked by an asterisk) follows the trend
established at higher temperatures, indicating that this approximation is reasonable.

regions does not uniformly increase in the excited state C
relative to the ground conformation (Table S4), and from a
comparison of 'HN and N Aw,; or Aw, values with
Awgpre (random coil—ground state shifts) where state B and
C shifts sometimes “moved” in a direction toward what would
be expected for random coil and sometimes not (Figure S4).
Nevertheless, the 2 and y1 torsion angles of 148 (1) and V5SS
(p*), respectively, transition from all trans (ground state) to
approximately equal populations of trans and gauche(—) (states
D and C) (Table S6), suggesting a loosening of the structure
in the vicinity of 148, a key residue in stabilizing the pro-IL-
18:caspase-1/-4 complex.'”'” We, therefore, wondered if
additional structural transitions involving 1 and A* might
be detected in a hydrogen exchange experiment which is
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sensitive to a range of motional time scales, including those
slower than the gs—ms window that is relevant to CPMG and
CEST.

To this end we carried out a hydrogen—deuterium exchange
(HDX) NMR analysis, monitoring the disappearance of
backbone amides in HSQC spectra recorded on samples
where lyophilized protein was dissolved in D,O. Here,
experiments were performed at pD.,, = 5.85, 25 °C, as
opposed to the conditions used for relaxation (pH = 6.5, 40
°C), in order to slow down the intrinsic rate of hydrogen
exchange and hence ensure that exchange is in the EX2
regime."” In this way, the measured rates of hydrogen exchange
are determined by the population of the “open” state rather
than the kinetics of opening to an exchange competent
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(“excited”) conformation. Thus, we report free energy values
(related to populations of the excited state, p,,, via AG ~
—RT In(p,y,), where R and T are the gas constant and absolute
temperature, respectively) for the dynamic processes observed
but are unable to quantify the kinetics of the underlying
motions driving the HDX exchange process (see below). The
HDX data show rapid hydrogen exchange (i.e., a relatively
large open population) in 1 and f* (Figure 8a—c). While the
amides of V55 and F57 from f* are solvent exposed and are
not hydrogen bonded in the NMR derived structure of pro-IL-
18, the amide of L56 is hydrogen bonded to the carbonyl of
F83 from $4."” Thus, the rapid hydrogen exchange observed
for this residue is a clear indication of the dynamics in *. The
rapid hydrogen exchange observed in $1 is more striking as the
backbone amide of each of the four residues of f1 forms a
hydrogen bond with residues in 1" or $13. The average open
state populations obtained for 51 and f* are 0.55 + 0.02% (n
= 4) and 1.92 + 0.02% (n = 3), respectively. Recall that it is
unlikely that the relaxation and HDX approaches report on the
same process(es), as the fitted chemical shift differences
between states from CPMG/CEST data are not consistent
with unfolding (see above).

To further demonstrate that the motions in f1 and f*
detected by HDX and CPMG/CEST are distinct, we recorded
additional >N CPMG and CEST data sets at 35, 32.5, 29, and
25 °C (Figure 8d), pH 6.5 (the pH used for recording the 40
°C relaxation data). We find that at 25 °C, pg is reduced to just
0.2% and pc is reduced to ~0.4%. Additional CPMG
experiments, recorded at pH 6.0 (roughly the pD used for
HDX) establish that there are no significant changes in the
populations of states B and C over the pH 6—6.5 range (Figure
S5). Thus, the differences in populations of excited states
observed via relaxation and hydrogen exchange experiments,
particularly for §*, are consistent with each method reporting
on separate excited states, as expected based on the Aw,z and
A, values which indicate that states B and C retain folded
backbone conformations.

In addition to the rapid hydrogen exchange seen in 1 and
B*, consistent with the local unfolding of these strands, we
observed distinct open state populations in other f strands that
do not correspond to global unfolding of the protein (Figure
8a,b). While most of the other § strands are almost entirely
comprised of residues whose amides lose little to no intensity
throughout the time course of the HDX experiment (F83 in
Figure 8b, for example), every residue in $1’, 3/, and 13
exchanges to a significant degree. AG values obtained for
hydrogen bonded residues in f1’ and 3’ (excluding the first
and last residue of each strand) are quite uniform, with similar
average values of 5.97 + 0.01 kcal/mol (n = 4) and 5.89 + 0.02
keal/mol (n = 4), respectively (Table S8), corresponding to
average open state populations of 0.0054 + 0.0001% and
0.0050 + 0.0002%, respectively. AG values in 13 are a bit
more heterogeneous, with F187 and T188 values of 6.76 =+
0.20 kcal/mol (0.0011 + 0.0003%) and 6.77 + 0.04 kcal/mol
(0.0011 + 0.0001%), respectively, while M186 has a
significantly lower free energy of 4.34 =+ 0.01 kcal/mol
(0.066 + 0.001%). Thus, the HDX data reveal additional
motional processes (local unfolding) that cannot be observed
via CPMG/CEST, not only in strands f1 and f* but also in
Pl B3', and B13. Notably, f1’ and f13 sandwich f1, raising
the possibility that the motions of these three p-strands,
leading to their observed hydrogen exchange dynamics, are all
coupled.

B CONCLUSION

IL-18 is an important regulator of the immune response. It
functions through binding to cellular receptors, leading to the
production of interferon-y that in turn affects innate and
adaptive immunity.'* Like many other cytokines, IL-18 is
produced in an inactive form (pro-IL-18) that must be
enzymatically processed (in this case by caspase-1 or caspase-
4) for maturation.'”'® In a recent combined NMR/cryo-EM
study we noted significant differences between the apo- and
caspase-1 bound structures of pro-IL-18, including a small
region that was in a f-strand conformation in the unbound
structure, while unfolded in the complex (so-called f*, Figure
1c), and a second f-strand (1) that is repositioned in the
bound structure.'” Notably, the pro-IL-18:caspase-1/-4 com-
plex is stabilized through interactions at a pair of surfaces, one
centered at the active site and a second distal region termed an
exosite, where a key contact is formed between 148 of pro-IL-
18 and W294/W267 of caspase-1/-4 (Figure Ilc). The
importance of interactions at the exosite is underscored by
the fact that mutation of V47 and I48 results in impaired
binding of pro-IL-18 to caspases-1 and -4, particularly to
caspase—4.l6’l9 148 undergoes a significant structural transition,
whereby it is buried in the interior of pro-IL-18 in the apo state
yet flips out to interact with caspase-1/-4 in the complex. We
wondered whether the significant structural changes accom-
panying caspase-1 binding might be facilitated by the intrinsic
dynamics of apo pro-IL-18. Indeed, an excess number of peaks
over what would be expected for a protein of 193 amino acids
is observed in the 'H—'N HSQC fingerprint spectrum,
attributed to a Q92-P93 cis—trans equilibrium (Figure 2b).
Further, pairs of peaks associated with this transition were
observed throughout pro-IL-18, including the majority of the
P-strand core region (Figure 2b), hinting at a plastic structure
whereby perturbations can be propagated throughout the
molecule.

With this in mind, we performed a range of dynamics
experiments that are sensitive to motions extending over 12
orders of magnitude, from picoseconds to nanoseconds to
days. Care was taken to ensure that chemical exchange does
not adversely affect the quantitation of backbone order
parameters by recording experiments that rigorously eliminate
such effects. Although all the f-strands in pro-IL-18 showed
similar degrees of order on the ps—ns time scale, CPMG and
CEST experiments (us—ms time window), focusing on 'H,
13C, and "*N backbone nuclei, "*Cf nuclei (CEST), as well as
additional experiments based on methyl 'H and "“C spin
probes, provided clear evidence for dynamics in strands 1 and
p* that are more extensive than what is observed in other
regions of the protein. Chemical shift differences between the
major pro-IL-18 ground state and the sparsely populated pair
of excited state conformers that were necessary for a global fit
of the dispersion and CEST data were not consistent with local
unfolding events in these regions but rather suggested more
subtle rearrangements where the secondary structure was
preserved (Table S7). Interestingly, changes in the distribution
of side chain torsion angles for 148 and VSS$ that accompany
the ground to excited D and C state transitions, respectively,
suggest increased flexibility of the side chains of these residues
(and hence potentially less packing) in these excited states,
that may be significant in facilitating the transition of the 148
side chain from a buried state to a flipped-out conformation
that stabilizes the caspase-1/-4 bound complex. The temper-
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ature dependencies of the populations of states B and C also
support the notion of less packed excited states relative to the
ground conformer, A. Plots of In(p;) vs 1/T are linear
(assuming temperature independent AH,; = H; — H, and ASy;
=S, — S, values) with a slope of —AH,;/R and y-intercept of
AS,i/R (Figure S6). Values of AHy; (TASy, T = 313 K) so
obtained, 11.9 + 0.5 kcal/mol (8.7 + 0.5 kcal/mol) and 7.7 +
0.4 kcal/mol (4.6 + 0.4 kcal/mol) for i = B and C, respectively,
indicate enthalpically unfavorable and entropically favorable
transitions from the ground state that are consistent with, but
do not prove, weakening of intramolecular contacts. Finally,
although local unfolding of #1 and f* could not be detected
via analysis of our CPMG and CEST data, HDX-based
experiments clearly establish the formation of at least one
excited state (population of approximately 0.5—2%) where
both of these strands are unfolded or at least significantly less
stable relative to the ground conformer. These “unfolding”
transitions occur on different time scales (very likely slower)
than motions observable through dispersion and CEST
techniques since they are not detected using these relaxation
experiments. The unfolding of 1, as established through HDX
measurements, may ultimately be required to accommodate
the large changes in the backbone dihedral () angles of V47
(change in w of 178.3°) and R49 (58.7°) that lead to the
flipped-out conformation of the 148 side chain which is a
critical structural change for processing of the nascent IL-18
molecule (Figure 1c). In addition, the unfolding of f*, also
observed via the HDX measurements described above, is
inferred to occur in the pro-IL-18 complexes with caspase-1
and -4, based on the absence of these residues from both
structures. Although the importance of unfolding of the f*
strand to the structural transitions accompanying pro-IL-
18:caspase-1/-4 formation is less clear, it is likely that the
additional conformational flexibility in the region proximal to
B1 (ie., p*) could help facilitate the necessary transitions that
occur upon pro-IL-18 binding to the caspase target.

A hierarchy of time scales in protein dynamics has been
observed in connection with the function of adenylate kinase
involving coupling of ps—ns motions in hinge regions with ys—
ms motions that are required for lid opening of the enzyme."!
A study by McDonald et al. revealed a more complex
relationship between ps—ns and ps—ms dynamics in CheY,
whereby colocalized changes in side chain flexibility on the ps—
ns time scale (both increases and decreases in flexibility)
accompany suppression of ys—ms motion upon phosphor-
ylation.”® Our data, however, suggest a lack of coupling
between ps—ns and ys—ms motions for strands 1 and %, yet
are consistent with a hierarchy of dynamic processes linking ms
time scale conformational changes of backbone structure and
decreased packing of 148, a key residue for interacting with
target caspases, with slower events involving local unfolding of
strands A1 and f* of apo pro-IL-18. In this manner, these
strands become “primed” for undergoing the structural changes
that ultimately accompany binding to caspases-1 and -4. Our
data paint a picture of a dynamic pro-IL-18 molecule whereby
a range of motions covering different time scales facilitate
binding to an enzymatic target to produce a functional mature
state of the protein.
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