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Water as a good solvent for unfolded proteins: Folding and
collapse are fundamentally different
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Abstract

The argument that the hydrophobic effect is the primary effect driving the folding of globular
proteins is near universally accepted (including by the authors). But does this view also imply that
water is a “poor” solvent for the unfolded states of these same proteins? Here we argue that the
answer is “no.” That is, folding to a well-packed, extensively hydrogen bonded native structure
differs fundamentally from the non-specific chain collapse that defines a poor solvent. Thus, the
observation that a protein folds in water does not necessitate that water is a poor solvent for its
unfolded state. Indeed, chain-solvent interactions that are marginally more favorable than non-
specific intra-chain interactions are beneficial to protein function because they destabilize
deleterious misfolded conformations and inter-chain interactions.

Keywords
protein folding; denatured state; small-angle scattering; collapse; Flory exponent

The major driving force underlying protein folding is the hydrophobic effect. As articulated
by Kauzmann, burial of apolar side chains in the interior of a soluble protein reduces the
amount of hydrophobic surface area in contact with water [1]. Such burial increases solvent
entropy, as burial reduces the number of water molecules that must adopt partially
constrained conformations in order to solvate apolar groups. Against the background of this
general driving force, conformational specificity is dictated by the precise arrangement of
hydrogen bonds, electrostatic interactions and side chain packing. Associated with this
paradigm is an oft-held but rarely stated assumption: that non-specific hydrophobic
interactions also cause compaction of unfolded proteins. That is, upon transfer of a protein
from a chemical denaturant to more physiologically relevant conditions (water, essentially),
the energetics of hydrophobic burial are sufficient to drive collapse of the unfolded chain,
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shrinking the expanded, self-avoiding random walks (SARWS) populated at high denaturant
to something much more compact. Such collapse would significantly impact both folding
thermodynamics (by stabilizing the denatured state ensemble, DSE) and folding kinetics (by
constraining the DSE).

In the parlance of polymer physics, collapse of the DSE equates to water being a “poor
solvent” for the unfolded polypeptide chain [2]. A growing collection of experimental
results, however, have demonstrated that the unfolded states of many globular proteins
remain highly expanded upon transfer to water (or at least low denaturant concentrations),
calling into question the seemingly reasonable paradigm that water is a poor solvent [3-12].
In this light, we discuss here the extent to which the principles of polymer physics can be
applied to describe the DSE, examine the experimental evidence for the view that water is a
good DSE solvent, and explore the implications of this paradigm shift for the folding,
interactions, and evolution of proteins. We restrict our discussion here to the DSEs of
soluble, globular proteins. While the properties of intrinsically disordered proteins (IDPs) is
a related and fascinating topic, their unusual and diverse sequence compositions can lead to
vastly differing physical properties, which may preclude a single physical description.

Adapting polymer physics formalisms to define solvent quality for proteins

While proteins are polymers, they differ in potentially significant ways from the simple
homopolymers from which the formalisms of polymer physics were historically derived
[13]. Specifically, proteins are relatively short, chiral, sequence-specific heteropolymers,
distinctions that raise questions regarding the extent to which the principles of classical
polymer physics apply to them. Given this, we begin our discussion by addressing the extent
to which proteins obey the same physics as long homopolymers regarding the concept of
solvent quality. To do so we consider three types of (qualities of) solvent. The first are
solvents that interact more strongly with the monomers in the polymer than one monomer
does with another, leading the polymer to adopt expanded, self-avoiding random walk
(SARW). In such a solvent, the dimensions of the chain exhibit a power-law dependence on
polymer length, with a Flory scaling exponent, v of 3/5 in the relationship Rg & NV (Rsarw
o N3/5 Fig. 1). A poor solvent, in contrast, interacts more weakly with the polymer than the
polymer does with itself, causing the chain to collapse and form a compact globule with a
1/3-power dependence of dimensions on length (Reompact & N1/3). Between these extremes
there must necessarily be a point of perfect balance. That is, if one could tune the quality of
a solvent from good to poor with arbitrary fineness, there will be a point along that arc at
which monomer-monomer attraction perfectly counter-balances excluded volume effects.
Under this solvent condition, termed a “8 solvent,” polymer dimensions scale with the same
square-root length dependence Rg o N/2) expected for a non-self-avoiding random coil.

What values does the scaling exponent adopt when proteins are unfolded under various
solvent conditions? There is broad consensus that v = 3/5 for the DSE populated in aqueous
solutions containing high concentrations of a chemical denaturant, such as urea or
guanidinium hydrochloride (Fig. 1), indicating that such solutions are good solvents for
polypeptides [14]. Some controversy remains, however, regarding solvent quality under
physiological conditions (i.e., when the concentration of denaturant is reduced to zero).
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Below we briefly describe the origins and current status of this controversy and then explore
the implications for water being a good DSE solvent on our understanding of folding
kinetics and thermodynamics, as well as the function and evolution of proteins.

Experimental evidence indicates water is a good solvent for the unfolded
states of many proteins

Two primary arguments motivated the historical model that water is a poor solvent for the
DSE. First, as noted above, the fact that proteins fo/d'in the absence of denaturant could be
taken to imply that water must be a poor solvent for the polypeptide chain. In this context,
however, one must distinguish between folding to a native conformation and the non-specific
compaction associated with the classical, homopolymer-derived definition of solvent quality.
Specifically, the packing within a native protein differs dramatically from that seen during
the non-specific collapse of a homopolymer; the interiors of native proteins achieve densities
similar to crystalline organic solids [15] and are characterized by near-complete hydrogen
bonding of the chain either with itself or with the solvent [16]. These observations suggest
that the phenomenon of folding could differ significantly from non-specific collapse. A
direct prediction of folding and collapse representing distinct phenomena is that a folded
state can be stable under conditions where a non-specifically collapsed state of the same
sequence is not. Consistent with this prediction, many proteins remain stably folded in high
concentrations of guanidinium hydrochloride [8, 17, 18], conditions that are generally
accepted to be a good solvent (e.g., the dimensions of the DSEs of proteins that unfold under
these conditions invariably fall on the v = 3/5 power law line expected for a SARW [14]).
Simply put, while water must be a poor solvent in order for the DSE to collapse, it need not
be a poor solvent in order for the native states of proteins to be stable.

The second major historical argument in favor of water being a poor solvent is drawn from
single-molecule Forster resonance energy transfer (FRET) studies — and associated
simulations — of the DSE, which were interpreted to imply that DSEs undergo significant
contraction as the concentration of denaturant is reduced from initially high values, leading
to v falling below 0.5 [19-40]. In contrast, small-angle x-ray scattering (SAXS) studies have
consistently failed to identify such a large contraction (Fig. 2); this includes both studies of
the dimensions of single-domain proteins immediately upon dilution from denaturant and
equilibrium studies in the absence of denaturant of the dimensions of IDPs with amino acid
compositions akin to stably-folded proteins [3-8, 10-12, 41, 42]. Recent studies have
reconciled this crucial discrepancy by developing, for example, more realistic simulations
(the force fields employed in prior studies are now known to over-estimate collapse [8, 43])
and new analytical models for analyzing FRET data, which produce closer agreement with
SAXS-derived models [9, 41, 42, 44]. In parallel, we recently demonstrated that, in the
absence of denaturant, interactions between commonly used FRET fluorophores — either
with each other or with the chain — can introduce artifacts, causing the fluorophore-modified
DSE to contract relative to the unmodified DSE [10-12, 45], a finding supported by other
recent studies [46—48]. Taken together, these results provide further support for the argument
that water is a good solvent for the unfolded states of many proteins.
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We want to emphasize that we are not proposing that water is a good solvent for all unfolded
proteins. It is clear, for example, that low-diversity or poorly mixed sequences sometimes
characterized by high local or total hydrophobic content, unusual charge patterns, or
specific, stabilizing contacts (such as cation-m interactions) do not always expand to SARW
dimensions in water [49]. More generally, a palette of 20 diverse amino acids permits
protein sequences to encode a wide range of conformational behaviors. Our perspective,
however, is that highly expanded, well-solvated DSEs are common amongst foldable
proteins. Consistent with this, protein sequences are typically well-mixed patterns of
hydrophobic and polar residues, lacking long stretches of hydrophobic residues [50]. Indeed,
the ubiquity of well-mixed sequences suggests that this is a broadly beneficial property.

Implications of water as a good solvent for the DSE

We are arguing that non-specific compaction of the DSE in water is often unfavorable
(uphill in free energy). We appreciate that this claim runs counter to common perception,
including those inferred (correctly or incorrectly) from the “funnel shaped” energy
landscape diagrams commonly used to depict folding, in which initial events including the
“beginning of helix formation and collapse” are depicted as “downhill” by virtue of the loss
of chain entropy being excluded from the vertical energy axis [51]. We note, however, that
when this (sizable) entropic component is included, the ensuing free energy surface can
easily contain a sizable barrier to folding and, presumably, non-specific collapse.

In addition to the direct experimental evidence described above, there are numerous
favorable physiochemical and biological implications associated with water acting as a good
solvent for unfolded proteins. One of the reasons that DSE collapse in water has proven such
an appealing idea is that it would help to explain how proteins avoid the Levinthal paradox
[52] to fold rapidly. Specifically, if the DSE contracts significantly in water, this would
convert folding into a two-step “collapse-then-fold” process that, in theory, would accelerate
folding by constricting the search to only relatively compact states. As has been noted
previously, however, such collapse could lead to the formation of stable, non-native compact
states [53-56] that might serve as kinetic traps, slowing folding rather than accelerating it.
From this viewpoint, the fact that water is a good solvent and thus destabilizes compact,
non-native conformations helps ensure that folding is rapid. Consistent with this view,
simulations of realistically complex folding models indicate that, even under conditions
where the folding energy landscape is otherwise optimal (designed sequences folding at their
temperature of maximum folding rate), the folding of protein-like heteropolymers is
accelerated when thermodynamic cooperativity is enhanced [57]. In parallel, plausible
mechanistic descriptions of folding have been put forward that do not invoke collapse as an
essential first step in the folding of simple, single-domain proteins (Box 1).

Although the polymer physics concept of solvent quality formally holds only for intra-chain
effects, the fact that water is a good solvent for unfolded proteins implies that inter-protein
contacts are likewise often weaker than protein-solvent interactions, which in turn has
implications regarding the specificity of protein-protein interactions. For example, although
the existence of chaperone networks indicates that cells have evolved mechanisms to deal
with undesirable interactions that occur within and between proteins at high cellular
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concentrations [58], that water serves as a good solvent should reduce the population of
misfolded and aggregation-prone states [59, 60]. Furthermore, just as weak intra-molecular
interactions require a heavily optimized native state for stability, water-induced weakening
of inter-protein interactions will promote binding cooperativity and, with that, specificity.
Water acting as a good solvent thus increases the specificity of protein-protein interactions
(e.g., intracellular signaling and other desirable binding events) while reducing competing
interactions.

Evolution had no say in the selection of water as a solvent for biomolecules, but it did,
presumably, have a say in the choice of biopolymer. Given the beneficial effects of water
acting as good solvent for unfolded proteins, this property of poly-a-amino acids may have
been one of the selective pressures that ensured its adaptation. Specifically, proteins
composed of the twenty “proteogenic” a-amino acids strike a delicate balance between
having sufficiently strong interactions and large conformational entropy in order to fold and
bind specifically and cooperatively while avoiding too many unwanted interactions: they are
“just sticky enough” to get the job done, without suffering from undue non-specific
interactions.
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Box 1.
Possible origins for rapid folding in a good solvent

When water is a good solvent for the DSE, non-specific chain collapse is
thermodynamically unfavorable and cannot serve to prune the complexity of the
conformational search for the native structure. Under such circumstances, how can rapid
protein folding occur? Thermodynamically, of course, folding occurs because other,
favorable energy terms, including the precise arrangement of side chains, hydrogen bonds
and electrostatic interactions, offset the unfavorable energetics of chain collapse,
including the loss conformational entropy and backbone desolvation. This said, of course,
thermodynamic stability alone does not ensure that a chain can find its native
conformation on a biologically relevant time scale.

What factors, then, might accelerate folding relative to an exhaustive conformation search
(i.e., on a relatively flat energy landscape), enabling the folding of many single domain
proteins to occur on the microseconds to seconds timescale? At one level, intrinsic,
sequence-dependent conformational biases (for example, dihedral angle biases) likely
enhance sampling of local segments of native-like structure, such as nascent helices and
hairpins. Although too weak to significantly contract the conformational ensemble on
their own, these local biases could help overcome the Levinthal search problem by
lowering the energy of some conformations relative to others, confining the search to
relatively lower energy (albeit still thermodynamically “uphill”) routes while still
avoiding the formation of kinetic traps [61]. The height of the energy barrier is
undoubtedly reduced by cooperative effects. That is, subsequent events “take advantage”
of either prior contacts (e.g., closing an interior loop within a larger closed loop) or
previously folded elements (e.g., docking a nascent helix onto an existing hairpin).
Supporting this view, studies of kinetic amide isotope effects [62, 63] and y-value
analyses [64—69] have found that the transition state ensemble (TSE) often contains
native-like hydrogen bonded structure.

The above view of structure formation in folding notwithstanding, a critical step for
overcoming the kinetic barrier for folding of single-domain proteins appears to be
adoption of a native topomer, one of the subset of conformations whose overall topology
approximates that of the native structure. These conformations must resemble the native
structure sufficiently such that the chain need not cross itself nor break stable interactions
(which would be slow) in order to rapidly “zipper up” the remaining structure all the way
to the native state [70]. Conversely, the ensemble of conformations in the native topomer
must also be sufficiently large, such that access to a native topomer is kinetically
accessible. Evidence supporting this model comes from the surprisingly strong
correlation between folding rates and various measure of the topological complexity of
the native state [70-72] and y-value studies demonstrating the TSE of single-domain
proteins achieve a native-like topology [62—64, 69]. As folding progresses further,
beyond the TSE, additional elements of structure will build onto folded regions in a
process of sequential stabilization, a model supported by considerable hydrogen
exchange data [73-76] and simulations [77, 78].
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Highlights

Unfolded states of globular proteins often are expanded in water, suggesting
that water is xa “good solvent.”

This occurs, despite the fact that the hydrophobic effect drives folding,
implying that folding differs fundamentally from non-specific collapse.

Water being a good solvent for unfolded states may be beneficial, as this
suppresses misfolding and non-specific interactions.
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Figt:_re 1. The scaling of chain dimensions with chain length provides a measure of solvent
uality.
Eql'he F)I/ory exponent, v, relating chain length to a physical dimension (e.g., Rg 0r Reng-to-end)
canonically adopts values of 1/3, 1/2, and 3/5, corresponding to compact states, random
walks or chains at the “8 condition”, and self-avoiding random walks (SARW), respectively.
As shown, proteins unfolded at high levels of chemical denaturant produce the 3/5 exponent
expected for a SARW [14]. Formally, only the three canonical v values will be observed for
chains of infinite length. For chains of finite length, however, v can assume intermediate
values. Here we define a poor solvent as one that produces a -v of less than 1/2 (i.e., below
the © point) and a good solvent as one that produces a v above this cutoff.
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Figure 2. The DSE of many proteins do not contract significantly upon a shift from high to low
denaturant.

(A) Shown are the SAXS-derived radii of gyration (Rg) of three globular, single domain
proteins, collected either at equilibrium at various denaturant concentrations (gray) or
immediately after transfer from high levels of denaturant to low (). Specifically, the
dimensions observed immediately after denaturant dilution (i.e., after the 2 to 4 ms dead-
time) for Protein L [3, 6], ubiquitin and acylphosphotase (AcP) [4] are within error of those
observed at equilibrium at much higher denaturant concentrations. (B) Equilibrium SAXS
measurements of PNt, a 334 amino acid protein that is intrinsically disordered, likewise
indicate no contraction of the chain above 0.5 M Gdn. Mild contraction is seen at still lower
denaturant concentrations, but this corresponds to a mild decrease in v (from 0.57 to 0.54;
ref [10], indicating that these conditions remain well above the @ point that defines the cutoff
for poor solvent quality.
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Figure 3. SAXS indicates that water is a good solvent for many DSEs.
Shown are scaling exponents, v, versus hydrophobicity (Kyte-Doolittle) for foldable protein

sequences in the absence of denaturant. These were determined from published SAXS data
analyzed using our molecular form factor [10, 12, 41, 79-94]. A histogram of the
hydrophobicity of representative proteins from the PDB is presented at the top of the figure
(dataset from [10]).
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