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ABSTRACT: Proteins normally fold in crowded cellular
environments. Here we use a set of Desulfovibrio desulfur-
icans apoflavodoxin variants to assess;with residue-specific
resolution;how apoflavodoxin's folding landscape is tuned
by macromolecular crowding. We find that, under crowded
conditions, initial topological frustration is reduced, subse-
quent folding requires less ordering in the transition state,
and β-strand 1 becomes more important in guiding the
process. We propose that conditions more closely mimick-
ing the cellular environment make the ensemble of unfolded
conformations less expanded, resulting in a folding funnel
that is smoother and narrower.

It is most often assumed that protein biophysical and structural
properties observed in dilute buffer solutions in vitro also

represent the in vivo scenario. However, the intracellular envi-
ronment is highly crowded due to the presence of large amounts
of soluble and insoluble biomolecules, including proteins, nucleic
acids, ribosomes, and carbohydrates. This means that a signifi-
cant fraction of the intracellular space is not available to other
macromolecular species. It has been estimated that the concen-
tration of macromolecules in the cytoplasm ranges from 80 to
400 mg/mL.1,2 The term `macromolecular crowding'3 implies
the nonspecific influence of steric repulsions on specific reactions
that occur in highly volume-occupied media. Due to excluded
volume effects,4 any reaction that increases the available volume
will be favored by macromolecular crowding.5 It is proposed that
crowding provides a stabilizing effect to the folded state of
proteins indirectly due to compaction (i.e., increase in free
energy) of the more extended and malleable denatured states.6,7

Macromolecular crowding in solution can be mimicked experi-
mentally by inert synthetic or natural macromolecules, termed
crowding agents, to the systems in vitro. Many experimental and
theoretical studies have demonstrated effects of macromolecu-
lar crowding on protein stability and folded- and unfolded-
state structures.7-12 Despite this, data about the effects of
macromolecular crowding on protein folding kinetics in vitro
are sparse.

D. desulfuricans apoflavodoxin is an excellent model system for
such folding studies for several reasons: (1) it is a small single-
domain protein (148 residues) with anR/β-repeat fold involving
a parallel β-sheet (strand order: 21345) surrounded by four
helices (Supporting Information (SI) Figure S1); (2) it unfolds

reversibly (chemically or thermally) in a two-state equilibrium
reaction in vitro;11,13 (3) equilibrium stabilizing effects of crowd-
ing have been reported10,11 (4) the kinetic folding landscape for
apoflavodoxin has been probed: it involves an initial misfolded
species that rearranges in a rate-limiting process to the native
structure.14We recently combined in vitro and in silico experiments
on a set of 13 D. desulfuricans apoflavodoxin variants, with muta-
tions in different secondary structure elements, to reveal molec-
ular details of apoflavodoxin's complex kinetic folding reaction.
Our study14 revealed that competition between the two sides of
apoflavodoxin's central β-sheet (i.e., β2β1β3 side versus β3β4β5
side of the same β-sheet; SI Figure S1) directs initial misfold-
ing. In contrast, interactions between both sides of the central
β-strand 3 (i.e., β1β3β4 aligned) is necessary for productive
folding (probed byφ-value analysis of the overall folding barrier).
Notably, the extent of heterogeneity in the folding nuclei growth
correlated with the size of the in vitro burst phase amplitude in the
far-UV circular dichroism (CD) signal at 222 nm.14

Wehere use the same set of apoflavodoxin variants (SI Figure S1)
to probe how the time-resolved folding reaction is affected
by crowded conditions in vitro. Equilibrium- and stopped-flow
folding/unfolding experiments were performed (see SI and
ref 14) in the absence14 and presence of 100 mg/mL Ficoll 70.
The sugar-based polymer Ficoll 70 (average MW of ∼74 kDa)
adopts a semirigid spherical shape15-18 and was selected since it
is believed to affect proteins via excluded volume effects, has low
absorption above 200 nm, does not interact with proteins, and is
inert toward heat and chemicals. Ficoll 70 (100 mg/mL) corre-
sponds to a volume occupancy of about 35-40%. First, in agree-
ment with Ficoll-induced thermal stabilization,11 the apoflavodoxin
variants are also mostly stabilized toward urea-induced unfolding
in presence of 100 mg/mL Ficoll 70 as compared to that in buffer
(SI Table S1). Time-resolved CD-detected reactions in the
presence of Ficoll 70 showed the same trends as found in buffer
for all variants (SI Table S2, key kinetic parameters at buffer con-
ditions): an initial burst is followed by a slower single-exponential
folding step. This was also reported earlier for wild-type apoflavo-
doxin19 where computer simulations further supported the proposed
folding mechanism. Analysis of munf/meq (Tanford β value)
ratios for all the variants in buffer versus those in crowding show
good agreement, implying that the mechanism is the same at
both conditions (SI Figure S2). Br€onstedt plots ofΔ(RT ln kunf)
versus ΔΔGeq for the set of variants show linear trends in both
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conditions (SI Figure S2). Analysis of the Chevron plots using
linear and curved fits are reported in Table S3 and Figures S3 and
S4 of the SI. Direct comparisons between buffer and Ficoll
70 data for the variants are shown in Figures S5 (Tm, ΔGeq) and
S6 (Chevron plots) of the SI.

In Figure 1A, we show the correlation between burst phase
amplitude, which reports on initial unproductive bias toward
one side of the sheet or the other, in Ficoll 70 versus buffer
conditions. It is clear that for most variants, the burst phase is
reduced in Ficoll 70; exceptions are V7A(β1) and L5A(β1)
variants that cause larger bursts. Particularly for the A19G, V33A,
V88A, and L124A variants, with mutations at residues previously
identified to be important in hindering misfolding (i.e., mutation
gives large burst),14 their burst amplitudes are significantly
reduced in crowded conditions (SI Figure S7A). These observa-
tions imply that macromolecular crowding reduces topological
frustrations in the early stages of apoflavodoxin folding. In
Figure 1B, we show the correlation between φ-values for overall
folding of apoflavodoxin in Ficoll 70 versus in buffer. It emerges
that many residues have significantly lower φ-values in Ficoll 70
than in buffer, implying a less native-like folding-transition-state
structure (or more unfolded-like), as compared to that in buffer
(SI Figure S7B). Notably, three residues exhibit similar or higher
φ-values in Ficoll 70 than in buffer: F55(β3), A19(R1), and
V7(β1). Control experiments using sucrose at the same mg/mL
as in the Ficoll experiments, and probing the Ficoll 70 concen-
tration dependence are described in the SI (Figures S8 and S9).
Sucrose stabilizes apoflavodoxin variants: the Chevron plots are
shifted to the right (giving higher kf and lower ku) as compared to
those in buffer although the φf values are not changed.

This is the first time-resolved study of protein folding in a
crowded condition in vitro that involves residue-specific informa-
tion and a frustrated folding mechanism. Previous studies have
implied that folding speeds (most often for two-state folders) will
be faster in crowded conditions7,12,20,21 although retardation of
folding rates has been noted.22 For wild-type apoflavodoxin, we
have reported that, while unfolding speed is roughly the same, the
final refolding step becomes faster in the presence of Ficoll 70.19

It emerges from our current data on the variants that the presence
of Ficoll 70 does not change the apparent mechanism but tunes
both the first (topological frustration) and second (productive
folding) steps. In the presence of Ficoll 70, there is, in general,
less early misfolding (i.e., smaller burst phase); this is apparently

achieved by β1 interactions as mutations in this β-strand (i.e.,
positions 5 and 7) result in larger bursts than for the same
mutations in buffer. Although the subsequent productive folding
requires less average ordering in the transition state at the crowded
condition, a few residues exhibit somewhat higher φ-values in
Ficoll 70 than in buffer.

Folding can be explained using energy landscape theory,
assuming minimal frustration and a funneled-shaped energy sur-
face.23 The shape and ruggedness of the funnel surface are dic-
tated by protein sequence and topology as well as surrounding
conditions.24 Our work here implies that macromolecular crowd-
ing alters the folding funnel for apoflavodoxin; this effect was
previously suggested from simulations of dimer formation.25

The observed reduced burst phases and lower φ-values for the
folding-transition state under crowded conditions suggest that
apoflavodoxin's folding funnel will be narrower at the top (reduced
conformational entropy) with smoother walls (i.e., less misfold-
ing and traps) in crowded as compared to that in dilute buffer
conditions. This can be explained by the excluded volume effect
causing a more compact distribution of unfolded states, which
results in less topological frustration early on in the folding
landscape. In other words, crowding alters the unfolded popula-
tion such that correct folding is favored and the search for native
contacts is reduced (manifested in faster kf in Ficoll). In accord,
computer simulations have shown unfolded-state compaction of
apoflavodoxin under crowded conditions.11 Thus, lower φ values
do not necessarily mean less order but that the change from the
unfolded to the transition state is smaller at crowded conditions.
Both in vitro (here and in ref 11) and in silico11 experiments reveal
native-state stabilization of apoflavodoxin in Ficoll 70 which can
be explained by unfavorable (in terms of energetics, but mecha-
nistically helpful) compaction of the unfolded state. Unfolded-
state compaction in Ficoll 70 has been demonstrated in vitro for
another, unrelated protein.26 Clearly, our study is only one
approach toward a better understanding of how folding reactions
may occur in cell-like conditions. We note that other crowding
agents, weak interactions with other macromolecules, proteins
with different folding mechanisms, as well as chaperones and
cotranslational processes, must be considered in future work.
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