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Abstract

Despite the generally accepted role of the hydrophobic effect as the driving

force for folding, many intrinsically disordered proteins (IDPs), including those

with hydrophobic content typical of foldable proteins, behave nearly as self-

avoiding random walks (SARWs) under physiological conditions. Here, we

tested how temperature and ionic conditions influence the dimensions of the

N-terminal domain of pertactin (PNt), an IDP with an amino acid composition

typical of folded proteins. While PNt contracts somewhat with temperature, it

nevertheless remains expanded over 10–58�C, with a Flory exponent, ν, >0.50.

Both low and high ionic strength also produce contraction in PNt, but this con-

traction is mitigated by reducing charge segregation. With 46% glycine and low

hydrophobicity, the reduced form of snow flea anti-freeze protein (red-sfAFP)

is unaffected by temperature and ionic strength and persists as a near-SARW,

ν � 0.54, arguing that the thermal contraction of PNt is due to stronger interac-

tions between hydrophobic side chains. Additionally, red-sfAFP is a proxy for

the polypeptide backbone, which has been thought to collapse in water.

Increasing the glycine segregation in red-sfAFP had minimal effect on ν. Water

remained a good solvent even with 21 consecutive glycine residues (ν > 0.5),

and red-sfAFP variants lacked stable backbone hydrogen bonds according to
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hydrogen exchange. Similarly, changing glycine segregation has little impact

on ν in other glycine-rich proteins. These findings underscore the generality

that many disordered states can be expanded and unstructured, and that the

hydrophobic effect alone is insufficient to drive significant chain collapse for

typical protein sequences.
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1 | INTRODUCTION

Understanding the molecular details of denatured state
ensembles (DSEs) and intrinsically disordered proteins
(IDPs) and how they respond to changes in the environ-
ment will be central to resolving outstanding questions in
biomolecular thermodynamics (English et al., 2018; Kohn
et al., 2004; Riback et al., 2017; Wuttke et al., 2014). For
example, does the stability of a protein, as defined by the
Gibbs–Helmholtz equation, depend on whether the ther-
modynamic reference state is the unfolded state ensem-
ble under native conditions (DSENative), or the thermally
or chemically denatured ensemble (DSEtherm or DSE-

chem)? What is the relative importance of backbone
hydrogen bonding versus side chain hydrophobicity in
determining the properties of the unstructured chain? Is
solvent quality at room temperature the same as at 60�C?

We have extensively studied the passenger domain of
pertactin, a 539-residue parallel β-helix from Bordetella
pertussis, in our investigations of IDP properties
(Bowman et al., 2020; Renn et al., 2012; Riback
et al., 2017; Riback et al., 2019). Despite having a
sequence that can fold in the context of the full-length
protein, the N-terminal 334 amino acids of pertactin
(PNt), behaves as an intrinsically disordered, highly
expanded chain. PNt can therefore serve as a valuable
model system for studying the properties of unstructured
protein ensembles at equilibrium under physiologically
relevant conditions. Moreover, the large size of PNt rela-
tive to other DSE models increases the accuracy of deter-
mining global properties of the DSE.

These properties include the radius of gyration, Rg,
and the solvent quality, describable using the Flory scal-
ing exponent, ν, in the relationship Rg = R0N

ν, where
N is the number of residues and R0 is a pre-factor that
depends on, among other things, the persistence length
of the polymer (Flory, 1953; Riback et al., 2017). The
Flory exponent provides a universal parameter for
describing how polymers respond to their environment.
In the Flory approximation of protein polymers, solvent
quality typically ranges from ν = 1/3 to 3/5, with a

transition at ν = 1/2, the so-called θ-solvent limit, below
which intra-protein interactions are stronger than
protein–solvent interactions (Flory, 1953). For ν < 1/2,
the solvent quality is poor, and protein–protein interac-
tions promote chain compaction. By contrast, a good sol-
vent exists when ν > 1/2, and protein–solvent
interactions are favored. The Flory scaling limit of a
homopolymer is the ideal self-avoiding random walk
(SARW), or ν = 3/5, where protein–solvent interactions
dominate (although interactions can affect the scaling
limit; e.g., helical rods have ν = 1 [Das and Pappu, 2013;
Mao et al., 2010]). In 2 M guanidinium chloride
(GdmCl), PNt and other proteins approach the SARW
limit (Jacob et al., 2004; Jacob et al., 2007; Yoo
et al., 2012).

For many protein sequences, especially those in the
PDB, water is predicted to be a poor solvent for the chain,
that is, ν < 1/2 (Das et al., 2015; Hofmann et al., 2012).
However, previous small-angle x-ray scattering (SAXS)
measurements found that water is a good solvent for PNt,
with ν = 0.54. Nevertheless, the properties of the PNt
conformational ensemble are sensitive to its amino acid
sequence pattern. Disrupting the well-mixed hydropho-
bic/hydrophilic sequence pattern by rearranging only a
small subset (2%–5%) of PNt's amino acids led to a mea-
surable contraction and decrease in ν (Bowman
et al., 2020).

Temperature and ionic strength are two environmen-
tal variables that impact protein stability and a polypep-
tide chain's physical properties. Far-UV circular
dichroism (CD) measurements of disordered chains have
reported ellipticity changes at elevated temperatures,
which have been interpreted as the loss of secondary
structure (English et al., 2018; Uversky, 2009). However,
the interpretation of CD signal changes can be ambigu-
ous, for example, reflecting differences in backbone dihe-
dral angle propensities rather than stable hydrogen-
bonded structure (Kjaergaard et al., 2010).

SAXS and Förster resonance energy transfer (FRET)
studies have also reported chain contractions at elevated
temperatures in both IDPs and DSEs of hydrophobic and
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hydrophilic sequences, with interpretations including
hydrogen bond formation, non-specific hydrophobic col-
lapse, and temperature-dependent solvation energies
(Nettels et al., 2009; Sadqi et al., 2003; Stenzoski
et al., 2018; Wuttke et al., 2014). Multiple groups have
also measured the effect of different salts and ionic
strength on the conformation of disordered chains
(Hofmann et al., 2008; Maity et al., 2022; Müller-Späth
et al., 2010; Vancraenenbroeck et al., 2019; Wiggers
et al., 2021) and the stabilities of proteins (Pegram
et al., 2010; Pegram and Record Jr., 2008). However, there
has not been an analysis of the effect of temperature and
ionic strength on the solvent quality for disordered
proteins.

In this work, we investigate the effect of temperature
and salt on the conformational properties of polypeptides
outside the native state energy basin using a variety of
model IDPs, including PNt and the reduced, glycine-rich
snow flea anti-freeze protein (red-sfAFP), which serve as
mimics of the DSE of a foldable protein and the polypep-
tide backbone, respectively. Due to improved data quality
and modern analytical tools, coupled with size-exclusion
chromatography (SEC), SAXS can now be used to simul-
taneously determine both the Rg and solvent quality ν of
DSEs in different environments, independent of aggrega-
tion effects (Riback et al., 2017). Both PNt and red-sfAFP
are expanded IDPs under physiological conditions, yet
the structural features of their DSEs vary with the dena-
turing agent and ionic strength. For PNt, we found that
the solvent quality decreases monotonically with temper-
ature, while changes to ionic strength elicit a more com-
plex behavior. The effect of ionic strength on the solvent
quality of PNt, however, appears to be independent of
temperature. The dimensions of the red-sfAFP conforma-
tional ensemble are consistent with a near-SARW and
are nearly temperature-independent, implying that the
temperature-dependent contraction of PNt is due to
the increased strength of side chain hydrophobic interac-
tions at higher temperatures, rather than a change in
backbone properties. Our findings have broad implica-
tions for interpreting biothermodynamic experiments,
notably that the hydrophobic effect alone is insufficient
to drive global collapse of protein chains below 60�C.

2 | RESULTS

2.1 | Hydrophobicity-driven
temperature-dependent contraction

We performed SAXS using an in-line SEC column to
ensure monodispersity of the PNt sample. By analyzing
SAXS profiles using the molecular form factor (MFF) for

disordered polymers (Riback et al., 2017), we obtained
both the Rg and ν of PNt in an aqueous buffer (10 mM
sodium phosphate, 150 mM KCl, pH 7.4) at temperatures
from 10 to 58�C (Figure 1). As temperature increased, the
Rg and ν of PNt decreased by �11% (from 52.72 ± 0.14 Å
to 46.98 ± 0.14 Å) and 9% (0.555 ± 0.002 to 0.505
± 0.002), respectively, while the pre-factor R0 increased
from 2.10 ± 0.02 Å to 2.50 ± 0.02 Å as expected (Riback
et al., 2017). Despite this temperature-dependent contrac-
tion, our data demonstrate that water remains a good sol-
vent for PNt (e.g., ν > 1/2) over a significant temperature
range, well above the Bordetella pertussis growth temper-
ature (37�C).

The mild contraction of PNt at higher temperatures is
consistent with the known increase in the strength of
hydrophobic interactions with increasing temperature
(Kjaergaard et al., 2010; Langridge et al., 2014; Nettels
et al., 2009; Sadqi et al., 2003; Wuttke et al., 2014). To bet-
ter examine the origin of this effect, we also measured
the temperature dependence for a model protein that
serves as a proxy for the behavior of the protein backbone
alone. This protein, reduced sfAFP (red-sfAFP), has a
high glycine content (46%) and a low percentage of
hydrophobic (6% I/L/V/F/Y/W) and charged (7% R/K/D/
E) residues, and the reduction of the two disulfide bonds
in sfAFP leads to a disordered conformation (Gates
et al., 2017). At 10�C, red-sfAFP is in the good solvent
regime, with ν = 0.530 ± 0.008 and Rg = 23.69 ± 0.12 Å.
In contrast to PNt, the dimensions of red-sfAFP increased
slightly with temperature. The Rg and ν changed to 24.29
± 0.08 Å and 0.554 ± 0.006, respectively, at 58�C
(Figure 1). The lack of a temperature-dependent contrac-
tion of red-sfAFP, our backbone control, supports the
interpretation that the mild temperature-dependent con-
traction observed for PNt is due to interactions between
its hydrophobic side chains. Alternative hypotheses to
explain this temperature-dependent contraction, includ-
ing a change in polypeptide backbone properties, driven
by changes to hydrogen bonding and/or Ramachandran
angle distribution, are inconsistent with our other inves-
tigations, as discussed below.

2.2 | Changing dihedral angle
propensities have a negligible effect on Rg

To investigate the relationship between dihedral angle
distributions and the dimensions of an IDP, we simulated
PNt as a SARW ensemble at multiple temperatures using
replica exchange molecular dynamics (MD) simulations
with the nearly-all-atom Upside MD algorithm (Jumper
et al., 2018a; Jumper et al., 2018b). In Upside, the back-
bone dihedral angle (or Ramachandran) energy term is
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solely enthalpic and is constant with temperature. Never-
theless, the relative Ramachandran basin populations are
governed by free energies and thus subject to entropic
effects (i.e., the distribution becomes more uniform at
higher temperatures as the importance of backbone
entropy increases with temperature, leading to broader
sampling of the Ramachandran map) (Figure 2 and
Figure S1 in Data S1). For PNt ensembles, the popula-
tions of the poly-proline 2 (PPII) and β basins are anti-
correlated with increasing temperature. While PPII is the
dominant basin at low temperatures, the two populations
nearly converge at higher temperatures as the β basin is
broader and, hence, has higher entropy. An increased
population of the β basin at higher temperatures is

consistent with experimental measurements of peptides
(Kjaergaard et al., 2010; Shi et al., 2002; Toal et al., 2014).
Despite the temperature-dependent shifts in Ramachan-
dran basin occupancies for PNt, the effect on Rg is mini-
mal, changing by less than 1.9 Å (3%) across the entire
simulated temperature range (Figure 2) and only 0.4 Å
over the temperature range explored in our SAXS mea-
surements (TUpside = 0.82–0.97, corresponding to
Texp = 11–63�C). Similarly, across the simulated tempera-
ture range, the predicted scattering profiles yielded
ν = 0.6, as expected for a SARW (Figure S2 in Data S1).
These results demonstrate that changes in backbone
basin probabilities do not account for the temperature-
dependent decrease in solvent quality for PNt.

FIGURE 1 (a) Temperature-dependent SEC-SAXS of an IDP with a protein-like sequence (PNt) and a glycine-rich IDP (red-sfAFP).

(b) Residues in PNt and sfAFP sequences are categorized as hydrophobic (gray), aromatic (black), polar (green), positive (blue), and negative

(red). Glycine and proline residues are colored orange and light gray, respectively. (c) The Rg and (d) solvent quality, ν, of PNt and red-sfAFP

are obtained using a molecular form factor (Riback et al., 2017) (MFF) from SAXS measurements collected across a temperature range from

10 to 58�C in our standard buffer condition: 10 mM sodium phosphate, 150 mM KCl, pH 7.5 (2 mM DTT is included to reduce disulfide

bonds). By 58�C, the buffer is approaching the θ-solvent limit (ν = 1/2), while in 4 M GdmCl, PNt behaves as a self-avoiding random walk

(ν = 3/5) at all temperatures. In contrast to PNt, the global properties of a glycine-rich IDP (reduced sfAFP) do not significantly change with

temperature. Error bars from fitting with the MFF are present for all points but are often smaller than the symbols. IDP, intrinsically

disordered protein; PNt, N-terminal domain of pertactin; SEC-SAXS, size-exclusion chromatography-small-angle x-ray scattering.
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2.3 | Dimensions of PNt in other buffers

In contrast to the temperature-dependent behavior of
PNt described above, the dimensions of PNt in 4 M
GdmCl were essentially constant from 10 to 58�C (Rg:
60.31–62.51 Å; ν: 0.591–0.603; Figure 1). An increase in
temperature is normally equated with a loss of interac-
tions and favors higher entropy states. However, for a
SARW having no interactions other than hard-sphere
repulsions, the ensemble of chain conformations is
already maximally entropic, and hence, the dimensions
of the chain are expected to be independent of tempera-
ture (Sneppen and Zocchi, 2005). Since chemically dena-
tured proteins are known to behave as SARWs (Kohn
et al., 2004), the observed lack of temperature depen-
dence for PNt in 4 M GdmCl is expected. Overall, these
results underscore that temperature changes do not
inherently alter the dimensions of a polypeptide chain
that lacks hydrophobic interactions. We also measured
the temperature-dependent conformational ensemble of
PNt in urea, a weaker chemical denaturant than GdmCl
(Myers et al., 1995; Tischer et al., 2018). PNt behaved as a
SARW only up to 20�C in 4 M urea, exhibiting a modest
contraction at higher temperatures (Rg = 62.44 ± 0.57 Å
and 57.88 ± 0.34 Å at 10�C and 58�C, respectively),
although the solvent quality of 4 M urea at 58�C
remained high, with ν = 0.582 ± 0.004 (Figure 1). We
interpret the slight contraction at higher temperatures to
be the result of some degree of hydrophobic interactions
that persist in 4 M urea.

PNt has a 24 amino acid low-complexity region with
12 glycine residues, including four PGG repeats
(GGAVPGGAVPGGAVPGGFGPGGFG). To test whether
this P/G-rich region affects the dimensions or salt-
sensitivity of PNt, we created a truncated version of PNt
with residues 232–255 removed (PNt-deltaPG). In our
standard 10 mM sodium phosphate, 150 mM KCl buffer,
removing the P/G region did not affect the solvent quality
(Figure S3 in Data S1).

To test the effects of the cellular milieu on IDP col-
lapse, we compared the dimensions of PNt in our stan-
dard buffer to a more physiologically relevant buffer:
50 mM potassium phosphate, 20 mM NaCl, 50 mM KCl,
100 mM glutamate, 0.5 mM MgCl2, and 10 mM ATP
(Bar-Even et al., 2011; Milo and Phillips, n.d.) (hereafter
referred to as bio-buffer). Beyond testing the effects of a
solvent more relevant to the cellular environment—an
ongoing concern for in vitro studies using nonphysiologi-
cal buffers—the addition of ATP was used to investigate
the proposal that this cosolute is a hydrotrope that
increases protein solubility (Patel et al., 2017), suggesting

FIGURE 2 The Rg of a self-avoiding polypeptide is invariant as

a function of temperature, despite changes in Ramachandran basin

probabilities. (a) Ramachandran basins are defined as in Jha et al.

(2005) and depicted by gray dashed lines. Replica exchange

simulations of PNt were carried out using the Upside algorithm but

with only the self-avoidance and dihedral angle energy terms

turned on. The Ramachandran angle distributions change between

T = 0.60 (left) and 1.3 (right) Upside temperature units as the shape

of the individual basins are different. Contour line values are

indicated on the color bar. (b) Some basin probabilities change with

temperatures (e.g., PPII and β) while others do not (α-helix), even
though the Ramachandran potential in Upside does not have an

explicit temperature dependence. (c) Despite the changing dihedral

angle propensities, the average Rg at each temperature (inset) is

indistinguishable. Error bars represent the standard deviation of

the Rg across the structural ensemble. PNt, N-terminal domain of

pertactin.
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it may affect solvent quality. The use of the bio-buffer has
only a minimal impact on the chain dimensions of PNt-
deltaPG relative to our standard buffer; the Rg and ν
decrease slightly, that is, 47.58 ± 0.38 Å and 0.541
± 0.010 compared to 49.53 ± 0.22 Å and 0.560 ± 0.005,
respectively.

2.4 | Probing H-bond formation in
glycine-rich variants

Our SEC-SAXS results indicated that a buffer containing
10 mM sodium phosphate, 150 mM KCl, 2 mM DTT,
pH 7.5 is a good solvent for red-sfAFP. Nevertheless, the
chain does not behave fully as a SARW as ν is lower than
expected for a SARW, even at 10�C (Figure 1d). We con-
sidered whether this difference could be due to the
glycine-rich sequence forming a low level of hydrogen
bonds, which can be probed using NMR
hydrogen exchange (HX) methods. Specifically, we mea-
sured the millisecond HX times between the protons on
water molecules with amide backbone protons using the
solvent saturation transfer method, CLEANEX-PM
(Hwang et al., 1998).

Given the considerable challenge in assigning NMR
peaks for a low-complexity IDP such as red-sfAFP with
46% glycine, we distinguish glycine residues from non-
glycine residues using 15N-TOCSY-HSQC experiments
(Marion et al., 1989) and take advantage of the tendency
for glycine amide NH peaks to occupy a distinct region in
NMR 1H15N-HSQC spectra. Coupled with the observa-
tion that the peaks undergo minimal changes in chemical
shift in different solvent conditions, we performed indi-
vidual comparisons of the HX rates for 21 distinct glycine
residues and 27 distinct non-glycine residues across three
solvent conditions, despite the absence of specific residue
assignments.

We compared HX rates for red-sfAFP in a typical
in vitro buffer (50 mM potassium phosphate, 1 mM
TCEP, pH 7.0) to our bio-buffer with and without 1 M
urea. An sfAFP variant (red-sfAFP*: H8D/C13H/T16D/
C43H/V59N/K72R), was used for these measurements,
due to its availability. We found that the distribution of
HX rates for both glycine and non-glycine residues does
not significantly change in the three solvent conditions
(Figure 3; R2 of linear fits of ln kobs were 0.88–0.94). The
root mean square (RMS) deviations of ln kobs between
the bio-buffer and in vitro buffer are 0.10 and 0.12 for gly-
cine and non-glycine residues, respectively. We did not
observe any significant change in HX rates in urea (the
RMS for ln kobs between conditions is 0.16 and 0.17 for
glycine and non-glycine residues, respectively). If there
was significant hydrogen bond formation in our standard

in vitro buffer, addition of urea should have reduced the
hydrogen bond frequencies across the protein. In con-
trast, our results suggest that there is no significant
hydrogen bonding in red-sfAFP. Comparing the mea-
sured HX rates with the predicted distributions of intrin-
sic exchange rates (Bai et al., 1993; Connelly et al., 1993;

FIGURE 3 CLEANEX-PM hydrogen exchange rates for

unfolded sfAFP variants are consistent across different buffer

conditions. Red-sfAFP* (H8D/C13H/T16D/C43H/V59N/K72R), a

variant of red-sfAFP (Upper row), is compared with a shuffled

sequence having 14 consecutive glycines (1x14G, Lower row).

Exchange rates are measured in an “in vitro buffer” (50 mM

potassium phosphate, 1 mM TCEP, pH 7.0) and compared with

rates from a “bio-buffer” (in vitro buffer + 20 mM NaCl, 50 mM

KCl, 100 mM KGlu, 0.5 mM MgCl2, 10 mM ATP), and “1 M urea”
buffer (bio-buffer + 1 M urea). Filled and open symbols indicate

glycine and non-glycine residues, respectively. The identity line is

shown in each panel to guide the eye.
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Nguyen et al., 2018) suggests a maximum protection fac-
tor of �2. The SAXS data provide no evidence that our
bio-buffer alters solvent quality for PNt. Overall,
our HX/NMR data are consistent with the SAXS mea-
surements, describing the glycine-rich red-sfAFP as an
unstructured IDP in a good solvent.

Our findings appear to differ from previous computa-
tional and experimental studies, which proposed that
glycine-rich sequences undergo collapse in the absence of
denaturant (Asthagiri et al., 2017; Karandur et al., 2014;
Karandur et al., 2016; Tran et al., 2008). A possible reso-
lution of this paradox is that red-sfAFP, while 46% gly-
cine, has at most two consecutive glycine residues,
whereas earlier studies of poly-glycine typically have
stretches of 5+ glycines (Asthagiri et al., 2017; Holehouse
et al., 2015; Karandur et al., 2014; Karandur et al., 2016;
Teufel et al., 2011; Tran et al., 2008). Consequently, we
measured HX rates for a variant of red-sfAFP, 1x14G,
which has the same sequence composition as red-sfAFP
but with 16 residues reordered to create a stretch of
14 consecutive glycine residues.

As with red-sfAFP, the HX rates for 1x14G are
unchanged across the three buffer conditions (Figure 3)
and we estimate that amide protection factors do not
exceed 2. The RMS differences in ln kobs for glycine and
non-glycine residues are 0.23 and 0.14, respectively, in
the bio-buffer and 0.13 and 0.15 in 1 M urea. Since we do
not have specific peak assignments, it is not possible to
determine which glycine peaks, if any, correspond to the
poly-glycine stretch in the 1x14G variant. However,
the invariance of the rates across the different buffers is
consistent with a lack of stable hydrogen bonding across
an expanded chain that is midway between a SARW and
a θ-solvent, where chain–solvent interactions match the
strength of intra-chain interactions.

2.5 | Dimensions of glycine-rich variants

In addition to the 1x14G variant, we also rearranged the
sfAFP sequence to produce two other poly-glycine
stretches, 3x7G and 1x21G. Recombinant expression of
1x21G proved difficult, so the construct was instead pro-
duced by chemical synthesis (Hartrampf et al., 2020). The
dimensions of 1x14G and 3x7G are similar to WT red-
sfAFP and show no signs of contraction at 20�C, despite
their internal poly-glycine stretches (Figure S4 in
Data S1). Although 1x21G was prone to aggregation, its
monomeric form eluted from the SEC column with
ν = 0.521 ± 0.015, consistent with a good solvent but
somewhat contracted conformational ensemble. Taken
together, the SEC-SAXS data indicate that water is not
inherently a poor solvent for poly-glycine stretches.

We also tested the large isoform of AFP (lfAFP) (Mok
et al., 2010), which has a slightly higher glycine content
compared to sfAFP and in reducing conditions behaves
as a SARW. Shuffling or increasing the glycine content in
lfAFP had little impact on the dimensions of the confor-
mational ensemble (Figure S5A–C in Data S1). Another
glycine-rich protein, the RGG domain of LAF1, contains
a significant amount of glycine (35%) and multiple
stretches of six to seven consecutive glycine residues.
Shuffling the sequence to restrict consecutive glycine res-
idues to no more than two in a row had no effect on the
solvent quality of the chain, which was just under the
θ-solvent limit (Figure S5D,E in Data S1). Just as with
the red-sfAFP variants, the chain dimensions of glycine-
rich chains in our study are robust to the presence of con-
secutive glycine residues.

2.6 | Dimensions of other low
complexity sequences

In addition to poly-glycine, poly-glutamine has also been
reported to collapse in water, although this collapse has
been reported to be sensitive to multiple factors including
the length of glutamine stretch, the chemical composi-
tion of the flanking sequence, and pH (Crick et al., 2006;
Singh and Lapidus, 2008; Vitalis et al., 2008; Walters and
Murphy, 2009). Using our shuffled sfAFP sequences as
templates, we replaced the glycine stretches with an
equivalent number of glutamine residues. While these
constructs were aggregation-prone, SEC-SAXS revealed
that the monomeric form variants behaved as near
SARWs (Figure S6 in Data S1). Similarly, the SAXS pro-
file of poly-asparagine chains with a diversity of chain
lengths is well-fit with a ν = 0.603 ± 0.010 (Figure S6 in
Data S1). Collectively, our data reflect that in general,
water tends to be a good solvent for a wide variety of
polypeptides.

2.7 | Effects of low and high
concentrations of salt

We extended previous studies of the ion dependence of
IDP conformational ensembles (Hofmann et al., 2008;
Müller-Späth et al., 2010; Vancraenenbroeck et al., 2019;
Wiggers et al., 2021) by obtaining the solvent quality,
which provides a universal parameter for comparison
across systems, for PNt and red-sfAFP. We next measured
the temperature dependence of Rg and ν for PNt across
various ionic conditions, beginning first at 10�C with a
low ionic buffer (10 mM sodium phosphate, pH 7.4). The
removal of salt leads to an 11% and 9% reduction in Rg
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and ν for PNt (47.07 ± 0.12 Å and 0.507 ± 0.002, respec-
tively) at 10�C relative to the 150 mM KCl condition
(Figure 4a,b). In this low (25 mM) ionic strength buffer,
changing the temperature produces a similar reduction
in Rg and ν as seen with 150 mM KCl. Specifically, at
58�C, Rg decreased by �11% to 41.83 ± 0.21 Å, and ν
decreased by 8% to 0.465 ± 0.004. The low ionic buffer
becomes a poor solvent at temperatures above 30�C
(ν = 0.495 ± 0.003). In 500 mM KCl, Rg and ν exhibit the
same temperature dependence as in 150 mM KCl,

suggesting that temperature and salt effects are effectively
additive in this range of conditions.

To complement the temperature dependence of ν in
different salt conditions, we measured Rg and ν of PNt at
20�C at six different salt concentrations: 0, 0.05, 0.15, 0.3,
0.5, and 1 M KCl (Figure 4c,d). From 0 to 0.15 M KCl,
solvent quality increases, yet decreases above 0.5 M. Spe-
cifically, 20 mM HEPES alone at pH 7.5 leads to a confor-
mational ensemble for PNt that is just below the
θ-solvent limit (ν = 0.489 ± 0.002). However, the

(a) (b)

(c) (d)

FIGURE 4 Salt-dependent SEC-SAXS of PNt variants. (a) The Rg and (b) solvent quality, ν, for PNt are obtained from SAXS

measurements collected across a temperature range from 10 to 60�C in 0, 150, and 500 mM KCl. The temperature dependence of the buffers

is similar across the different KCl concentrations, although the low ionic buffer becomes a poor solvent above 30�C (ν < 0.5). (c) The Rg and

(d) ν values of WT PNt and shuffled mutants, Swap5 and Swap6 (as described in Bowman et al., 2020), show a non-monotonic dependence

on [KCl]1/2. The baseline buffer for the PNt variants was 20 mM HEPES, pH 7.5, whereas for red-sfAFP, the baseline buffer was 20 mM

sodium phosphate, 2 mM DTT, pH 7.5. The κ values are listed for each variant showing the degree of charge partitioning; see text

(Holehouse et al., 2017). For red-sfAFP, the fraction of charged residues is low (0.07), hence its κ value is potentially unreliable. Fitting error

bars for Rg and ν are present for all points but are often smaller than the symbols. PNt, N-terminal domain of pertactin; SEC-SAXS, size-

exclusion chromatography-small-angle x-ray scattering.
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addition of even modest amounts of KCl led to good sol-
vent quality (ν = 0.524 ± 0.002 and 0.542 ± 0.001 in
50 mM and 150 mM KCl, respectively). This solvent qual-
ity is maintained up to 500 mM KCl, but increasing KCl
further ultimately leads to a marginally poor solvent
(ν = 0.486 ± 0.011 at 1 M KCl). These findings are con-
sistent with previous observations on changes to the
dimensions of IDPs in response to low and high ionic
strength (Maity et al., 2022).

We also measured the effect of KCl titration on the
dimensions of red-sfAFP, and two sequence-reordered
variants of PNt, “Swap5” and “Swap6” where the posi-
tions of charged residues were reordered to alter charge
segregation (Bowman et al., 2020), as quantified using
the κ parameter, where lower κ values are associated with
more well-mixed charges and therefore more expanded
ensembles (Das and Pappu, 2013; Holehouse et al., 2017)
(Figure 4c,d). The Swap5 and Swap6 sequences have very
different charge-segregation patterns (and κ values) while
maintaining the same amino acid composition as the WT
sequence. Swap5 was constructed by swapping charged
residues so that nearly all negative charges (Asp, Glu) are
N-terminal of the positively charged ones (Arg, Lys),
whereas charged residues exchanged positions in Swap6
so that the charge pattern alternates sign. For WT PNt,
κ = 0.222, whereas κ = 0.137 and 0.291 for Swap6 and
Swap5, respectively. The range of KCl concentration over
which water is a good solvent varies for the three ver-
sions of PNt and is consistent with the relative values
of κ.

Swap6 is a very well charge-mixed variant of the PNt
sequence and is the least affected by changes in KCl con-
centration. Even in the absence of KCl, ν = 0.551 ± 0.003
for Swap6, and this solvent quality is maintained over a
large range, dropping only to 0.513 ± 0.010 in 1 M KCl.
In contrast to Swap6, the effect of KCl on the dimensions
of Swap5 is very pronounced. In a low ionic buffer
(20 mM HEPES buffer lacking KCl, pH 7.5), Swap5 is col-
lapsed with Rg = 33.02 ± 1.15 Å and ν = 0.338 ± 0.018.
At 150 mM KCl, solvent quality dips under the θ-solvent
limit for Swap5, with Rg = 48.71 ± 0.34 Å and ν = 0.498
± 0.005. WT PNt has an intermediate κ value relative to
Swap5 and Swap6, and its Rg and ν likewise show an
intermediary response to KCl.

For comparison, the dimensions of red-sfAFP, which
has low charge content (7%) as well as low hydrophobic-
ity, are nearly independent of ionic strength up to 1 M
KCl, although ν slightly decreases at this high ionic con-
dition (ν = 0.524 ± 0.007). These results are consistent
with previous work, indicating that the effect of ionic
strength at lower salt concentrations is primarily on the
interactions between charged residues rather than
the backbone, while chain contraction at higher ionic

strengths can be attributed to exclusion of salt from
hydrophobic surfaces (Sukenik et al., 2014;
Vancraenenbroeck et al., 2019).

2.8 | Changes in surface area and
denaturant m-values

To investigate the influence of changes in solvent quality
on the physical properties of DSEs and stability, we ran
simulations with various levels of side chain–side chain
interactions to produce a range of values in ν, as was
done to create an MFF (Riback et al., 2017). Specifically,
we calculated the dependence of solvent accessible sur-
face area (SASA) of PNt ensembles on ν (Figure S7 in
Data S1). The SASA of DSENative is 10% less than that of
DSEchem at 8 M GdmCl. This difference in SASA trans-
lates to a decrease in the denaturant dependence of ΔGeq

(i.e., the m-value) from 2.25 to 1.81 kcal mol�1 M�1. Of
note, half of the decrease in the m-value occurs below
1 M GdmCl. As a result, the net effect on ΔGeq is small,
that is, only about 6% at 0 M, which may escape experi-
mental identification. In summary, the structural effects
on the DSE due to changes in solvent condition have a
minimal effect on stability measurements.

3 | DISCUSSION

We used two distinctly different IDPs, one having 39%
hydrophobic residues (PNt), and the other having only
6% hydrophobic residues but with 46% glycine (red-
sfAFP), to test hypotheses regarding the molecular basis
of the effects of the temperature, ionic strength, and
sequence variation on the properties of DSEs. Consistent
with the hydrophobic effect becoming stronger at higher
temperatures, PNt continually contracts up to 60�C, our
highest measured temperature, corroborating results for
other proteins (Das and Pappu, 2013; Stenzoski
et al., 2018; Wuttke et al., 2014; Zerze et al., 2015). The
temperature dependence of the DSE for CTL9 was char-
acterized by CD and SAXS using a destabilizing mutation
although there remained a 10%–50% native population
that had to be accounted for in the analysis (Stenzoski
et al., 2018). Interestingly the Rg of CTL9 contracts signif-
icantly (�18%) from 10 to 30�C, which is greater than the
6% observed for PNt. Additionally, while PNt continues
to contract, the Rg for the DSE of CTL9 remains invariant
above 30�C (a trend also observed by FRET in denatured
proteins but not in authentic, highly charged IDPs
[Aznauryan et al., 2013; Nettels et al., 2009; Wuttke
et al., 2014]). The origin of these differences for CTL9
and PNt is unknown as the chains have similar
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hydrophobic content (41% and 39%, respectively) and pat-
terning (Bowman et al., 2020).

A previous study by Wuttke et al. using FRET also
reported temperature-induced compaction in a set of
IDPs that varied in hydrophobicity, but with hydrophilic
chains exhibiting the greatest contraction with tempera-
ture (Wuttke et al., 2014). Using SAXS, we find that the
solvent quality for red-sfAFP, a peptide backbone analog,
remains in the good solvent regime (ν � 0.54) up to 60�C.
Whereas red-sfAFP is quite soluble, it contains many
fewer charged residues (7%) compared to the polypeptide
chains studied by Wuttke et al. (25%–56% charged resi-
dues) (Wuttke et al., 2014), which may reconcile the lack
of collapse in red-sfAFP with the compaction observed in
the FRET study. Regardless, the temperature invariance
of red-sfAFP and the rapid backbone HX support a model
where the contraction of PNt at higher temperatures
results from stronger interactions between hydrophobic
side chains rather than interactions involving the
backbone.

Water has been thought to be a poor solvent for the
protein backbone and glycine-rich chains (Holehouse
et al., 2015; Teufel et al., 2011). Yet, despite being
glycine-rich, the red-sfAFP and other glycine-rich vari-
ants are expanded in a variety of buffer conditions, with
no evidence of residual hydrogen bonding according to
HX-NMR measurements. Earlier SAXS measurements on
short poly-glycine stretches similarly identified extended
conformations (Ohnishi et al., 2006). Furthermore, for
their less-soluble longer glycine chains, x-ray diffraction
measurements by Ohnishi et al. of the aggregates were
consistent with poly-proline 2 helical structure (Ohnishi
et al., 2006), similar to the structural elements of native
sfAFP. We observed a contraction only for the 1x21G
construct, which was also the only glycine variant to dis-
play a significant aggregation propensity. The Ohnishi
et al. results suggest that the aggregation of 1x21G could
be due to the glycine chain trying to form poly-proline
2 helix–helix interactions, which does not happen with
the shorter glycine stretches. Even though our NMR
analysis of red-sfAFP* and 1x14G did not find any signifi-
cant hydrogen bond protection, it would be interesting to
examine if there is a slowing in HX for the 1x21G mono-
mer, given the contraction we observed.

Another study measured the effect of temperature on
the radius of hydration, Rh, for a sequence-reversed ana-
log of staphylococcal nuclease (Retro-nuclease) using
SEC and dynamic light scattering (English et al., 2018).
Whereas the SEC data indicated continual compaction
with temperature, Rh was non-monotonic, with an initial
increase in Rh with temperature followed by a decrease at
higher temperatures. This behavior was attributed to
temperature-dependent changes in the backbone

dihedral angle propensities. Our simulations and SAXS
measurements on systems where the hydrophobic effect
should play a minimal role (e.g., PNt in 4 M GdmCl and
red-sfAFP) were independent of temperature, which
argues against temperature-dependent changes in dihe-
dral angle propensities being responsible for the contrac-
tion we observed.

3.1 | Effects of buffer composition

For PNt, the increase in solvent quality at moderate ionic
strength reflects small amounts of salt-shielding
ionic interactions between side chains. At elevated salt
concentrations, collapse is enhanced due to an exclusion
of ions around hydrophobic sidechains (Pegram
et al., 2010; Pegram and Record Jr., 2008;
Vancraenenbroeck et al., 2019). For red-sfAFP, the sol-
vent quality does not change at low salt concentrations,
and only a modest contraction occurs at high salt concen-
trations. This finding is unexpected as both red-sfAFP
and PNt have low charge content, although sfAFP is
lower than PNt (7% vs. 15%), which may explain the dif-
ferent solvent quality at low salt. However, the different
behaviors for the two proteins at high salt concentrations
are likely due to the enhancement of the hydrophobic
effect, which is more relevant for PNt than red-sfAFP.

Beyond the effects of charge composition, it is not
altogether surprising that protein sequences with differ-
ent charge distributions also respond differently to
changes in ionic condition (Das and Pappu, 2013; Huihui
et al., 2018; Maity et al., 2022; Müller-Späth et al., 2010).
Using SAXS, we measured the impact of ionic strength
on solvent quality for different sequences. The behavior
of the PNt variants in response to KCl reflects the range
of κ values of the sequences (although the actual frac-
tional charge content of the sequence affects the specific
mapping of κ to ν). Compared to our standard buffer, the
dimensions of PNt-deltaPG were essentially unchanged
in a more biologically relevant buffer (Bar-Even
et al., 2011; Milo and Phillips, n.d.). Potentially the extra
solutes, especially the proposed hydrotrope, ATP (Patel
et al., 2017), have a greater effect on folded proteins than
on IDPs.

3.2 | Implications for protein
thermodynamics

Our SAXS data provide insight into the robustness of pro-
tein thermodynamics to the perturbant used. The ther-
modynamic reference state, the DSE, may be a function
of the environment (buffer composition, temperature,
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etc.), and, as a result, the extracted ΔG values could, in
principle, depend on the mode of denaturation. For
example, the DSEtherm at the midpoint of a temperature
melt may differ from the DSEchem at the chemical dena-
turation midpoint, for example, the DSE at 60�C versus
the DSE at 4 M GdmCl. In addition, HX methods can
measure stability under native conditions and report on a
third pertinent ensemble, DSENative.

Nevertheless, denaturation by temperature, denatur-
ant, and even pressure often produces the same values of
ΔG as HX measurements when extrapolated to a common
reference condition (Meisner and Sosnick, 2004; Roche
et al., 2012; Skinner et al., 2014; Yu et al., 2016). Pace et al.
found this to be the case within 1 kcal mol�1 for 19/20
comparisons (Huyghues-Despointes et al., 1999).

These findings argue that despite differences in their
ν values, and by implication the amount of buried surface
area, the DSEchem, DSEtherm, and DSENative (and DSEpres-

sure) are thermodynamically equivalent and the extrapola-
tion methods using either the Gibbs–Helmholtz equation
or a linear denaturant model are reasonably accurate for
comparing stabilities (although examples of multiple, dis-
tinct DSEs have been reported [Tischer et al., 2018]).

The agreement between HX and the other methods
also implies that the DSE undergoes complete unfolding
to facilitate the exchange of the most stable backbone
amide hydrogens even under native conditions. This
implication is supported by the lack of measurable HX
protection for red-sfAFP.

Despite the thermodynamic equivalence of the different
DSEs, their far-UV CD spectra can be different. Narayan
et al. (2019) found that for 32 proteins, the ellipticity, [θ], at
λ = 222 nm (often perceived as a signature of helical struc-
ture) was stronger for DSEtherm as compared to DSEchem.
Numerically, the [θ]222nm value for DSEtherm is between
�4000 and �6000 deg cm2 dmol�1, whereas for DSEchem,
[θ]222nm is between �3000 and 0 deg cm2 dmol�1.

However, we have found the [θ]222nm levels are nearly
temperature-independent over a broad temperature
range for DSE analogs of cytochrome c and RNase A (Qi
et al., 1998; Sosnick et al., 1997), as well as [θ]218nm for
PNt (Figure S8 in Data S1). The similarity of the CD
values for DSENative and DSEtherm implies that the resid-
ual CD signal need not reflect authentic, hydrogen-
bonded α or β secondary structure. Consistent with this
view, previous work from Kjaergaard et al. (2010) found
that, despite a temperature-induced increase in [θ]222nm
for two IDPs, NMR measurements did not suggest any
corresponding secondary structure formation in the
chains. Hence, the residual CD values may reflect that
the polypeptide chain backbone in DSEtherm and DSENa-

tive has, on average, more backbone dihedral angles in
the α and β regions of the Ramachandran map compared

to DSEchem, which is dominated by PPII geometries and
has near zero [θ]222nm values (Chellgren
and Creamer, 2004; Whittington et al., 2005). Intrigu-
ingly, isodichroic points are observed in some peptides
(Kjaergaard et al., 2010; Shi et al., 2006; Toal et al., 2014),
potentially indicating a residue-level two-state transition
from the PPII to the β Ramachandran basin, rather than
a gain in hydrogen-bonded secondary structure. Collec-
tively, these results provide an explanation for how the
three DSEs can be thermodynamically, but not spectro-
scopically, equivalent.

It is worth noting that a contrived “rigid-segment”
model consisting of rigid native secondary structure ele-
ments linked by flexible residues has been put forth as an
ensemble that can produce the R0 and ν scaling observed
for SARWs despite having extensive local structure
(Fitzkee and Rose, 2004; Kohn et al., 2004). The implica-
tion is that the reproduction of the scaling behavior is
insufficient to conclude that an ensemble is a SARW.
While true, other data supports the view that our ensem-
bles resemble SARWs and not the rigid-segment model.
We observe scattering expected for a SARW whereas the
contrived model would have a steeper scattering on a
normalized Kratky plot at qRg >3 (Fitzkee and
Rose, 2004; Receveur-Brechot and Durand, 2012). In
addition, the CD spectra for DSE are that of disordered
proteins rather than native-like (Narayan et al., 2019). In
sum, the contrived model is not plausible for multiple
reasons and emphasizes the importance of using
multiple techniques.

3.3 | Concluding thoughts

While we share the view that the hydrophobic effect is
the major stabilizing factor in protein folding, additional
stabilizing factors are required, such as stronger hydro-
gen bonding or improved van der Waals packing, for a
protein to be stable. As we have previously noted, the
insufficiency of the hydrophobic effect to drive chain col-
lapse may confer biological advantages (Clark
et al., 2020). With a moderate hydrophobic effect in
water, the level of promiscuous interactions and deleteri-
ous aggregation is reduced. Indeed, one can hypothesize
that the 20 naturally occurring α-amino acids were
selected in part as they provided sufficient chemical
diversity with just enough affinity to support specific
folding and binding without excessive misfolding and
aggregation. Whereas a recent study investigating peptide
libraries built with non-proteinogenic amino acids pro-
posed that amino acid selection was based in large part
on foldability (Makarov et al., 2023), our study empha-
sizes the importance of balancing the energetics, striking
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a compromise between desirable structures and
unwanted interactions. The current set of amino acids
certainly is imperfect in this regard, as cells do exhibit
some aggregation and misfolding (and hence produce
folding chaperones as well to mitigate these issues).

Finally, our results raise questions about how thermo-
philic organisms cope with water being a poor solvent
above 60�C. No obvious sequence differences have been
found between meso- and thermophiles that would sug-
gest a strategy to inhibit collapse of unfolded chains at
high temperatures. To the contrary, thermophilic pro-
teins tend to have a higher percentage of charged and
hydrophobic residues than their mesophilic homologs
(Kohli et al., 2020), which would further reduce solvent
quality for the DSE. Potentially, thermophiles thrive in
poor solvents by employing a higher level of chaperones,
or some other factor(s) yet to be identified. Additionally,
the effect of pressure on ν will be important to elucidate
as many thermophiles inhabit high pressure environ-
ments (Ando et al., 2021).

4 | MATERIALS AND METHODS

4.1 | Polyasparagine

Poly-L-asparagine (5000–15,000 g/mol) was purchased
from Sigma-Aldrich (P8137).

4.2 | Protein sequences

Protein sequences used in this analysis are listed in
Table S1 in Data S1.

4.3 | Protein expression and purification

PNt, PNt-deltaPG, Swap5, and Swap6 were expressed and
purified from inclusion bodies as previously described
(Bowman et al., 2020). Following expression and lysis,
inclusion bodies were isolated from the cell lysate via
centrifugation and resuspended in 50 mM Tris, 6 M
GdmCl, pH 7.5. GdmCl was removed by a combination
of dilution and dialysis. The variants are purified using
anion exchange chromatography followed by SEC and
centrifugation to concentrate the final product for SEC-
SAXS. Protein solubility prior to SEC-SAXS is accom-
plished by the re-addition of GdmCl (2 M final).

The AFP and LAF1 variants were cloned into either a
pET21 expression vector with an N-terminal His8-tag
coupled with a stable soluble domain and a tobacco etch
virus (TEV) cleavage site or a pET28 vector with a

C-terminal sequence-specific nickel-assisted cleavage
(SNAC)-tag and His6-tag (Dang et al., 2019). All samples
were expressed in E. coli BL21(DE3) that were first grown
to an OD600nm of 0.6 or 0.8 in M9 minimal media or LB
media, respectively, before inducing protein expression
with 1 mM IPTG. Cells were pelleted by centrifugation
and lysed by sonication or the addition of 8 M urea. The
proteins were first purified using metal ion affinity chro-
matography, followed by TEV cleavage when necessary.
Proteins were further purified using reverse-phase chro-
matography coupled with an acetonitrile gradient in 0.1%
TFA. The eluted samples were frozen at �80�C and then
lyophilized.

4.4 | Protein synthesis

The 1x21G variant of sfAFP was produced using auto-
mated fast-flow solid-phase peptide synthesis (Hartrampf
et al., 2020); 0.4 M fluorenylmethoxycarbonyl (Fmoc)-
protected amino acids, 0.38 M HATU (hexafluoropho-
sphate azabenzotriazole tetramethyl uranium), and
0.38 M PyAOP [(7-azabenzotriazol-1-yloxy)tripyrrolidino-
phosphonium hexafluorophosphate] were dissolved in
amine-free N,N-dimethylformamide (DMF). For each
coupling, the desired amino acid was combined with
either HATU or PyAOP and diisopropylethylamine and
heated to 90�C or 60�C (cysteine and histidine only) then
flowed over a bed of low-loading (0.18 mmol/g) RINK
amide resin at 85�C. The growing peptide was depro-
tected using 20% piperidine with 1% formic acid in
amine-free DMF to remove Fmoc from the N-terminus.
Following synthesis, the sfAFP variant was cleaved from
the resin by suspending the resin in Reagent K cleavage
solution (82.5% TFA, 5% water, 5% thioanisole, 5% phe-
nol, and 2.5% 1,2-ethanedithiol) at room temperature for
4 h with rocking. The peptide was precipitated with cold
diethyl ether and centrifuged three times, then redis-
solved in 70% acetonitrile in water with 0.1% TFA. The
sfAFP variant was purified by reverse phase chromatog-
raphy on a semiprep Zorbax C3 column at 60�C with an
acetonitrile gradient in 0.1% TFA (solvent A: water with
0.1% TFA, solvent B: acetonitrile with 0.1% TFA; gradi-
ent: 1% B for 2 min, linearly increase to 21% B over
20 min, linearly increase to 36% B over 78 min, linearly
increase to 56% B over 20 min).

4.5 | Temperature-dependent SEC-SAXS
experiments

SAXS data was collected at the BioCAT beamline at the
Advanced Photon Source at Argonne National
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Laboratory. A Superdex 200 gel-filtration column coupled
with sheath co-flow (Kirby et al., 2016) is used to separate
aggregates from monomer samples (Malaby et al., 2015;
Mathew et al., 2004). The sheath co-flow buffer was iden-
tical to the running buffer for each measured condition.

The temperature is controlled at almost every stage of
the sample trajectory. The running buffer reservoir sits in
an incubator that can be controlled from 5 to 60�C, and
the jacket on the SEC column ranges from 4 to 55�C. The
PEEK tubing lines connecting the FPLC to the co-flow
cell are jacketed and connected to a water bath that
ranges from 10 to 60�C. The tubing that connects the co-
flow pumps to the cell is also jacketed. The co-flow cell
itself is connected to a water bath, and the temperature is
monitored using a thermocouple which is in contact with
the liquid at the entry point of the capillary.

The scattering data were processed using BioXTAS
RAW (Hopkins et al., 2017; Nielsen et al., 2009) and the
resulting intensity profiles were analyzed using the MFF
server at sosnick.uchicago.edu/SAXSonIDPs. All the
SAXS profile data analyzed in this paper are available at
https://github.com/sosnicklab/SAXSonIDPs.

4.6 | SAXS profiles of Upside-generated
ensembles

Ensembles of PNt in the SARW limit were generated via
replica exchange simulations in Upside (Jumper
et al., 2018a; Jumper et al., 2018b), where each amino acid
is represented by three authentic backbone atoms along
with an amide proton, carbonyl oxygen, and a side chain
bead. The protein is modeled in its SARW form by only
including Ramachandran potential energy, steric repul-
sions, and bond distance/angle terms in the simulations.
The Ramachandran dihedral angle distributions are based
on the distribution in a coil library and are both residue-
type and neighbor dependent (Ting et al., 2010). Fifteen
replicas were simulated across a temperature range of
0.600–1.300 Upside temperature units, or �208–450 K,
which encompasses the experimental temperature range
of 10–58�C. To expedite conformational sampling, an
attempt to randomly change the Ramachandran angle of a
randomly selected residue (i.e., a pivot) was made every
10 time units and evaluated using a Metropolis criterion.
Temperature swaps between replicas were attempted every
10 units of time. In total, each replica was simulated for
�3.5 � 106 time units each, and frames are saved every
500 time units. For each temperature, 1000 structures were
randomly selected from the latter portion of the simula-
tions (i.e., the first 4000 frames are dropped).

Following sidechain reconstruction using TreePack
(Xu, 2005; Xu and Berger, 2006), the SAXS profiles were

calculated for the randomly selected ensembles using
FoXS (Schneidman-Duhovny et al., 2013; Schneidman-
Duhovny et al., 2016). Specifically, the scattering inten-
sity was calculated at 100 values of q ranging from 0.004
to 0.4 with the parameters c1 and c2 being fixed to 1.0
and 2.0, respectively. The predicted SAXS profiles at each
temperature were averaged together and analyzed using
the MFF server.

4.7 | NMR experiments

NMR spectra were acquired either on a Bruker AVANCE
III 500 MHz or an AVANCE IIIHD 600 MHz NMR spec-
trometer equipped with a room temperature TXI probe.
15N-TOCSY-HSQC (Marion et al., 1989) measurements of
500 μM sfAFP-biHis were carried out in 50 mM sodium
phosphate, 1 mM TCEP, pH 6.4 at 5�C. Series of 1H15N
CLEANEX-PM (Hwang et al., 1998) experiments mea-
sured the rate of HN exchange with water. Exchange mix-
ing times were varied from 0 to 200 ms. Typical
acquisition parameters at 500 MHz were 1H 90� time
9 μs, 15N 37 μs, 1H sweep width 12 ppm, 15N sweep width
25 ppm, 1H center frequency 4.695 ppm, 15N center fre-
quency 117.5 ppm, and a recycle delay of 1 s. 2D data
arrays were 1024 complex points in 1H by 128 complex
points in 15N.

All data were processed in NMRFx Analyst (Norris
et al., 2016), with cosine apodization, in both dimensions,
linear prediction in the 15N dimension, and zero filling
once in both dimensions, followed by Fourier transfor-
mation and phasing. The resulting spectra were inte-
grated in NMRViewJ (Johnson and Blevins, 1994) using
the rate analysis routine. The integrated time series for
each resolved peak volume fraction V/V0 were fit using
the standard function (Hwang et al., 1998):

V τmð Þ
V 0

¼ k
R1A,appþk�R1B,app

e�R1B,appτm � e� R1A,appþkð Þτm� �
,

where k is the effective pseudo-first order rate of
exchange between water and the amide hydrogen, R1A,app

and R1B,app are the apparent relaxation rates of the amide
and water, respectively, and V0 is the reference peak vol-
ume of the amide group.
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