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Abstract: GAmCl and NaSCN are two strong chaotropic salts commonly used in protein folding and
stability studies, but their microscopic mechanisms remain enigmatic. Here, by CD and NMR, we
investigated their effects on conformations, stability, binding and backbone dynamics on ps-ns and
us-ms time scales of a 39-residue but well-folded WW4 domain at salt concentrations <200 mM. Up
to 200 mM, both denaturants did not alter the tertiary packing of WW4, but GdmCl exerted more
severe destabilization than NaSCN. Intriguingly, GAmCl had only weak binding to amide protons,
while NaSCN showed extensive binding to both hydrophobic side chains and amide protons. Neither
denaturant significantly affected the overall ps-ns backbone dynamics, but they distinctively altered
us-ms backbone dynamics. This study unveils that GAmCl and NaSCN destabilize a protein before the
global unfolding occurs with differential binding properties and us-ms backbone dynamics, implying
the absence of a simple correlation between thermodynamic stability and backbone dynamics of
WWH4 at both ps-ns and ps-ms time scales.

Keywords: Hofmeister series; chaotropic ion; protein denaturation; protein conformation; protein
stability; protein dynamics; NMR spectroscopy

1. Introduction

Many proteins must adopt specific three-dimensional structures to function in cells [1].
The thermodynamic stability of a protein refers to the free energy difference between its
folded and unfolded states, relying on the balance of noncovalent interactions within the
protein and with its surroundings [2—4]. On the other hand, proteins also possess inherent
dynamics, involving structural motions and fluctuations across various time scales [5-7].
It is now well recognized that the biological functions of proteins and their interactions
with other molecules, as well as their aggregation which is accountable for diverse diseases,
are not only governed by structures and thermodynamic stability, but also modulated by
protein dynamics [2-7]. Indeed, the study of protein folding, thermodynamic stability and
dynamics has attracted the attention of protein chemists for more than 100 years [1-7].
However, despite exhaustive studies, the relationship between thermodynamic stability
and the dynamics of proteins remains not fully understood [2-7].

One common method to experimentally measure protein thermodynamic stability is
to denature a protein with chemical denaturants such as salt ions. The Hofmeister series is a
classification of ions based on their ability to affect the stability of proteins in water [4,8-10].
Ions that increase the stability of proteins are called kosmotropes, while ions that decrease
the stability of proteins are called chaotropes. The Hofmeister series ranks the ions accord-
ing to their kosmotropic or chaotropic effects, in which the cation guanidinium and the
anion thiocyanate are two examples of strong chaotropic ions (Figure 1A). Guanidinium
chloride (GdmCl) and sodium thiocyanate (NaSCN) are two strong chemical denaturants
which have been widely employed to measure protein thermodynamic stability. However,
despite extensive investigations with experimental and computational approaches, the
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microscopic mechanisms by which chemical denaturants including GAmCl and NaSCN
destabilize a protein remain largely controversial [10-20].
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Figure 1. CD characterization of the tertiary packing and thermal stability. (A) Hofmeister series
of common cations and anions. (B) Near-UV CD spectra of the WW4 domain under five different
conditions. (C) Near-UV CD spectra of WW4 at 25 °C and 90 °C as well as at 25 °C, cooled down
after the thermal unfolding in the absence and in the presence of GAmCl and NaSCN at 200 mM.
(D) Thermal unfolding curves of ellipticity at 280 nm under five different conditions.

Recently, we have attempted to explore the mechanisms by which five salts including
Na,SO4, NayHPO4, NaCl, GAmCI and NaSCN affect the conformations, thermal stability,
binding and backbone dynamics of a 39-residue but well-folded WW4 domain of a ubiquitin
ligase WWP1 over a range of low-salt concentrations (<200 mM) by use of CD spectroscopy
to assess its tertiary packing and thermal stability, as well as NMR spectroscopy to char-
acterize its conformations, binding and backbone dynamics across ps-ns and ps-ms time
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scales. Previously, we have determined the NMR structure of WW4 (20P7) to adopt the
classic WW fold, and also found no detectable self-association even at a concentration up
to 2 mM [21]. Most advantageously, unlike a large and folded protein whose hydrophobic
side chains are buried in the core and thus inaccessible to solvent molecules in the native
state, WW4 is only composed of a flat three-stranded (3-sheet whose hydrophilic and hy-
drophobic residues appear to be largely accessible in the native state. In this context, even
before WW4 becomes globally unfolded, most of the WW4 residues should be available to
interact with denaturant molecules even at low concentrations. Consequently, the binding
occurrences, if any, should be detectable by NMR 1D and HSQC spectroscopy, which are
powerful in detecting binding and perturbation events with residue-specific resolution,
encompassing affinities spanning from very high to very low, even when the dissociation
constant (Kd) is in the millimolar range [21-25].

Here, we presented the results with two denaturants GdmCl and NaSCN, which
indicate that up to 200 mM, both denaturants exhibited no detectable effect on the tertiary
packing of WW4. Nevertheless, GAmCl was able to destabilize WW4 more severely
than NaSCN. Unexpectedly, up to 200 mM GdmCl showed no detectable binding to the
hydrophobic side chains of WW4, while NaSCN displayed extensive binding. Intriguingly,
although GdmCl and NaSCN exerted no significant effects on the backbone dynamics of
WW4 on ps-ns time scales, they distinctively affected the backbone dynamics of WW4
on ps-ms time scales. Our CD and NMR study provides residue-specific insights into
the denaturant-induced alterations of the conformations, stability, binding and backbone
dynamics of the WW4 domain, implying that even for the chaotropic salts GAmCI and
NaSCN, they appear to destabilize WW4 by distinctively interacting with WW4 residues
and altering dynamic properties on the us-ms time scale.

2. Results
2.1. CD Characterization of Tertiary Packing and Thermal Stability of WW4

Previously, we have collected and analyzed the far-UV CD spectra of the 39-residue
WW4, whose solution structure was determined by NMR [21]. WW4 has a far-UV CD
spectrum typical of a 3-strand-rich protein [21]. However, here because the presence of
GdmCl or NaSCN would generate very high non-specific noise over the far-UV CD region,
we decided to assess the effects of two denaturants on the tertiary packing and thermal
stability of WW4 by using the near-UV CD region, which reports the protein tertiary
packing. Briefly, we have acquired near-UV CD spectra of WW4 under five different
conditions, namely: without any denaturant and with GdAmCI or NaSCN at 20 mM and
200 mM, respectively (Figure 1B). The presence of the negative signal of near-UV spectra at
280 nm indicates that despite being very small, WW4 does have a tight tertiary packing.
Furthermore, very similar near-UV CD spectra in the absence and presence of GdmCl or
NaSCN strongly indicate that WW4 has no significant alterations in the tertiary packing at
all five conditions.

We subsequently determined the thermodynamic stability under five conditions by
performing the thermal unfolding measurements on WW4 without any Cys residue, as
we previously conducted on the FUS RRM domain also containing no Cys [26]. Figure 1C
displays the CD spectra of WW4 at 25 °C and 90 °C in the absence and presence of GdmCl
and NaSCN at 200 mM, along with the spectra of the samples cooled down to 25 °C after
thermal unfolding. The results indicate: (1) at 90 °C, the tertiary packing of WW4 was
eliminated under these conditions; (2) however, when three unfolded samples were cooled
down to 25 °C, WW4 became refolded with the native tertiary packing completely restored;
and (3) the unfolding processes of the WW4 domain in the absence and in the presence
of GAmCl and NaSCN up to 200 mM are all reversible. This is fundamentally different
from what was previously observed on the FUS RRM domain, which underwent dynamic
self-association upon being unfolded and thus had an irreversible thermal unfolding
process [26].
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Furthermore, Figure 1D presents the unfolding curves, namely the changes in ellipticity
at 280 nm upon gradually increasing the temperature from 20 to 90 °C for the WW4 domain
in the absence and in the presence of GdAmCI or NaSCN at 20 mM and 200 mM. Noticeably,
despite its small size of only 39 residues and the absence of any disulfide bridge, WW4
exhibits a remarkably high melting temperature (Tm) of 63.5 °C. This Tm is even higher
than that of many larger folded proteins, including the 87-residue RRM domain of FUS with
a Tm of ~52 °C [26], and the 140-residue human profilin 1 (hPFN1) with a Tm of ~56 °C [27].
On the other hand, the WW4 samples in the presence of GAmCI or NaSCN at 20 mM
have thermal unfolding curves which are very similar to that without any denaturants,
indicating no detectable destabilization of WW4 in the presence of two denaturants at
20 mM. Nevertheless, on the other hand, both denaturants at 200 mM did reduce the
thermal stability. Specifically, the melting temperature of WW4 without denaturant is
~63.5 °C, which reduced to ~54.5 and ~60.3 °C, respectively, for samples with 200 mM
GdmCl and NaSCN (Figure 1D). The results clearly indicated that GAmCI decreased the
melting temperature by 9 °C, and NaSCN only by 3.2 °C. As such, GdmCl is a much
stronger denaturant than NaSCN, completely consistent with the classic ranking [3,8-10].

2.2. NMR Characterization of the Binding/Perturbation

Subsequently, we assessed the binding of two denaturants with WW4 as monitored by
1D and HSQC NMR spectroscopy, which offers significant advantages for characterizing
protein-ligand interactions. It provides high-resolution structural information, allowing
precise identification of binding sites and conformational changes upon ligand binding, as
well as determination of dissociation constants spanning from very high to very low, even
when the dissociation constant (Kd) is in the millimolar range [21-25].

Interestingly, addition of GAmCI even up to 200 mM triggered no significant change
in chemical shifts and shapes of Ilel1 and Val22 methyl resonances in 1D NMR spectra
(Figure 2A), indicating no detectable binding/perturbation of GdAmCl with the hydrophobic
side chains. Further, HSQC titrations show that GdAmCl only weakly interacted with some
well-exposed backbone and side chain amide protons (Figures 2B,C and 3A). Briefly, GdAmCl
even at 200 mM only induced a relatively large shift in the HSQC peaks of Arg27 (Figure 3A),
consistent with previous reports that GdmCl has no strong capacity to form hydrogen
bonds with most peptide groups [10], but may only weakly pair to residues with positively
charged side chains [13,28].

By contrast, the addition of NaSCN led to a significant alteration in both chemical
shift and line-broadening of the representative hydrophobic side chain protons (Figure 2D).
Interestingly, Ile11 and Val22 are located on the first and second strands, respectively, which
constitute the most structured elements of the WW fold (Figure 2F). Moreover, NaSCN
also triggers large shifts of many amide protons (Figures 2E and 3B), thus suggesting that
NaSCN is able to extensively bind to both hydrophobic and charged groups of WW4. In
particular, the HSQC peaks of Arg27, Thr28, Thr29 and Thr30 were significantly shifted
(Figure 3B,C). For a folded protein, the salt-induced changes in its NMR signals may
result directly from the binding interaction, or/and indirectly from the alterations of
conformations and dynamics [22-27]. Here, as the shifts of WW4 HSQC peaks occur at
millimolar denaturant concentrations, which are far below the concentrations used to
globally denature proteins, by assuming that the shifts of HSQC peaks are mostly from the
direct binding with denaturant molecules, the dissociation constants (Kd) were fitted out
from the CSD data to be 95.6, 62.4, 74.8 and 108.6 mM, respectively, for Arg27, Thr28, Thr29
and Thr30 (Figure 3D). However, small CSD values prevent accurate fitting of the CSD
data produced by GdAmCI. Furthermore, the HSQC spectral dispersions of WW4 under all
five conditions remain almost unchanged, implying that no significant disruption of the
tight packing occurs even in the presence of the denaturants up to 200 mM, in a complete
agreement with the above near-UV CD results.
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Figure 2. NMR characterization of the binding/perturbation to WW4. One-dimensional "H NMR
spectra showing resonance peaks of Ile10 and Val22 methyl groups without (black) and with GdmCl
(A) or NaSCN (D) at 20 mM (red) and 200 mM (green). Two-dimensional IH-1N NMR HSQC
spectra without (blue) and with GdmCl (B) or NaSCN (E) at 20 mM (red) and 200 mM (green).
(C) WW4 structure with residues having significant shifts (CSD > average + STD) of backbone amide
protons in the presence of 200 mM GdmCl, colored in green. (F) WW4 structure with residues having
significant shifts of backbone amide protons in the presence of 200 mM NaSCN, colored in red. Ile10

and Val22 side chains are also displayed in spheres.
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Figure 3. NMR quantification of the perturbations of GAmCI and NaSCN to WW4. (A) Chemical shift
differences (CSDs) of WW4 in the presence of GAmCI at 20 (blue), 150 (cyan) and 200 (purple) mM.
(B) Chemical shift differences (CSDs) of WW4 in the presence of NaSCN at 20 (blue), 150 (cyan) and
200 (purple) mM. The red line has a value of 0.14, which is the sum of the average and STD of CSDs
in the presence of NaSCN at 200 mM. (C) WW4 structure with four residues having CSDs >0.14,
displayed in sticks. (D) Fitting of residue-specific dissociation constant (Kd) for Arg27 (red), Thr28
(blue), Thr29 (green) and Thr30 (cyan); experimental (dots) and simulated (lines) values for CSDs
induced by additions of NaSCN at 3, 6, 10, 15, 20, 30, 40, 60, 80, 100, 125, 150 and 200 mM.

2.3. Effects of Two Denaturants on Backbone Dynamics of WW4 on the ps-ns Time Scale

NMR spectroscopy offers powerful methods to detect protein dynamics across various
time scales. For example, relaxation experiments, including longitudinal relaxation time
T1, transverse relaxation time T2 and {'H}-1°N steady-state NOE (hetNOE or hNOE) offer
information on dynamics on ps-ns time scales, while Carr—Purcell-Meiboom-Gill (CPMG)
relaxation dispersion techniques can probe pus-ms dynamics by measuring how relaxation
rates vary with the frequency of applied magnetic fields.

We then decided to assess the dynamic effects of two denaturants on WW4 by ac-
quiring a large set of >N backbone relaxation data for WW4 under the five conditions
(Figure S1). As hNOE offers a reliable measure of backbone dynamics on the ps-ns time
scale [26,27,29-37], the similar hNOE values (Figure S1A) indicate that WW4 has no signifi-
cant change in ps-ns backbone dynamics under all five conditions. However, differences
were observed for T1/T2 values (Figure S1C), implying that WW4 may have distinctive
us-ms dynamics under different conditions.
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We then used “Model-free” formalism to analyze the data [26,27,29-33,36,37] with
the program Dynamics 3 [32], which includes several extended models in addition to the
classic “Model-free approach” [33]. Figure 4A presents the squared generalized order
parameters, 52, of WW4 without denaturant, which reflect ps-ns conformational dynamics,
ranging from zero for high internal motion, to one for completely restricted motion. Except
for the terminal residues Asnl-Leu5, Asn36-Ser39 and the loop residues Argl5-Gluls,
the other non-Proline residues all have S? > 0.7 (Figure 4A,B), indicating that WW4 is
well-folded. On the other hand, the addition of two denaturants only resulted in some
slight alterations in the residue-specific S* values (Figure 4C), implying redistribution
of ps-ns backbone dynamics. Nevertheless, average S? values are very similar under
all five conditions: 0.72 + 0.01 (no denaturant); 0.71 £ 0.01 (20 mM NaSCN); 0.73 + 0.01
(200 mM NaSCN); 0.71 £ 0.01 (20 mM GdmCl) and 0.73 4 0.01 (20 mM GdmCl). The results
suggest that the addition of two denaturants even up to 200 mM does not significantly alter
the overall backbone dynamics of WW4 on the ps-ns time scale.
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Figure 4. Model-free analysis. (A) Squared generalized order parameters (S?) of WW4 without denat-
urant. (B) WW4 structure colored based on S? values without denaturant: blue—absence of $? due to
the overlap of HSQC peaks or relaxation data of poor quality; green—Proline residues; red—S? > 0.7;
and yellow—S? < 0.7. The locations of His24 and Thr26 are also indicated. (C) Differences in S? of
WW4 with GdmCl at 20 mM (brown) and 200 mM (cyan) or NaSCN at 20 mM (purple) and 200 mM
(red) from those without denaturant. (D) Residue-specific Rex of WW4 without (blue) and with
GdmCl at 20 mM (brown), 200 mM (cyan), or NaSCN at 20 mM (purple) and 200 mM (red).

2.4. Effects of Two Denaturants on Backbone Dynamics of WW4 on the ps-ms Time Scale

Analysis using Dynamics 3 [32] also indicated that some WW4 residues have addi-
tional Rex, which reflects conformational exchanges on the pis-ms time scale. As shown in
Figure 4D, without denaturant, residues with Rex include Trp9, Ile11, Vall8, Val22, Asp23,
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His24, Thr26, Thr28, Thr29, Thr30 and Phe31. In particular, His24, Thr26, Thr28, Thr29 and
Thr30 have Rex > 1 Hz. Markedly, the addition of two denaturants did not significantly
change the overall patterns but only altered the Rex value. For example, the addition of
GdmCl particularly at 200 mM significantly reduces the Rex values for residues Ilel1, Val22,
Thr29 and Thr30. By contrast, the addition of NaSCN leads to an increase in the Rex value
for residues Trp9, Ile11, Vall8, Thr28, Thr30 and Lys32.

To independently confirm the effects of two denaturants on ps-ms backbone dynam-
ics of WW4, we further performed >N backbone CPMG relaxation dispersion measure-
ments [34,38-42]. As thermal unfolding, NMR binding and relaxation measurements all
indicate that the two denaturants only exerted large effects on WW4 at 200 mM, here,
we performed CPMG relaxation dispersion measurements on WW4 under three solution
conditions, namely in the absence and in the presence of GAmCl or NaSCN at 200 mM at
two magnetic fields: 500 MHz and 800 Mz. For WW4 without denaturant, the residues
with differences in effective transverse relaxation rates (AR,f) > 4 Hz include Thr14, Gly17,
Val18, Thr28, Thr29, Thr30 and Phe31 (Figure 5A). This pattern is in general consistent with
that of Rex derived from “Model-free” analysis. However, His24 and Thr26 with large Rex
show no significant CPMG dispersion response. This is commonly observed in previous
NMR dynamics studies and many mechanisms might exist to account for the discrepancy
between the two measurements [34,38-42]. Here, it is also worthy to note that residues
Thr28-Thr30 with large Rex values constitute the most critical binding surface for the
Nogo-A peptide [21], implying that the pus-ms conformational exchange might be needed
for the functional binding of WW4 via an allosteric mechanism. Structural destabilization
in the presence of denaturing agents might activate this allosteric mechanism.

Most unexpectedly, the two denaturants oppositely altered the AR, values of WW4
residues at both 500 MHz and 800 MHz fields. For example, for GdAmCI at 200 mM, the
ARzeff values at 800 MHz decreased from 12.9 to 11.8 for Gly17; from 18.1 to 16.6 Hz for
Thr28; from 25.0 to 20.8 Hz for Thr29; and from 21.9 to 18.4 Hz for Thr30 (Figure 5B).
By contrast, NaSCN at 200 mM dramatically increased the AR, values from 12.9 to
42.8 Hz for Gly17; from 18.1 to 53.5 Hz for Thr28; from 25.0 to 37.6 Hz for Thr29; from
21.9 to 74.2 Hz for Thr30, and from 9.6 to 23.9 Hz for Phe31 (Figure 5C,D). Although
NMR relaxation and CPMG relaxation dispersion measurements can be influenced by
self-association [43,44], this does not seem to be the case for the present results with
WW4, as: (1) it shows no concentration-dependent changes in NMR signals at protein
concentrations up to 2 mM [21]. (2) We conducted quick CPMG relaxation dispersion
measurements on WW4 in the free state even at 2.0 mM, but found no significant alterations
in AR*ff values. (3) The relatively large changes in R2 values in the presence of denaturants
occurred only over the WW4 residues with significant pus-ms dynamics, while the WW4
residues in the well-folded regions but without significant us-ms dynamics showed no
significant increase in R2 values (Figure S1E). (4) In particular, GAmCl and NaSCN, despite
both being salts, induce opposite changes in both Rex and AR,* values, rendering them
incompatible with the possibility that the two denaturants might induce dynamic self-
association of WW4 by electrostatic/salt effects. On the other hand, performing CPMG
relaxation dispersion measurements on WW4 at a 2.0 mM concentration is impractical due
to the proportional need for a corresponding denaturant concentration of 2.0 M, which
would lead to the global unfolding because while the mechanism remains incompletely
understood, the destabilizing capacity of chemical denaturants not only depends on the
protein-to-denaturant ratio but also significantly on the absolute concentration of the
denaturants. This phenomenon appears to result at least from the volume-excluding effects
and alterations in water/hydration structures imposed by denaturants, which represent
key factors in the Hofmeister series [4,8-10].
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Figure 5. N backbone CPMG relaxation dispersion. Differences in effective transverse relaxation
rates (AR,®ff) at 80 and 960 Hz, for WW4 without (A) and with GdmCl at 200 mM (B) or NaSCN at
200 mM (C). For WW4 without denaturant, blue bars are for data at 500 MHz while red are for data
at 800 MHz. For WW4 with 200 mM GdmCl or NaSCN, blue bars are for data at 500 MHz while red
are for data at 800 MHz. (D) WW4 structure colored based on AR;(Tp) without denaturant; red is
for residues with AR,*f > 4 Hz. Glu10 and Tyr20 are specifically colored in yellow as their AR,

became >4 Hz upon adding 200 mM NaSCN.

To further gain a quantitative insight, by assuming a two-state conformational ex-
change, we fitted the data in the absence of denaturant and in the presence of 200 mM
GdmCl or NaSCN for the residues with AR,*f values > 4.0 Hz on both 500 and 800 MHz
by the program GUARDD [34,42] to obtain exchange parameters which include the pop-
ulations of two states, chemical shift differences in the two states and Rex (Table 1). For
WW4 without denaturant, the major conformational states have populations > 90% for
Thr14, Gly17, Val1l8 and Thr28-Phe31, which undergo exchanges with a minor state, with
Rex ranging from 111.8 to 352.6 Hz. Interestingly, both denaturants significantly increase
exchange rate Rex between two states, and in general the increase is more significant for
NaSCN than for GAmCl. Noticeably, the N chemical shift differences between the minor
state and native state of these residues are very small, all less than 0.5 ppm, thus implying
that the minor state could be highly native-like [43-48]. Interestingly, earlier studies un-
veiled the potential existence of unfolding intermediates preceding the rate-limiting step
in protein unfolding, termed the dry molten globular (DMG) intermediate [49,50]. Unlike
molten globular (DMG) intermediates, DMG intermediates were proposed to have only
slightly altered forms of the native proteins which might be extensively observed during
the unfolding of many proteins [51-55]. In this context, the other states of the WW4 domain
from the analysis of CPMG dispersion data in the presence of two denaturants appear to
be similar to DMG states. However, despite being extremely challenging, comprehensive
future characterizations are imperative to confirm this possibility.
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Table 1. Parameters defining the conformational exchanges.
WW4 GdmCl NaSCN
Residues Aw 2 (ppm) Pa® (%) Kex ¢ (Hz) Aw (ppm) Pa (%) Kex (Hz) Aw (ppm) Pa (%) Kex (Hz)
E10 0.240.08 1.94+01  1287.0 £74.0
T14 0.25 +0.02 16+01  352.6+149.1 0.19 +0.03 14401 732.0 £ 156.0 0.16 £ 0.03 54404 9047 +177.9
G17 0.33 + 0.02 94+09  1118+107.8 0.25 £ 0.01 2406 612.4 £ 80.9 0.25 £ 0.01 7.6 £ 0.6 918.1 £ 50.1
V18 0.28 + 0.02 25406 3089 +129.2 021 +0.02 18+03 724.8 £ 114.1 0.19 £ 0.01 62+02 923.0 £ 85.6
Y20 0.22 +0.01 19+03 632 £ 814
T28 0.35 4 0.02 75+07 1994 +1303 027 £0.15 29+04 819.6 & 87.9 0.23 £ 0.01 101409  1064.2 +78.0
T29 0.44 +0.03 83+1.0 2544 +169.6 0.35 £ 0.02 3104 878.7 £ 106.7 0.34 £ 0.04 127+11 42222161
T30 0.33 + 0.02 100+£12  166.1+1186 0.27 £ 0.02 3404 712.2 + 85.1 0.25 £ 0.01 11.1+£09  967.2+832
F31 0.25 + 0.02 35407  2693+1108 0.21 £ 0.01 22403 665.4 +79.2 0.24 +0.02 49404  5711+105.0

@ Chemical shift difference between the exchanging A state and B states (ppm). b Population of the minor state.
¢ Total exchange rate between A and B states.

3. Discussion

The Hofmeister series has been recognized for more than 130 years since the pioneer-
ing work of Hofmeister [8]. These effects manifest across various fields including medical,
biological, chemical, and industrial sciences. Despite their widespread occurrences, the
microscopic mechanisms underpinning the Hofmeister series remains incompletely eluci-
dated. Generally, it is thought that the Hofmeister series emerge from intricate yet specific
interplays involving ions and proteins, as well as ions and water molecules in direct contact
with proteins—protein hydration. However, due to the extreme complexity of systems
where ions, counterions, solvents and cosolutes all have varying roles, delineating the
microscopic mechanisms behind the influence of ions on protein stability in the Hofmeister
series remains a fundamental challenge [8-10,56—60]. In this context, NMR studies on pro-
tein conformation, stability, binding and dynamics may offer high-resolution insights into
how ions in the Hofmeister series either stabilize or destabilize proteins. Nevertheless, two
challenges hinder the visualization of ion effects on most proteins using NMR spectroscopy:
(1) Before the global unfolding of most proteins, their hydrophobic side chains are buried
and inaccessible to ions at low concentrations. (2) Conversely, when the global unfolding
occurs, changes in protein NMR resonances result from a combination of conformational
variations and ion—protein interactions, making them nearly indistinguishable.

Recently, we investigated the effects of six salts, including kosmotropic Na;SO,4 and
NapyHPOy4, neutral NaCl, as well as chaotropic GAmCl and NaSCN (Figure 1A), on the
WW4 domain with a unique fold using CD and NMR spectroscopy. All experiments were
conducted at salt concentrations <200 mM, where no global unfolding occurred. In this
report, we presented the effects of the strongest chaotropic cation, guanidinium, and the
strongest chaotropic anion, thiocyanate, on the conformation, thermal stability, binding and
backbone dynamics of the WW4 domain across ps-ns and ps-ms time scales. Our findings
revealed that, at concentrations <200 mM, both denaturants had no discernible effect on
the tertiary packing of WW4. However, they did reduce the thermal stability of WW4
by 9 °C and 3.2 °C, respectively. Very unexpectedly, further NMR results have revealed
that, even though GdmCl acts as a stronger denaturant, it only minimally interacted with
some well-exposed amide protons. In stark contrast, NaSCN, as a weaker denaturant,
extensively interacted with both hydrophobic side chain and amide protons. Through
NMR relaxation and CPMG relaxation dispersion measurements, known for their high
sensitivity in detecting various external effects on proteins [61-67], we have found that, at
concentrations <200 mM, GdmCl and NaSCN did not significantly impact the backbone
dynamics of WW4 on the ps-ns time scales. However, GAmCl reduced, while NaSCN
increased, the Rex and AR,*ff values. Further quantitative analysis of these dynamic data
has revealed that the presence of GAmCI and NaSCN at concentrations <200 mM altered
the conformational exchange of the WW4 domain between the native state and other
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conformational states, which not only exhibit native-like secondary structures but also
native-like tertiary packing.

Our results indicate that prior to the global unfolding, both GdAmCl and NaSCN were
capable of destabilizing the WW4 domain characterized by distinct interactions and ps-ms
dynamics. While it is relatively straightforward to understand that extensive interactions
of NaSCN with hydrophobic and hydrophilic groups of WW4 would lead to increased
dynamics and reduced thermodynamic stability, it is unexpected to find that GdmCl, as
a stronger denaturant, destabilizes the WW4 domain with minimal interactions with the
WWH4 residues and leads to a reduction in both Rex and AR, values. In the context, our
current findings are in complete agreement with the prevailing perspective in the field:
when delving into the microscopic effects of Hofmeister salts on proteins, the mechanisms
appear to highly depend on the specific contexts of both salts and proteins. On the other
hand, at the macroscopic or phenomenological level, these salts exhibit a universal order
that applies across diverse fields [8-10,58,59]. This raises a fundamental question: what
could be the underlying mechanisms responsible for this phenomenon?

Recently, we discovered that, even at a molar ratio of 1:1, ATP can act to antagonize the
crowding-induced destabilization of y-crystallin of the human eye lens [68]. In particular,
ATP manifests a general capacity to energy-independently induce folding of ALS-causing
C71G-hPFN1 coexisting between the folded and unfolded states at a molar ratio of 1:2, and
completely unfolded hSOD1 at 1:8 [27,69]. Remarkably, the inducing ability of ATP comes
from its anionic triphosphate, which appears to function by influencing the hydration shell
of proteins [27,67,69]. It is well established that the hydration effect is universal and occurs
not only with proteins but with all molecules. On the other hand, our comprehension
of protein hydration remains poor due to the extreme challenge of experimentally and
computationally exploring its structures and dynamics [69-76]. Hence, we propose that the
observed effects of GAmCI and NaSCN at very low concentrations may also largely result
from their interactions with the hydration shell of the WW4 domain. Indeed, GAmCI has
been previously observed to alter the hydration shell of other proteins [74,75].

In summary, our study indicates that even at highly diluted concentrations, GAmCl
and NaSCN start to destabilize a protein before the global unfolding occurs, which is
associated with distinctive characteristics in interactions and ps-ms backbone dynam-
ics. Quantitative analysis reveals that GAmCI and NaSCN destabilize the WW4 domain
by altering the exchanges with minor conformational states. The states display highly
native-like secondary structures and tertiary packing but may have some alterations in the
structure or dynamics of the hydration shell. Moreover, the relationship between protein
thermodynamic stability and dynamics has been a subject of fundamental interest, yet it
remains contentious [77-79]. Our findings imply that there is no straightforward correlation
between the thermodynamic stability of the WW4 domain and its backbone dynamics on
both ps-ns and ps-ms time scales. This emphasizes the immense complexity of the interplay
between protein dynamics and thermodynamic stability. These results underscore the
dawn of the dynamics age in protein science, as Al-based approaches like AlphaFold now
enable precise predictions of the structures of proteins and their complexes [80,81].

4. Materials and Methods
4.1. Expression and Purification of WW4

The expression vector for WW4 was previously constructed [21]. For bacterial expres-
sion of the recombinant protein, the vector was transformed into E. coli BL21 cells. The cells
were then cultured at 37 °C until the ODg value reached 0.6. Subsequently, IPTG was
added into the broth to a final concentration of 0.3 mM to induce protein expression for
12 h at 20 °C. Cells were harvested by centrifugation and lysed by sonication in PBS buffer.
The recombinant GST-fused WW4 protein was purified by affinity chromatography with
glutathione-Sepharose 4B beads (Pharmacia Biotech, Piscataway, NJ, USA) under native
conditions. Subsequently, the WW4 domain was released from the GST fusion protein by
on-gel thrombin cleavage at room temperature for 3 h, followed by further purification
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with HPLC on a reverse-phase C18 column (Vydac) eluted with a water—acetonitrile system
by gradually increasing the acetonitrile concentration. To isotope-label the WW4 protein
for 'H-'"N NMR HSQC experiments, the recombinant protein was prepared with a similar
protocol except the cells were grown in M9 medium with addition of (>NH4),SOy for 1°N
labeling [21].

4.2. Circular Dichroism (CD) Experiments

Non-specific noise was extremely high over the far-UV region in the presence of
GdmCl and NaSCN. Therefore, in the present study, we characterized the conformation
and thermal stability of WW4 by monitoring the near-UV region (260-360 nm). All near-UV
CD spectra were collected in 1 mM Tris-HCI at pH 6.4 in the absence and in the presence of
two denaturants at different concentrations, on a Jasco J-810 spectropolarimeter equipped
with a thermal controller as described previously [20,23] with a protein concentration of
250 uM at 25 °C, using a 1 mm path length cuvette with a 0.1 nm spectral resolution. Data
from five independent scans were added and averaged. Thermal unfolding was performed
on the same samples used for obtaining the above near-UV CD spectra with temperatures
ranging from 20 to 90 °C [26].

4.3. NMR Titration of GAmCl and NaSCN to WW4

One WW4 stock sample was prepared by dissolving the protein powder in 1 mM
Tris-HCI buffer to a final concentration of 250 uM and its pH was adjusted to 6.4 by adding
either diluted sodium hydroxide or hydrogen chloride, and it was subsequently split into
individual NMR samples for titrations. The pH values of two denaturant solutions (1 M) in
1 mM Tris-HCI buffer were also adjusted to 6.4.

All NMR titration experiments were collected at 25 °C on an 800 MHz Bruker Avance
spectrometer equipped with a shielded cryoprobe as described previously [21,24-27].
During titrations, series of one-dimensional 'H and two-dimensional 'H-">N HSQC spectra
were acquired on the '’N-labeled WW4 domain at a concentration of 250 M in the absence
or in the presence of GdmCl and NaSCN at varying salt concentrations (3, 6, 10, 20, 30, 40,
60, 80, 100, 125, 150 and 200 mM) as we previously conducted with 14 salts [24]. The pH
values of the NMR samples for each titration were measured before and after titrations
with 200 mM salts and no detectable difference was found. NMR data were processed with
NMRPipe [82] and subsequently analyzed with NMRView [83].

4.4. Calculation of CSD and Data Fitting to Obtain Kd

To calculate chemical shift difference (CSD), HSQC spectra were superimposed for
the 1®N-labeled WW4 domain collected in the free state and in the presence of GdmCl
and NaSCN at different concentrations. Subsequently, the shifted HSQC peaks could be
identified and further assigned to the corresponding WW4 residues based on the sequential
assignment we previously obtained [21]. The CSD was calculated by an integrated index
with the following formula [84,85]:

CSD = (A'H)? + (A°N/4)%)1/2 (1)

In order to obtain the residue-specific dissociation constant (Kd), we fitted the shift
traces of the residues with large shifts of HSQC peaks (CSD > average + STD) by using the
one-binding-site model with the following formula [23-25]:

CSDgps = CSDmax{([P] + [L] + Kd) — [[P] + [L] + (Kd)* — [PI[LI]V/?}/2[P]  (2)
Here, [P] and [L] are molar concentrations of WW4 and GdmCl and NaSCN, respectively.

4.5. NMR Characterization of >N Backbone Dynamics on the ps-ns Time Scale

15N backbone T1 and T1p relaxation times and {*H}-1°N steady state NOE intensities
were collected for WW4 with a concentration of 250 uM at pH 6.4 under five conditions,
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namely WW4 without denaturant, with 20 mM GdmCl or NaSCN as well as with 200 mM
GdmCl or NaSCN, on a Bruker DRX 500 MHz spectrometer equipped with pulse field
gradient units at 25 °C [26,27,86,87]. Relaxation time T1 was determined by collecting
HSQC spectra with delays of 10, 80, 200, 320, 360, 420 and 500 ms using a recycle delay of
1s, with a repeat at 200 ms. Relaxation time T1p was measured by collecting spectra with
delays of 1, 30, 60, 90, 110, 130, 150 and 180 ms using a spin-lock power of 1.6 kHz and a
2.5 s recycle delay with a repeat at 90 ms. {{H}-'°N steady-state NOEs were obtained by
recording spectra with and without 'H presaturation, a duration of 3 s and a relaxation
delay of 6 s.

NMR relaxation data were analyzed by “Model-free” formalism with protein dynamics
software suites [36,37] Briefly, relaxation of protonated heteronuclei is dominated by the
dipolar interaction with the directly attached 'H spin and by the chemical shift anisotropy
mechanism [29,30,36,37]. Relaxation parameters are given by:

Ry = dz/zl[](wH — wx) + 3] (wx) + 6] (W + wx)] + ] (wx) (3a)

Ry = (V) 41(0) + J(wss — wx) +3](wx) + 6(Jwn) + 6] (wr + )]
HCL)AT(0) + 3] (wx)] + Rex

NOE =1+ (d?/4Ry) (vx/vn)[6](wh + wx) — [(wy — wx)] (B¢

Here, d = pohyxyn < r;q‘z > /872, ¢ = wxAc/\/3, Mo is the permeability of free
space; h is Planck’s constant; yx 7y are the gyromagnetic ratios of 'H and the X spin
(X = 1BC or °N), respectively; yxp is the X-H bond length; wy and wy are the Larmor
frequencies of 'H and X spins, respectively; and Ao is the chemical shift anisotropy of the
X spin.

Model-free formalism, as previously established and further extended [29,30,32-36],
determines the amplitudes and time scales of the intramolecular motions by modeling the
spectral density function, J(w), as

(3b)

2
2 s (sP2-s?)r
501+ (wmw)? 1+ (w1)?

2
2 ) Sssz (1 — SS )T
=571 2+ 7]
570 "+ (wtw) 1+ (wT)

Jw) =

Here, T = 7T/ (Ts + Ti), Tw is the isotropic rotational correlation time of the molecule,
T, is the effective correlation time for internal motions, S = S f2552 is the square of the

generalized order parameter characterizing the amplitude of the internal motions, and S f2

and S, are the squares of the order parameters for the internal motions on the fast and
slow time scales, respectively.

In order to allow for diverse protein dynamics, several forms of the spectral density
function, based on various models of the local motion, were utilized, which include the
original Lipari-Szabo approach, assuming fast local motion characterized by the param-
eters §% and T}, extended model-free treatment, including both fast (S fustZ, Tfast) and

slow (Sqjom?, Tslow) Teorientations for the NH bond (Tfast < Tslow < Tc), and could also
allow for slow, micro- to milli-second dynamics resulting in a conformational exchange
contribution, Ry.

In the present study, the WW4 NMR structure (20P7) with the lowest energy was used
for “Model-free” analysis. For the HSQC spectra of WW4 under five conditions, all peaks
are well-separated and thus data are of high quality, except for the overlap of the Argl2
and Asp33 peaks (Figure 2). Here, the overall rotational diffusion tensors and t. of WW4
under five conditions were determined by ROTDIF [36] while “Model-free” analysis of
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relaxation data was performed by the software DYNAMICS, which includes the classic and
extended “Model-free” models [32]. T, equivalent to 1/(6Djs,) in nanoseconds, represents
the overall rotational correlation time, which is calculated directly from the relaxation
data. We analyzed the relaxation data with three overall models, namely isotropic, axially
symmetric and fully anisotropic models and subsequently the axially symmetric model
was found to best describe WW4 under different conditions.

4.6. NMR Characterization of >N Backbone Dynamics on the ys-ms Time Scale

I5N transverse relaxation dispersion experiments for WW4 with a concentration of
250 pM under three conditions were acquired on DRX 500 and Bruker Avance 800 MHz
spectrometers equipped with a z-axis gradient cryoprobe at 25 °C. A constant time delay
(Tcp = 50 ms) was used with a series of CPMG frequencies, ranging from 40, 80, 120,
160, 200, 240, 280, 320, 400, 480, 560, 640, 720, 800 to 960 Hz, with a repeat at 120 Hz.
A reference spectrum without the CPMG block was acquired to calculate the effective
transverse relaxation rate by the following equation:

R = —In (I(vepma) /1o) /Tep ©

where I(vcppig) is the peak intensity on the difference CPMG frequency and Ij is the peak
intensity in the reference spectra.

The two-field (500 and 800 MHz) data for WW4 in the absence and in the presence
of 200 mM GdmCl and NaSCN were analyzed by assuming a two-state conformational
exchange, using the program GUARDD with the equation [44]:

eff (1 _ ~ In(Q)
R, < % ) = %M~ s (6a)
Here:
M= 1+ 3 (ke (5 ) cosh ! (Dicoshi) — Docosh())) (6
1 ¥ + 2Aw?
Di = — (X + 1> (6C)
2 (11}2 + CZ)l/z
1 1/2
ni:\fz5<(‘1’2+cz)zi‘{’) (6d)
¥ = (iAwy + (Pa — Pp)kex)” — Aw2 + 4PoPgK2, (6€)
(= —2Awc(iAwp + (Pa — Pp)kex) (6f)
1 PB 1/2
Qz%(l—mé—i—ml)mz mZ + = (mD—l-mZ)(P ) ) (68)
A

ikex(PP4)""?

2
sin(z49)
z+ +2 Awy (6h)
dizy (d,+2,)8)

: 1/2
S ikex(PgPy) i — 2 Awy sin(d_53) (60)
d-z- s1n )6)
)
)

mp =

d+ = (Awy + Awx) + ikex (6j)
Z4 = (AwH ACUX + lkex (61()
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The above fitting equations are for MQ dispersions, which can simplify to SQ disper-
sions provided Awp = 0 [44]. The obtained parameters defining conformational exchanges
are presented in Table 1.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms25137344/s1.
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