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Abstract

ShK is a 35-residue peptide that binds with high affinity to human voltage-gated potassium
channels through a conserved K-Y dyad. Here we employ NMR measurements of backbone
amide 15N spin relaxation rates to investigate motions of the ShK backbone. Although ShK is
rigid on the ps-ns timescale, increased linewidths observed for eleven backbone amide 1°N
resonances identify chemical or conformational exchange contributions to spin relaxation.
Relaxation dispersion profiles indicate that exchange between major and minor conformers occurs
on the sub-millisecond timescale. Affected residues are mostly clustered around the central helix-
kink-helix structure and the critical K22-Y23 motif. We suggest that the less structured minor
conformer increases the exposure of Y23, known to contribute to binding affinity and selectivity,
thereby facilitating its interaction with potassium channels. These findings have potential
implications for the design of new channel blockers based on ShK.
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Introduction

The K*-channel blocker isolated from the Caribbean sea anemone Stichodactyla helianthus,
ShK, is a 35-residue peptide stabilized by three disulfide bonds.[1] Its solution structure has
been determined previously by NMR[2] and X-ray crystallography.[3] ShK adopts an
extended conformation from residues 3-8, which are connected by a pair of interlocking
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turns to a-helical segments comprised of residues 14-19 and 21-24, with a distinct bend at
residue 20. The C-terminal residues 31-34 form a turn-turn motif and the C-terminal residue
C35 is linked by a disulfide bond to the N-terminal region (Figure 1). The ShK binding site
that interacts with the vestibule of K*-channels has been well characterized by alanine
scanning mutagenesis and synthetic mutants.[4] The conserved K22-Y23 dyad on the second
helix plays a critical role in blocking voltage-gated potassium channels by inserting the
positively-charged side chain of K22 into the ion conduction pathway and creating
hydrophobic interactions between Y23 and aromatic channel residues.[5] Other residues
involved in binding include R11, H19, S20 and R29, which together form a contiguous ShK
binding surface.[®] These findings were supported by a model for ShK docked to the
voltage-gated Kv1.3 channel, in which the structure of the mammalian channel was modeled
by homology to the bacterial KcsA K*-channel.l”] Further studies of ShK-channel
complexes have been hindered by the lack of mammalian channel structures, although recent
attempts to model the turret region, including the channel pore helix, selectivity filter and
adjacent residues, have shown success and agreed with experimental results.[8]

ShK has been the focus of pharmaceutical interest because it blocks voltage-gated channels,
in particular Kv1.3, with low picomolar Kq. Kv1.3 is upregulated during the activation of
effector memory T cells (Tgp), which are important in autoimmune diseases such as
multiple sclerosis, rheumatoid arthritis and type | diabetes.[®] ShK analogs designed to
selectively block the Kv1.3 channel over its Kv1.1 counterpart are currently being evaluated
as therapeutics for these diseases.[2P: 101 An examination of the turret sequences of the two
channels reveals that, in a 33-residue segment spanning the blocking site (residues 374-406,
numbering based on the Drosophila Shaker channel), only six residues are not identical, and
only four of these are non conservatively substituted. Therefore, Kv1.3-selectivity must be
the result of subtle differences between the ShK interaction sites on various channels,
underlining the importance of an accurate atomic-resolution mapping of the bound
conformation adopted by the blocker when complexed with its target channel.

NMR is a powerful method for studying the structure and dynamics of polypeptides, and is
particularly adept at investigating protein-protein complexes and the molecular factors
contributing to binding affinity.[!1] These capabilities have been greatly enhanced over the
past two decades by the introduction of heteronuclear NMR methods in conjunction with
isotopic labeling of proteins. Recently, an efficient system for expressing correctly folded
and biologically active ShK in isotopically-labeled form has been developed.[2] Here we
employ 15N-spin relaxation measurements to characterize structural dynamics of the ShK
backbone. These data show that ShK behaves as a close-to-spherical polypeptide with a
global tumbling time of 2.6 ns at 293 K, and exhibits backbone rigidity on the ps-ns
timescale for residues 3-35. However, transverse 1N relaxation is affected by
conformational or chemical exchange processes on ps-ms timescales, and we find
compelling evidence for such slower motions in several ShK backbone amides surrounding
the K*-channel binding site. We identify a major conformer and a less structured minor
conformer in chemical equilibrium interchanging on the sub-millisecond scale, indicating
that residues involved in interactions with the channel form a relatively flexible binding
surface, which contrasts with the more rigid ShK scaffold. Establishing such flexibility in
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the ShK binding site has important implications for drug design efforts, and lays the
foundation for improved structure-directed design of channel blockers based on ShK.

Heteronuclear NMR structural characterization of ShK

The ability to produce ShK recombinantly provides several otherwise unavailable methods
to characterize the structure and dynamics of the protein. Backbone 13C and 1°N chemical
shift assignments were obtained from HNCO, HNCOCACB and HNCACB spectra. The
assignment was conducted at two different pH values: pH 5.4, which has been employed in
previous structural studies of ShK[22 131 and is preferable for relaxation studies, and the
more biologically relevant pH 7.0. All expected cross-peaks were detected and well-
resolved, with the exception of resonances from the first two amides, which were lost to
solvent exchange, and overlapping cross peaks originating from residues 17 and K30.
Chemical shifts have been deposited in the BioMagResBank under accession code 19990. A
comparison of spectra at the two pH values reveals only minor chemical shift changes of
residues in the vicinity of the imidazole ring of residue H19, which is the only ShK ionizable
group expected to be affected by pH over this rangel13] (Figure 2A). Secondary chemical
shifts §(813C0), §(813Ca) and §(513CB), defined as the difference between the chemical shift
of a given nucleus and its expected value when in random coil conformation, and 2J- and 3J-
coupling constants of backbone resonances exhibited negligible differences between
samples at the two pH values. In both cases three short helical regions encompassing
residues 14-18, 21-24 and 28-31 were identified by elevated §(813C0) and §(813Ca) values,
lowered §(813Cp) values, and small (< 5 Hz) 3JynHeq couplings (Figure 2B). 2Jcan
couplings (data not shown) further confirmed these results. TALOS+ analysis of secondary
chemical shifts [14] afforded highly similar results at both pH values (Figure 2C-D). We
conclude that changes in chemical shift observed in Figure 2A are due primarily to effects of
the H19 ionization state. This justifies our investigation of ShK backbone motions at the
lower pH which is beneficial for NMR relaxation measurements while maintaining
biological relevance.

Dynamics on the ps-ns timescale along the ShK backbone

Longitudinal and transverse relaxation rates (R; and Ry, respectively) and the heteronuclear
{*H}-15N-nuclear Overhauser effect (hetNOE) were measured at static fields of 14.1 and
16.4 T for ShK at pH 5.4 and 293 K utilizing standard pulse programs.[*3] The results of
these measurements for the 30 detectable and non-overlapping ShK cross peaks are shown
in Figure 3A-C. Relaxation rates were relatively uniform along the ShK backbone, with
typical values at 293 K (excluding residue C3 close to the N-terminus) of 2.0-2.5 (2.0-2.4)
s™1 for Ry, 3.7-4.8 (4.0-5.2) s71 for Ry, and 0.58-0.70 (0.68-0.80) for the hetNOE at 14.1
(16.4) T. The similarity between R; values at both fields is consistent with isotropic global
motion with a correlation time meeting the condition tc ~ L/wy, or ca. 2.5 ns. This result
was in excellent agreement with hydrodynamics calculations, which determined for ShK a
radius of gyration of 13.7 A, a rotational diffusion anisotropy of Dy/D = 1.3, where D and

D, are the axial and radial diffusion constants, respectively, and a tumbling time of 2.6
ns.[16]
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Relaxation parameters were analyzed using the model-free approach (Figure 3D).[7]
Overall, ShK was shown to be a rigid protein, with squared generalized order parameters in
the 0.75-0.85 range throughout its sequence, without significant fast motions on the ps
timescale. Exceptions to this general pattern of rigidity were residues K9, K18, H19, M21,
L25, T31, G33 and T34, for which transverse relaxation could not be accounted for by
global tumbling alone, indicating an significant exchange-related contribution, Rey > 1, to
relaxation (Figure 3E). Significantly, for these residues, the Ry/R; ratio exceeded the
trimmed average ratio (according to established criteria) by over three standard deviations.
Although elevated Ry/Ry ratios can occur for H-N bond-vectors aligned along the long axis
in ellipsoid-shaped proteins, the structural anisotropy of ShK is insufficient to cause the
observed effect. Thus, model-free analysis established an exchange-broadening contribution
to 15N linewidths for several ShK residues.

Residues Q16, K18 and H19 exhibit a significant increase (> 4 s71) in R, (Figure S2,
Supporting Information) as well as chemical shift changes (Figure 2) when ShK is exposed
to the higher pH 7.0. This residue-specific increase in transverse relaxation rate for residues
near H19 can be accounted for by a larger population of neutral histidine species at higher
pH. The observation that only some exchange contributions to transverse relaxation are pH-
dependent suggest that at least one additional exchange process affects ShK (vide infra).

Dynamics on the ps-ms timescale in ShK determined by relaxation dispersion

The observation of exchange broadening suggested rotating-frame (Ry,) relaxation
dispersion as an approach for characterizing slower backbone motions in ShK.[18]
Relaxation of spin-locked transverse magnetization is governed by an effective magnetic
field comprised of the applied spin-lock field and the offset of the spin-lock radiofrequency
from the population-averaged resonance frequency. The latter component is influenced by
chemical shift changes accompanying the exchange process, resulting in relaxation
dispersion when the spin-lock amplitude and/or frequency are varied, and allowing
exchange parameters to be extracted from the transverse component of Ry,,. An added
benefit is the insensitivity of this measurement to solvent exchange. Accordingly, 1°N
Ro(we) relaxation dispersion profiles were obtained from Ry, relaxation rate constants
measured at pH 5.4 and 283 K (chosen to improve spectral quality by reducing solvent
exchange), and a static field strength of 14.1 T. The results were fitted to Equation (2) (see
Experimental section below) in order to identify backbone 15N nuclei affected by slow
motions. This analysis identified eleven ShK backbone amides (from residues K9, S10, C12,
T13, K18, H19, M21, Y23, R24, L25 and T31) that are influenced by chemical or
conformational exchange processes (Figure 4 and Figure S1, Supporting Information). All
eleven residues met the criteria of Ry > 1 571, where Ry is the difference between
extrapolated R, rates as we —0 or oo. Fitted exchange rates for individual residues were
consistently in the 4000-7000 s~ range, suggesting that all sites are affected by a common
process. Global fitting afforded a rate of 5,300 s~ for the observed transition, with the
exception of H19 for which a value of 4,000 s~ was obtained (Table 1); this may be a
consequence of a protonation event that affects the effective exchange rate for this residue,
as discussed above. Two considerations suggest that the global process is fast on the NMR
chemical shift times scale, i.e. the rate of exchange between conformers is greater than the
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difference in chemical shifts of the nucleus in question in both conformers. First, near- or
on-resonance (A/w; < 0.4), the general expression for the exchange contribution to Ry,
relaxation valid for all time scales 1% indicates that data fit with Equation (2) (see
Experimental Section below) should afford an effective exchange rate depending upon Am
when exchange is not in the fast limit. Because ShK dispersion data can be fit globally (i.e.
independently of Aw which is clearly not identical for different residues) kex must be
considerably larger than Aw. Second, the same general equation predicts a ratio of 1+mq2/
(kex® + Aw?) between the extrapolated value of Rey (w1 — 0) and its value at the weakest g
field. The ratio of 1.0-1.1 found for ShK residues would require unrealistically large values
of Aw if exchange were in the slow limit with kex < Aw. For a more detailed explanation
establishing fast exchange for ShK resonances see the Supporting Information, Appendix A.

The value for the residue-specific exchange parameter ®gy = p1poAm?y was in the range
6,000-11,000 s~2 for K9, S10, C12, T13, Y23, and R24, and in the range 11,000-30,000 s~2
for K18, H19, M21, L25 and T31. Assuming the chemical shift difference Aw is correlated
with the extent of the conformational transition, these results define groups of residues
experiencing smaller (in the case of the former six residues) and larger (in the case of the
latter five residues) conformational changes. Significantly, residues most affected by the
transition cluster around the central two helices of ShK (residues 14-18 and 21-25), which,
importantly, include the conserved K22-Y23 dyad required for potassium channel blockade.

The contributions of ps, p2, and Aw to the exchange parameter cannot be deconvoluted in the
fast exchange regime. Nevertheless, it is instructive to relate @,y of each affected residue to
the 1N chemical shifts observed for ShK. It is reasonable to assume that structural effects
on chemical shifts in the major ShK conformer cause them to deviate from their average
(random coil) values, whereas in the minor conformer (presumably a less-structured state
with higher energy, representing an excursion from the native conformation) chemical shifts
would be closer to this average. Consistent with this notion, the 15N secondary chemical
shifts of exchange-broadened residues are qualitatively correlated with ®gy. As shown in
Table 2, the five residues with the highest &,y values are also spectral outliers with large
deviations from random coil shifts, a significant correlation when considering the multitude
of molecular factors determining chemical shifts. We conclude that the conformational
transition affecting ShK (i) is fast on the NMR timescale, (ii) is centered at the core helix-
bend-helix motif in the toxin binding site, and (iii) involves an excursion from the native
major conformer towards a less-folded minor conformer or ensemble of sparsely-populated
states.

Discussion

ShK is a potent and selective blocker of Kv1.3 channels, which are upregulated in Tgpy cells
upon activation; these Tgp cells have in turn been implicated in the onset of autoimmune
diseases.[2P. 6. 101 Therefore, ShK is an important therapeutic lead to combat autoimmune
diseases, and several Kv1.3-selective ShK analogs have been developed for this

purpose.[2b. 10, 20 A detailed molecular understanding of how ShK interacts with the
potassium channel would greatly enhance our ability to design new potent and selective
ShK-based analogs. In particular, the behavior of small polypeptides such as ShK is best
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described as a combination of several stable conformations in equilibrium, and
understanding the dynamics of inter-conversions within this conformational space is a
prerequisite for a full picture of their binding capabilities.[?1] The availability of
recombinantly labeled ShK[12] allows its motions to be mapped using NMR spectroscopy by
measuring relaxation rates of 1°N nuclei along the toxin backbone.

ShK amide protons are susceptible to exchange with solvent, explaining why our
measurements were conducted at pH 5.4 which reduces loss of signal to solvent exchange.
This was particularly necessary for acquisition of relaxation dispersion experiments in a
reasonable time. To ensure that our observations at pH 5.4 are physiologically relevant we
established that the structural effects of a pH change (from 5.4 to 7.0) upon ShK structure
are limited (Figure 2). Furthermore, the pattern of residues with elevated R, rates indicative
of conformational exchange was similar at both pH values, including residues K9, K18,
H19, M21 (broadened beyond detection at pH 7.0), L25, T31 and T34. These observations
imply that both structure and backbone motions of ShK are similar at pH 5.4 and 7.0,
justifying our choice of the lower pH for this study.

To explore ShK conformational dynamics, 15N relaxation was measured at two static
magnetic fields, and the data were evaluated using the model-free approach. Although
generally exhibiting a rigid backbone on the ps-ns timescale, slower motions were detected
for certain backbone 15N nuclei, first by their elevated transverse relaxation and later by
relaxation dispersion experiments. A core of five ShK residues (K18, H19, M21, L25, T31)
exhibited a large exchange contribution to relaxation, while six additional residues (K9, S10,
C12, T13, Y23, R24) showed a smaller contribution. The determined global exchange rate
of 5,300 s~ corresponds to a lifetime of ~200 us and is consistent with the line-broadening
results. Based on the relaxation dispersion data, together with the appearance of a single set
of ShK amide peaks at all concentrations and temperatures examined, we deduced that
exchange between ShK conformations is fast on the NMR chemical shift time scale. Finally,
since most strongly affected residues, particularly M21, L25, and T31, have large secondary
chemical shifts, we propose that the states undergoing fast exchange are a major, more
structured, conformer and a minor conformer that is less structured and therefore exhibits
chemical shifts closer to random coil values. In contrast to a previous study[?2], where
secondary chemical shifts accounted entirely for exchange broadening, as reflected by a
linear correlation between the two, exchange broadening and secondary chemical shifts in
ShK are only qualitatively correlated and not co-linear, supporting our hypothesis that the
minor conformer retains a significant degree of structure rather than representing an
unfolded intermediate. It is important to note that our approach focuses on identifying
backbone motions, and will not reflect additional changes, such as side-chain mobility and
interactions or displacement of water and/or ions, all of which may contribute to the overall
behavior of ShK as it binds to the potassium channel. Nonetheless, it is likely that backbone
and side-chain motions are at least partially correlated, suggesting that our approach does
provide a good first-order approximation to toxin motions that may be involved in channel
binding.

While relaxation of all exchange-broadened residues could be explained by a single
exchange rate, ke = 5,300 571, the behavior of residue H19 reflected the presence of
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additional exchange processes not separable from the primary exchange process, resulting in
an effective rate of key = 4,000 s71. The observed differences in chemical shifts in the
vicinity of this residue (Figure 2) suggest a protonation/deprotonation equilibrium of the
H19 imidazole ring is responsible for this behavior. We hypothesize that both exchange
processes contribute to ShK Ry values, but only for H19 is this event the dominant
contribution to exchange-broadening, accounting for the inability to fit H19 to the global
exchange rate, whereas for other affected residues exchange results predominantly from the
transition into a less well-folded structure. At higher pH the population of deprotonated
species becomes larger, leading to a larger contribution of Ry, from the (de)protonation
process, accounting for our observation that Ry increases at pH 7.0 for a subset of residues
proximal to H19. Since our primary interest is the structural transition into a less folded
state, the low pH data has the additional benefit of minimizing the contribution of the other
process.

It is intriguing to relate these results to the structure of ShK as well as functional elements in
the toxin that contribute to its biological activity. Figure 5 shows the location of residues
strongly and weakly affected by the conformational exchange process as detected by
relaxation dispersion experiments. The regions most affected by this event overlap closely
with the functional domain of the toxin, including the helix-kink-helix motif at residues
14-26 and the key residues K22-Y23. One possible mechanism for exchange broadening
relates to the network of disulfide bonds that dictates the character of ShK. Disulfide bonds
are capable of adopting a range of geometries that potentially lead to significant backbone
motions,[23] and motions on a similar timescale have been reported for bovine pancreatic
trypsin inhibitor,[24] the extracellular domain of the TBR2 receptor[2®] and disulfide-bonded
proteins of the chemokine family.[26] However, we note that only one cysteine residue (C12)
is included in the group of residues (weakly) affected by exchange, and even in this case, a
complementary effect is not seen for its disulfide partner (C28). Thus, it appears that
disulfide rearrangement is not the dominant source of conformational exchange in ShK.

An alternative explanation of our results addresses an important question in understanding
toxin binding to potassium channels. Residue Y23 is part of the critical KY dyad conserved
in K*-channel blockers from various sources in the animal kingdom. Studies of Y23 mutants
of ShK have established that the aromatic character of this residue is required for high-
affinity binding to channels.[40: 7] This residue is hypothesized to interact with aromatic
residues of the channel vestibule, possibly residues homologous to the Shaker Y400 or
H404, thus contributing to channel binding and subtype selectivity.[4 271 However,
examination of the ShK structure reveals that Y23 has a low solvent accessible surface area,
only 23%, whereas all other residues with the exception of C17 in the helix-kink-helix
domain (residues 14-26) are more exposed (30-80% accessible). This apparent contradiction
between the buried character of Y23 and its role in interacting with the channel may be
relieved by our findings of significant backbone motions in the toxin channel-binding
domain. The minor ShK conformer may represent a toxin structure in which the Y23 side-
chain is more exposed to solvent owing to a ‘loosening’ of the helices. This excursion from
the native ShK structure may then lead to conformational selection in binding to the channel,
resulting in an equilibrium shift towards the more exposed conformer. Such transient
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conformational changes are not precluded by the presence of three disulfide bonds in a
relatively small polypeptide. A similar phenomenon has been suggested for the a-
conotoxins from Conusimperialis, in which a key tryptophan is buried in the free peptide
yet interacts with the nicotinic acetylcholine receptor,[28] and from Conus striatus, for which
a modeling study found a minor conformer with an exposed key tyrosine residue.[2°]
Moreover, conformational exchange with relevance to channel blocking similar to our
observations has been reported for other toxins with multiple disulfide bonds, including p-
conotoxin SHIABY and spider venom n-TRTX-Pc1a.[32 Our suggestion of a more
accessible Y23 in the minor conformer is also consistent with recent modeling studies of
ShK in complex with the Kv1.3 potassium channel, which revealed a change in orientation
of the helix spanning residues 21-25 and an increase in exposure of the KY dyad upon
binding. (8] Furthermore, molecular dynamics simulations for ShK have demonstrated that
the toxin can access less-structured conformations (unpublished results). While further
studies will be required to better understand the properties of the minor conformer, ShK
conformational flexibility as identified by NMR relaxation measurements most likely
contributes to its interaction with the K*-channel.

Conclusions

15N-spin relaxation measurements and relaxation dispersion profiles of ShK backbone
amides have identified a minor conformer in equilibrium with the previously characterized
major structural conformer. We find that the minor species represents a less-structured form
of the toxin, and exchange between the two conformers occurs on the sub-millisecond
timescale. The location of exchange-broadened residues in the channel-binding interface
implies a correlation between this conformational flexibility and blocking of the channel,
possibly by increasing the exposure of the key residue Y23 to interaction with specific
channel functional groups. Thus, motions and structural fluctuations of toxins become a
factor to be considered when designing improved channel blockers.

Experimental Section

NMR sample preparation

Samples of isotopically-labeled ShK toxin were expressed and purified as described
previously.[*2] Lyophilized 1°N- or 13C 15N-labeled ShK was dissolved in 10 mM phosphate
buffer (adjusted to pH 5.4 or 7.0) containing 10 mM NaCl and 7 % 2H-0. Typical ShK
concentrations were 0.3-0.9 mM.

Acquisition of NMR data

NMR measurements were conducted on Bruker DRX700 and DRX600 spectrometers
equipped with cryogenic triple-resonance TCI probes, and a Bruker AVANCE 111 600
spectrometer with a TCl H&F-C/N-D cryogenic probe, all equipped with z-axis pulsed field
gradients. Sample temperature was calibrated using a 99.9%-2H,-methanol sample in
accordance with published protocols to avoid radiation damping effects on the
calibration.[321 1H, 15SN-HSQC spectra were acquired in echo-antiecho fashion with 96-128
complex points, acquisition times of 39.2-53 ms in the 1°N dimension, and 1024 complex
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points and an acquisition time of 91 ms in the observed dimension. Backbone chemical shift
assignments were obtained from triple-resonance HNCO, HN(CO)CACB and HNCACB
spectra acquired at 293 K using sensitivity-enhanced echo-antiecho detection.[33] These
were typically acquired with 30-40 complex points and acquisition times of 19.2-23.5 ms in
the 1°N dimension, and 1024 complex points and acquisition times of 91-104.5 ms in the
observed dimension. In the 13C dimension, experiments with 13CO evolution were acquired
with 32-36 complex points and 20.5-23.05 ms acquisition time, and experiments with C%/B
evolution were acquired with 38-40 complex points and 3.85-4.05 ms acquisition time.
Values of 3Jynna and 2Je,n for determining secondary structure along the ShK backbone
were extracted from the appropriate J-modulated spectra.[34]

15 N relaxation measurements

Measurements of the longitudinal and transverse 15N relaxation rates, Ry and Ry, and the
hetNOE were performed using standard methods,[*5] in which acquisition of all delay points
were fully interleaved. Measurements were conducted at two static magnetic fields, 14.1 and
16.4 T, corresponding to *H Larmor frequencies of 600 and 700 MHz. Complex points
acquired were 1024 (512) and 180-200 (80), and acquisition times were 81 (61) ms in the
observed dimension and 104.3 (50.6) ms in the 15N dimension for the 700 (600) MHz field.
A total of 16 (80-88) transients per t; increment was acquired for measurements of R; and
R, Ry measurements were based on 9 (8) collected time points with parametric delays of
0-1000 (0-900) ms on the 700 (600) MHz spectrometer. Carr-Purcell Meiboom-Gill
(CPMG)-based R, measurements were acquired with 1°N inversion pulses applied with a
pulse spacing equivalent to a 1.1 kHz frequency, and similarly based on 7 (8) collected time
points with parametric delays of 33-288 (33-381) ms at 700 (600) MHz. The delay between
scans was set at 2.0 (1.95) s. The determination of uncertainties in peak intensity was based
upon signal-to-noise ratios in the spectra. hetNOEs were determined by recording pairs of
interleaved spectra with and without proton saturation during the recycle delay. A total of 16
(168) transients was collected per t; experiment, and delays between scans were 4.0 s.

5N Ry, relaxation rates were measured at 600 MHz H frequency and 283 K. Standard on-
resonancel®® and off-resonancel*®] two-dimensional N Ry, experiments were performed
at spin lock fields higher than 700 Hz. In the on-resonance experiments, spins were aligned
along the direction of the effective field using a previously described scheme,[24] which
covers a bandwidth of approximately = 0.6 w ; in the off-resonance experiment, adiabatic
pulses used to align magnetization had durations of 10 ms and a frequency sweep of 25 kHz.
On-resonance data was recorded with four scans, at seven spin-lock periods (9, 27, 46, 69,
96, 128 and 171 ms) and recycle delays of 3.0 s or 6.0 s. Off-resonance data were recorded
with the same seven spin-lock periods and a recycle delay of 3.0 s. Ry, relaxation rates were
measured as a function of effective field strength, we, by varying the spin-lock field strength,
o1, and resonance offset, AQ. The strength of the effective field is defined as we = (012
+A02)Y2 where AQ = Qg — o is the offset of the rf field from Qp, which is the population-
averaged resonance frequency of a given nuclear spin. The magnitude of w; was calibrated
as described previously.[3%°] The on-resonance Ry, experiments were performed using ten
different spin-lock field strengths (738 £ 6, 793 £ 6, 856 + 10, 958 + 4, 1048 + 11, 1128 +
12,1206 + 13, 1289 + 14, 1389 + 16, and 1535 + 16 Hz). One off-resonance experiment was
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performed using a spin-lock field strength of 1128 + 12 Hz and a resonance offset of 1040
Hz. At low spin-lock field strengths, a one-dimensional selective Ry, pulse schemel37] was
employed to record data at nine spin-lock field strengths (207 + 3, 252 + 4, 305 £ 6, 363 £ 6,
415+7,459 £ 7,511 £ 10, 634 £ 6, and 738 £ 6 Hz) with resonance offsets set to zero;
32-128 scans were accumulated for each 1D spectrum with a recycle delay of 1.5 s..

Spectral processing was performed with NMRPipe software package.[38] Cross-peak
intensities for determining relaxation rates were quantified using the SPARKY software
package (T.D. Goddard and D. G. Kneller, University of California, San Francisco). Ry,
rates were determined by fitting peak intensities at different spin-lock periods to an
exponential function.

Hydrodynamic calculations

The inertia tensor of ShK toxin (PDB accession code 1RO0)[?4l was calculated using in-
house scripts, and the hydrodynamics analysis for ShK was performed assuming T = 293 K
using the HYDRONMR program.[2€] Fractions of solvent accessible surface area were
calculated for the same ShK structure using Discovery Studio (Accelrys, San Diego, CA).

Analysis of relaxation data

Peak intensities at different delays in Ry, Ry and hetNOE measurements were obtained using
the TOPSPIN 2.1 Dynamics Center suite (Bruker). R; and R, values were determined by
nonlinear least-square fitting of the data to an exponential curve I(t)=Igexp(-Rit) (j=1,2).
hetNOEs were estimated by calculating the ratio of intensities in spectra recorded with and
without proton saturation, and errors extracted from the uncertainties of the individual
measurements. Typical errors in measured relaxation rates as estimated from the S/N ratios
of the spectra did not exceed 1 %. Relaxation parameters were interpreted using the model-
free approach!!”] and analyzed using the Matlab-based DYNAMICS platform[39] to extract
squared generalized order parameters, the correlation time for global motion, and the
effective correlation times for local motion. Analysis was based on all backbone H,15N
groups, with the exception of the unstructured first two residues, and the overlapping from
I7 and K30. Fitting relaxation rates using spectral density functions followed well-
established methods[17¢: 39l Briefly, five dynamical models derived from the model-free
formalism[17P. 401 were tested for goodness-of-fit and model selection was based on Monte-
Carlo simulations and standard statistical tools. Rates of transverse relaxation contributed by
chemical exchange were derived from the measured transverse relaxation rates using the
relation Ry(experimental) = Ry(intrinsic relaxation) + Ray, Where Ry is the conformational
or chemical exchange contribution, and Ry(intrinsic relaxation) is determined using the
global tumbling time calculated for other ShK residues.

15 N R, relaxation dispersion analysis

In an Ry, experiment, the relaxation rate for the decay of magnetization spin-locked along
the direction of the effective field is given by [19. 41I:

Ry,=R, cos? 0+ RS 5in? 04 Rey (we) sin* 0 [Eq. (1)]
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where 0 = tan™1 (01/AQ), RYis the intrinsic transverse relaxation rate constant due to dipolar
and chemical shift anisotropy interactions, and Ruy(we) is the chemical exchange
contribution. The data were first analyzed on a per-residue basis. For the off-resonance Ry,
experiments, resonances with tilt angles in the range 35 ° < 6 < 65 ° were included and for
the on-resonance experiments a given resonance was included only when AQ < |0.4w1/27|
Hz.[42] All data were fit with a two-state chemical exchange model. The transverse
relaxation rate, Ry(we), at any o value, can be described by[41al

[Eq.

Ry (we) = (Rlp — Ry cos? 9) /sin? 0+ R9+ Ry (we) =R+ ke / (keﬁwe?) .

in which @, — p1p2Aw§, p; is the fractional site population of site i and p; + po = 1, Awy is
the difference in 1°N chemical shifts between two states, and key = kq+k_1 is the sum of
forward and reverse rate constants. Ry(w) dispersion curves were fitted to Equation (2) both
individually and globally by #2 minimization using Mathematica (v9, Wolfram Research,
Inc.). All residues with Rey > 1 571 could be globally fit with a common value of ke with the
exception of H19, which required an individual fitting based on a standard F-test (p < 0.05).
The uncertainties in the fitted parameters were estimated by Monte Carlo simulations with
500 iterations.[43]

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
CPMG Carr-Purcell-Meiboom-Gill
hetNOE hetero-nuclear {*H}-1°N-nuclear Overhauser effect
HSQC heteronuclear single-quantum coherence
Ry longitudinal relaxation rate constant
Rip spin-locked rotating frame relaxation rate constant
R» transverse relaxation rate constant
RD relaxation dispersion
ShK K*-channel toxin from Stichodactyla helianthus
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Figure 1. Structure of ShK
Top, ribbon model (blue) of the ShK structure based upon PDB entry 1ROO[2a] with residue

numbering showing the three cross-linking disulfide bonds (yellow) and the M21 (orange),
K22 (blue) and Y23 (purple) side chains. The N- and C-termini are designated. Bottom,
ShK amino acid sequence showing linked disulfide bonds.
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Figure 2. pH effects on ShK structure are negligible
Left, overlay of 2D *H-1°N-HSQC spectra of ShK in 20 mM phosphate buffer, 10 mM

NaCl, 7 % 2H,0, each acquired for 20 min at 16.4 T and 293 K, at pH 5.4 (filled contours)
and 7.0 (single contours). Annotations are provided for the largest changes. Right,
secondary chemical shifts for (A) 13CO, (B) 13c¢, (C) 13CP nuclei, and (D) the 3JynHq
scalar coupling. Values for pH 5.4 and 7.0 are shown in filled and empty bars, respectively.
(E) TALOS+ analysis of secondary chemical shifts[*4] showing the fraction of helical
population along the ShK backbone at pH 5.4 (black) and pH 7.0 (grey). Data are
unavailable for residues R1 and S2, whose amide protons rapidly exchange with solvent, and
only partially available for the two overlapping residues 17 and K30.
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Figure 3. Backbone 15N relaxation in ShK
Backbone 1°N relaxation rates were measured at pH 5.4 and 293 K and the ensuing analysis

was based on the model-free approach; results obtained at 16.4 and 14.1 T are shown in
filled and open circles, respectively. (A) Longitudinal relaxation Ry, (B) transverse
relaxation Ry, and (C) the heteronuclear NOE. Typical errors in relaxation rate
measurements were 0.5-1.0% (omitted for clarity). (D) Squared generalized order
parameters S2 and (E) fitted Rey term (at 14.1 T) derived from model free analysis of the
relaxation parameters using the DYNAMICS suite.36 The Rqy value at 16.4 is Rey
(14.1)*(16.4/14.1)2. Ry is considered significant only when higher than 0.5 s71.
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Figure 4. Relaxation dispersion identifies fast exchange in ShK at pH 5.4 and 283 K
15N Ry(we) relaxation dispersion profiles of ShK at 14.1 T for residues C17, H19, M21 and

Y23. All other profiles are presented in the Supporting Information (Figure S1). Lines
correspond to best fits.
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Figure 5. Structural implications of conformational exchange in ShK
The ShK backbone is shown in blue, and the side-chains of M21, K22 and Y23 in orange,

dark-blue and purple, respectively. Red (cyan) wire-mesh indicates residues exhibiting large
(small) effects of exchange-broadening, respectively. The structures are related by a 90
degree rotation around an axis perpendicular to the page.
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Global fit parameters obtained from Ry(w,) relaxation dispersion data for ShK.

Residue kg (s™) RL(sY) @ (x 103 (rad/s)?
K9 5300+ 240 6.58 +0.05 8.3+£0.6
S10 5300 £240 5.25+0.06 9.3+0.7
C12 5300 + 240 4.56 +0.05 8.7+£0.7
T13 5300+ 240 4.61+0.06 84+0.7
K18 5300 +£240 6.12+0.08 145+1.0
M21 5300 £ 240 5.55+0.14 275+18
Y23 5300+ 240 5.26 +0.06 105+£0.7
R24 5300 £240 5.48+0.05 6.4+0.6
L25 5300 £ 240 555+0.11 22414
T31 5300+ 240 5.24+0.07 11.7+£0.8

ng[(:1] 4000 +£200 5.08 +0.06 16.8+0.8

[a]

Table 1

can undergo protonation resulting in exchange between more than two states.
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Fitting of H19 to a separate ke rate resulted in a statistically significant improvement in fit quality; this is attributed to the fact that this residue
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Table 2

Correlation between exchange-broadening and chemical shifts in ShK.

i 15 15\)2 6 (-2
Residue <I>exa><103 s 8N ppm 815NRcbppm (A85N)? x 10° (s72)

M21 27.52 1304 119.6° 17.0°
L25 224 111 1218 17.0
H19 16.8 1129 1182 41
K18 145 1154 1204 36
31 116 124.2 1136 16.4
Y23 105 1202 1209 0.1
S10 0.3 1139 1163 08
c12 8.7 1224 1201 0.8
T13 8.4 1102 1136 17
K9 8.3 123.9 1204 18
R24 6.4 117.2 1205 16

aFrom the global fitat 14.1 T
bBased on BMRB chemical shift statistics, http://www.bmrb.wisc.edu

CCalculated as (815N - 815NR(;)2 X (coN)2 at14.1T
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