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Molecular crowding enhances native structure
and stability of /B protein flavodoxin
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To investigate the consequences of macromolecular crowding on
the behavior of a globular protein, we performed a combined
experimental and computational study on the 148-residue single-
domain «/f protein, Desulfovibrio desulfuricans apoflavodoxin. In
vitro thermal unfolding experiments, as well as assessment of
native and denatured structures, were probed by using far-Uv CD
in the presence of various amounts of Ficoll 70, an inert spherical
crowding agent. Ficoll 70 has a concentration-dependent effect on
the thermal stability of apoflavodoxin (AT, of 20°C at 400 mg/ml;
pH 7). As judged by CD, addition of Ficoll 70 causes an increase in
the amount of secondary structure in the native-state ensemble
(pH 7, 20°C) but only minor effects on the denatured state.
Theoretical calculations, based on an off-lattice model and hard-
sphere particles, are in good agreement with the in vitro data. The
simulations demonstrate that, in the presence of 25% volume
occupancy of spheres, native flavodoxin is thermally stabilized,
and the free energy landscape shifts to favor more compact
structures in both native and denatured states. The difference
contact map reveals that the native-state compaction originates in
stronger interactions between the helices and the central B-sheet,
as well as by less fraying in the terminal helices. This study
demonstrates that macromolecular crowding has structural effects
on the folded ensemble of polypeptides.
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rotein folding in vitro has been extensively characterized in

dilute conditions. However, the intracellular environment is
highly crowded because of the presence of large amounts of
soluble and insoluble macromolecules, including proteins, nu-
cleic acids, ribosomes, and carbohydrates. This means that a
significant fraction of the intracellular space is not available to
other macromolecular species. It has been estimated that the
concentration of macromolecules in the cytoplasm is in the range
of 80-400 mg/ml (1, 2). All macromolecules in physiological
fluids collectively occupy between 10% and 40% of the total
fluid volume (3, 4). The term ‘“macromolecular crowding”
implies the nonspecific influence of steric repulsions on specific
reactions that occur in highly volume-occupied media. Because
of excluded volume effects, any reaction that amplifies the
available volume will be stimulated by macromolecular crowding
(5-8). It is proposed that crowding provides a stabilizing effect
to the folded protein indirectly because of compaction of the
denatured states. Crowding can be mimicked experimentally by
adding high concentrations of inert synthetic or natural macro-
molecules, termed crowding agents, to the systems in vitro.
Experimental and theoretical work has demonstrated large
effects of crowding on the thermodynamics and kinetics of many
biological processes, including protein binding, folding, and
aggregation (1, 9-12).

Whereas theoretical simulations have focused on very small
proteins or peptides (11), experimental crowding studies have
mostly involved large complex proteins (i.e., multidomain and/or
disulfide containing) and often extreme solvent conditions (such
as acidic pH). For example, the effects of crowding agents on the
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refolding of reduced denatured lysozyme (1, 9), oligomerization
of GroEL subunits (13), self-assembly of the cell division protein
FtsZ (14) and the capsid protein of HIV (15), and amyloid
formation of the human apolipoprotein C-II (16) have been
reported. A few studies have focused on the ability of crowding
agents to induce conformational changes in unfolded states of
proteins (17, 18). For example, it was shown that unfolded
cytochrome ¢ adopts a molten globule state in the presence of
crowding agents at low pH (19). Notably, there are no detailed
studies of the effects of macromolecular crowding on the be-
havior of small single-domain proteins that fold with simple
mechanisms in dilute solutions.

To fill this gap, we have combined experimental and theoret-
ical approaches to carefully assess the native and denatured
structural ensembles, as well as the thermal stability, of a well
behaved «/B model protein (i.e., apoflavodoxin) as a function of
concentration of an inert spherical macromolecular crowding
agent (i.e., Ficoll 70). Our in vitro and in silico results are in
excellent agreement and demonstrate that crowding increases
protein-thermal stability via structural enhancement in both the
folded and denatured ensembles of molecules.

Results

Choice of Protein and Crowding Agent. The model system, Desu!l-
fovibrio desulfuricans flavodoxin (Fig. 14), was selected because
it is a small /B protein (148 residues) with a common fold (i.e.,
the flavodoxin-like fold) in which a central B-sheet is surrounded
by four helices (20-22). This protein has been extensively
characterized previously in our laboratory in terms of its chem-
ical and thermal unfolding behaviors in dilute solutions (23-27).
It unfolds in an apparent two-state reaction upon chemical and
thermal perturbations when monitored by far-UV CD. To be
able to match with simulations, flavodoxin devoid of the FMN
cofactor, i.e., apoflavodoxin, is used in all work herein. Apofla-
vodoxin has the same folded structure as with the cofactor; it
exhibits a rather modest stability (=15 kJ/mol, pH 7) at room
temperature, indicating there is span for possible improvement
because of crowding effects. The crowding agent selected for this
work is Ficoll 70. This agent has many advantages; it is a
polysaccharide (i.e., sucrose epichlorohydrin copolymer; aver-
age molecular mass of 74 kDa) that is inert, polar, and does not
interact with proteins. It behaves like a semirigid sphere (radius
of ~55 A) (28, 29); thus it is an attractive mimic of globular
macromolecules that may be present in the biological setting
where proteins normally fold. In addition, it can readily be

Author contributions: M.S.C. and P.W.-S. designed research; L.S. and S.-Q.Z. performed
research; L.S., S.-Q.Z., M.S.C,, and P.W.-S. analyzed data; and M.S.C. and P.W.-S. wrote the
paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

7To whom correspondence should be addressed. E-mail: pernilla@rice.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0705127104/DC1.

© 2007 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0705127104


http://www.pnas.org/cgi/content/full/0705127104/DC1
http://www.pnas.org/cgi/content/full/0705127104/DC1






http://www.pnas.org/cgi/content/full/0705127104/DC1
http://www.pnas.org/cgi/content/full/0705127104/DC1
http://www.pnas.org/cgi/content/full/0705127104/DC1



http://www.pnas.org/cgi/content/full/0705127104/DC1
http://www.pnas.org/cgi/content/full/0705127104/DC1







