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Apoflavodoxin and Causes Severe Aggregation of the
Off-pathway Intermediate during Apoflavodoxin Folding*
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To understand how proteins fold in vivo, it is important to
investigate the effects of macromolecular crowding on protein
folding. Here, the influence of crowding on in vitro apofla-
vodoxin folding, which involves a relatively stable off-pathway
intermediate with molten globule characteristics, is reported.
Tomimic crowded conditions in cells, dextran 20 at 30% (w/v) is
used, and its effects are measured by a diverse combination of
optical spectroscopic techniques. Fluorescence correlation
spectroscopy shows that unfolded apoflavodoxin has a hydrody-
namic radius of 37� 3 Å at 3M guanidine hydrochloride. Förster
resonance energy transfer measurements reveal that subse-
quent addition of dextran 20 leads to a decrease in protein vol-
ume of about 29%, which corresponds to an increase in protein
stability of maximally 1.1 kcal mol�1. The compaction observed
is accompanied by increased secondary structure, as far-UV CD
spectroscopy shows. Due to the addition of crowding agent, the
midpoint of thermal unfolding of native apoflavodoxin rises by
2.9 °C. Although the stabilization observed is rather limited,
concomitant compaction of unfolded apoflavodoxin restricts
the conformational space sampled by the unfolded state, and
this could affect kinetic folding of apoflavodoxin. Most impor-
tantly, crowding causes severe aggregation of the off-pathway
folding intermediate during apoflavodoxin folding in vitro.
However, apoflavodoxin can be over expressed in the cytoplasm
of Escherichia coli, where it efficiently folds to its functional
native form at high yield without noticeable problems. Appar-
ently, in the cell, apoflavodoxin requires the help of chaperones
like Trigger Factor and the DnaK system for efficient folding.

The spontaneous folding of an unfolded and thus expanded
protein to its compact and functional native state is dictated by
its amino acid sequence (1). Numerous studies on the refolding

of chemically and thermally denatured proteins have brought
us closer to understanding how the complex process of protein
folding works. However, these in vitro folding studies are gen-
erally performed in simple buffer systems with low concentra-
tions of protein, whereas the environment in which a protein
folds in vivo is very different. The cell interior is densely
crowded with soluble and nonsoluble macromolecules, which
are present in high concentrations (2, 3). In Escherichia coli
cells, the total concentration of protein and RNA is in the range
of 300–400 g/liter (4). These macromolecules collectively
occupy 10–40% of the total fluid volume, restricting the vol-
ume available to any given macromolecule. In crowded solu-
tions, all processes that result in reduction of the total volume
occupied by any givenmacromolecular species are favored, and
this is expected to affect allmacromolecular reactions and equi-
libria, including protein folding (2, 5–8).
Crowding is predicted to affect protein folding in several

manners (9, 10). First, crowding destabilizes expanded
unfolded protein conformations. As a result, these expanded
protein molecules collapse to more compact conformations,
and consequently protein folding is enhanced. Compaction of
unfolded conformations due to the presence of inertmacromo-
lecular crowding agents has been demonstrated for reduced
and carboxyamidated RNase T1, cytochrome c, and RNase A
(11–13). Destabilization of the unfolded state due to the pres-
ence of crowding agents should increase the stability of proteins
against thermal and chemical denaturation, and this stabilizing
effect has indeed been reported for proteins like lysozyme,
FK506-binding protein, and apomyoglobin (12, 14–16). Sec-
ond, macromolecular crowding enhances undesirable aggrega-
tion of partially unfolded proteins (17, 18). Irreversible unfold-
ing due to aggregation of unfolded states in the presence of
crowding agents has been observed for reduced lysozyme, rab-
bit muscle creatine kinase, dihydrofolate reductase, enolase,
and green fluorescent protein (19–21).
Here, we report several aspects of how crowding affects the

folding of a 179-residue flavodoxin from Azotobacter vinelan-
dii. Flavodoxins are electron carriers and consist of a single
structural domain that adopts the �-� parallel topology, also
known as the flavodoxin-like fold, which is widely prevalent in
nature (22–24). Understanding the folding of flavodoxin con-
tributes to clarification of the folding behavior of themany pro-
teins that share the flavodoxin-like topology. Both the denatur-
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ant-induced equilibrium and kinetic (un)folding of flavodoxin
and apoflavodoxin (i.e. flavodoxin without the noncovalently
bound FMN cofactor) have been characterized in detail using
GuHCl3 as denaturant (24–30). The folding data show that
apoflavodoxin autonomously folds to its native state and that
FMN does not act as a nucleation site for folding. NMR spec-
troscopy shows that apoflavodoxin is structurally identical to
flavodoxin except for considerable dynamics of residues in the
flavin-binding region (31, 32). In the presence of FMN, binding
of the FMN cofactor to native apoflavodoxin is the last step in
flavodoxin folding.
The GuHCl-induced equilibrium (un)folding of apofla-

vodoxin is described by the three-state mechanism NN UN
Ioff, inwhichN is the native state,U is the unfolded state, and Ioff
is an off-pathway folding intermediate (27). The off-pathway
intermediate has molten globule-like properties and populates
to significant extents at denaturant concentrations ranging
from about 1 to 3 M GuHCl. This folding species has �65% of
the �-helical content observed for native apoflavodoxin but
lacks the characteristic tertiary structure of the native state.
Also in this state, the three tryptophans of apoflavodoxin are
exposed to solvent as opposed to the situation in native protein
(25, 27). Part of the conformation of the intermediate is ordered
and exchanges between different conformers on the micro- to
millisecond time scale, and another part of the folding species is
unfolded.4 This relatively compact intermediate acts as a trap
during kinetic folding of apoflavodoxin. The formation of such
an off-pathway species, which needs to unfold to allow folding
to proceed to the native state, is typical for the topology of
apoflavodoxin (29). Despite the considerable population of the
folding intermediate, which is inferred to be highly aggrega-
tion-prone due to exposed hydrophobic groups, denaturant-
induced apoflavodoxin unfolding is fully reversible up to a 6�M
protein concentration. An off-pathway intermediate is also
likely to populate during thermally induced unfolding of apofla-
vodoxin (25).
Currently, the impact of macromolecular crowding on the

autonomous folding of A. vinelandii apoflavodoxin in vitro is
unknown and is therefore addressed in this study. To investi-
gate the effect of crowding on GuHCl-induced apoflavodoxin
(un)folding, we made use of 30% (w/v) dextran 20, since this
condition mimics the crowded circumstances in the cytoplasm
of cells (4) and because the use of dextrans as macromolecular
crowding agents is well described (12, 17, 33, 34). Dextrans are
uncharged, inert polysaccharides. The effects of added dextran
on a variety of reactions have been attributed to excluded vol-
ume (34–40). The effects of dextrans on the properties of the
different apoflavodoxin folding species are investigated using
intrinsic tryptophan fluorescence and CD spectroscopy. Ther-
mal denaturation of apoflavodoxin in the absence and in the
presence of crowding agent was followed with fluorescence
emission spectroscopy. The hydrodynamic radii of apofla-
vodoxin folding species are determined with fluorescence cor-

relation spectroscopy (FCS). In addition, single-pair Förster
resonance energy transfer (FRET) ismeasured to studywhether
crowding leads to compaction of unfolded apoflavodoxin mol-
ecules using protein molecules that are covalently labeled with
donor and acceptor fluorophores.

EXPERIMENTAL PROCEDURES

Sample Preparation—Recombinant A. vinelandii wild-type
andC69A flavodoxinwere expressed inE. coli cells and purified
as described previously (25). Apoflavodoxin was subsequently
prepared by trichloroacetic acid precipitation (25) and purified
by gel filtration on a Superdex 75 HR column (Amersham Bio-
sciences) to remove oligomeric species. The protein concentra-
tion was determined spectrophotometrically using an extinc-
tion coefficient of 29 mM�1 cm�1 at 280 nm. Purified
apoflavodoxin was aliquoted and stored at�20 °C. In all exper-
iments except for the ones utilizing dye-labeled protein mole-
cules, the C69A variant of apoflavodoxinwas used, in which the
single cysteine residue 69 is replaced by an alanine residue to
avoid covalent dimerization of apoflavodoxin. This protein var-
iant is similar to wild-type apoflavodoxin regarding both redox
potential of holoprotein and stability of apoprotein (25, 41).
Wild-type apoflavodoxin was labeled with AlexaFluor 488

(A488) maleimide (Invitrogen) at cysteine 69. Freshly prepared
apoflavodoxin was incubated overnight in the dark at 4 °C with
the dye, at amolar ratio of 1:15, in 100mMpotassiumpyrophos-
phate buffer, pH 8. The free label and protein were separated
using an Econo-Pac 10DG column (Bio-Rad) followed by gel
filtration on a Superdex 75 HR column. The purified labeled
protein in potassium pyrophosphate buffer (100 mM, pH 6.0)
was subsequently aliquoted and stored at �80 °C. Prepara-
tion of the S178C variant of wild-type flavodoxin and subse-
quent site-specific labeling of Cys-69 with A488 and of Cys-
178 with AlexaFluor 568 (A568) (Invitrogen) will be
described elsewhere.
GuHCl (Sigma) and dextrans with average molecular masses

of 6 kDa (dextran 06), 20 kDa (dextran 20), and 70 kDa (dextran
70) (Fluka Biochemika, The Netherlands) were used without
further purification. All stocks and samples were prepared in
100 mM potassium pyrophosphate (Sigma) buffer, at pH 6.
Samples containing dextran were prepared by adding the
required quantity of dextran stock, which ranged from 40 to
60% (w/v), to apoflavodoxin in buffer at different concentra-
tions of GuHCl.
Fluorescence Correlation Spectroscopy—FCS measurements

were performed on a ConfoCor 2 setup (Carl Zeiss, Germany).
The details of the setup have been described before (42). Sam-
ples were excited with the 488-nm laser line from an argon-ion
laser, which was focused with a water-immersion C-apochro-
mat �40 objective lens (Carl Zeiss). Fluorescence was detected
by an avalanche photodiode after being filtered through a 505–
550-nmband pass filter. Excitation powerwas�11microwatts.
Measurements were performed on samples contained in a

glass bottom microplate with 8 wells (Nunc chambered cover-
glass; Lab-tech, Wiesbaden, Germany), which was maintained
at 25 °C with the help of a water bath. Samples were allowed to
equilibrate for 5 min before the start of each measurement.
Each sample contained 25 nM dye-labeled apoflavodoxin. To

3 The abbreviations used are: GuHCl, guanidine hydrochloride; A488 and
A568, AlexaFluor 488 and 568 dye label, respectively; FCS, fluorescence
correlation spectroscopy; FRET, Förster resonance energy transfer.

4 S. M. Nabuurs, personal communication.
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minimize adsorption of dye-labeled protein,�4�Mnonlabeled
protein was added to all samples. Five FCS data traces, each of
60 s duration, were recorded of each sample.
FCSdatawere analyzed using FCSData Processor version 1.5

(43). The autocorrelation functionG(�) was fitted with a model
that describes Brownian motion of a single species in three
dimensions with an additional term for fast fluctuations due to
molecules entering a nonfluorescent triplet state (44).

G��� � 1 �
1

N
�

�1 �
Ftripe�� /Ttrip

1 � Ftrip
�

�1 �
�

�d
��1 � ��xy

�z
�2 �

�d

(Eq. 1)

Here,N represents the average number of molecules present in
the confocal detection volume, �d is the diffusion time, �xy and
�z are the equatorial and axial radii of the confocal volume,
respectively, Ftrip is the fraction of molecules in the nonfluores-
cent triplet state, and Ttrip is the relaxation time of the triplet
state. During analysis, �d values obtained from repeat FCS
measurements using the same sample were linked. The ratio
�z/�xy was determined by calibration with a solution contain-
ing free A488 molecules and varied between 5 and 8 for differ-
ent samples. The diffusion time �d is related to the diffusion
coefficient (D) according to Equation 2,

�d �
�xy

2

4D
(Eq. 2)

in which �xy of the instrumental setup was calculated using
rhodamine 110. For samples in buffer, �xy was �150 nm.
The Stokes-Einstein equation relates the diffusion time of a

globular species to its hydrodynamic radius (rh),

D �
kT

6	 � n � rh
(Eq. 3)

in which k is the Boltzmann constant, T is the temperature in
Kelvin, and n is the viscosity of the solution. Taking �d obtained
for native apoflavodoxin at 25 °C in buffer (n � 1 � 10�3 cen-
tipoises) andusing Equations 2 and 3, the corresponding hydro-
dynamic radius of the native molecule was calculated.
The hydrodynamic radius of apoflavodoxin at different GuHCl

concentrations was calculated from the corresponding diffusion
times of dye-labeled apoflavodoxin measured with FCS. Upon
increasing the concentrationGuHCl, solvent viscosity and refrac-
tive index also increase, and thus the dimensions of the confocal
volume are affected, giving rise to an apparently larger �d (45). To
correct for these changes, the ratio of �d of the dye-labeled pro-
tein at a specific GuHCl concentration and the �d of free A488
at exactly the same GuHCl concentration (�d apo,[GuHCl]/
�d A488,[GuHCl]) was calculated. Assuming that the hydrody-
namic radius of A488 is unaffected by GuHCl, the change in �d
of A488 is entirely due to viscosity and refractive index influ-
ences caused by GuHCl. Thus, the changes in apoflavodoxin-
A488 diffusion relative to the diffusion of free A488 molecules
are independent of refractive index and viscosity effects and are
proportional to the real change in protein hydrodynamic radius
as it unfolds. The average hydrodynamic radius of apofla-

vodoxin at a given GuHCl concentration (rapo,[GuHCl]) is calcu-
lated according to Equation 4,

rapo,�GuHCl� � rapo,0M � � �d apo,�GuHCl�

�d A488,�GuHCl�
���d A488,0M

�d apo,0M

� (Eq. 4)

in which �d apo and �d A488 are the diffusion times of dye-labeled
apoflavodoxin and A488, respectively, and the subscript
[GuHCl] refers to the concentration of GuHCl used.
Fluorescence Spectroscopy—Steady-state fluorescence meas-

urements were performed using a Cary Eclipse fluorimeter
(Varian; Bergen op Zoom, The Netherlands) equipped with a
Peltier accessory (Varian) for temperature control.
Emission spectra ranging from 300 to 700 nm of apofla-

vodoxin in different solvents were obtained by exciting samples
at 280 nm. The emission and excitation slits were set at 5 nm.
Protein concentration in all samples was 2 �M.
Protein Refolding Followed by Fluorescence Emission—In the

case of refolding measurements, fluorescence intensity of the
different apoflavodoxin samples before and after dilution of
denaturant was acquired for a period of 30 s at 340 nm and
subsequently averaged. Before dilution, protein concentration
in all sampleswas 2�M.Crowding agentwas added to 30% (w/v)
to apoflavodoxin unfolded in a final concentration of 2 or 3 M
GuHCl. After about 30min, both solutionswere diluted 10-fold
through the addition of buffer that also contained 30% (w/v)
dextran 20. The recovery of native protein in terms of percent-
age of fluorescence intensity at 340 nm was compared with the
fully reversible recovery of native protein in an experiment in
which no crowding agent was present. Temperature was main-
tained at 25 °C.
Determination of Förster Resonance Energy Transfer in Dye-

labeled Apoflavodoxin—S178C apoflavodoxin, labeled with
A488 at Cys-69 and with A568 at Cys-178, was excited at 475
nm, and subsequently fluorescence emission spectra ranging
from480 to 700nmwere recorded in various solvent conditions
at 25 °C. Protein concentration in all samples was 84 nM. The
excitation slit was set at 2.5 nm, and the emission slit was set at
5 nm. To avoid loss of signal due to protein adsorption, 0.001%
Tween 20 (v/v) was also added to the samples. This addition
does not affect apoflavodoxin folding. Similarly, fluorescence
emission spectra of wild-type apoflavodoxin labeled with A488
at position Cys-69 (donor only) and present in identical solvent
conditions as double dye-labeled S178C apoflavodoxin were
obtained under an identical instrumental setup. All fluores-
cence emission spectra were corrected by subtracting emission
spectra of the corresponding blank solutions.
The Förster radius (R0) of the A488/A568 pair attached to

apoflavodoxin was calculated according to Ref. 46,

R0
6 � 8.785 � 1023 � 
2 � QD � J � ��4 (Eq. 5)

in which, 
2 is the orientation factor for the donor and acceptor
transition dipole moments, Qd is the quantum yield of the
donor, J is the spectral overlap between donor emission and
acceptor absorption (in M�1 cm3), and � is the refractive index
of themedium between the two dyes. R0 was calculated accord-
ing to Equation 5, taking into account that both donor and
acceptor fluorophores are randomly oriented (
2 � 2/3). Time-
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resolved fluorescence anisotropy measurements of labeled
apoflavodoxin molecules show that the dyes exhibit rapid rota-
tional motions (data not shown). The values of Qd and J of the
fluorophores attached to apoflavodoxin were determined at
each solvent condition used. Qd for protein in buffer is 0.84 	
0.03, andQd for protein in buffer containing 30% (w/v) dextran
is 0.74 	 0.03. Upon the addition of GuHCl, Qd reduces; for
protein in buffer containing 3 M GuHCl, Qd is 0.57 	 0.02, and
for protein in buffer containing 3 M GuHCl and 30% (w/v) dex-
tran, Qd is 0.50 	 0.02. J was calculated to be 3.0 	 0.1 10�13

M�1 cm3 using a value of 91,300 M�1 cm�1 for the extinction
coefficient of A568.We have used a value of 1.60 	 0.02 for the
refractive index for the folded protein (47–49). The solvent
refractive indices are 1.389345 	 0.000003 for 3 M GuHCl and
1.431550 	 0.000003 for 3 MGuHCl containing 30% (w/v) dex-
tran. Thus, the value of � used for the calculation is 1.50 	 0.02
for protein in 3 M GuHCl, and � is 1.52 	 0.02 for 3 M GuHCl
containing 30% (w/v) dextran, assuming that the medium
between the dyes is composed of 50% protein and 50% solvent
(50). Using the values given above and Equation 5, we calculate
that R0 for protein in 3 M GuHCl is 52.0 	 0.5 Å, and R0 for
denatured protein in 3 M GuHCl containing 30% (w/v) dextran
is 50.4	 0.5 Å. A similar calculation for the protein in buffer, in
the absence and in the presence of dextran, leads toR0 of 53.1	
0.5 and 52.0 	 0.5 Å, respectively.
FRET efficiencies (E) were calculated using Equation 6,

E � 1 �
FDA

FD
(Eq. 6)

where FDA is the intensity of donor in the presence of accep-
tor, and FD is the intensity of donor only, both determined at
the emissionmaximum of the donor (i.e. at 522 nm, when the
donor is attached to Cys-69 of apoflavodoxin) and at equal
absorbances at the excitation wavelength. The distance
between donor and acceptor (R) was calculated using
Equation 7,

R � R0
6�1

E
� 1 (Eq. 7)

Thermal Unfolding Measurements—Thermal unfolding of
apoflavodoxin was achieved by increasing the temperature
from 25 to 65 °C at a rate of 0.5 °C/min, unless mentioned oth-
erwise. The protein was excited at 280 nm, and fluorescence
emission was recorded at 330, 340, and 350 nm. The excitation
and emission slits were set at 5 nm. Protein concentration in all
experiments was �2 �M. The unfolding curves obtained were
globally fit to Equation 8,

F �
�an � bnT� � �au � buT�e�
Gu�T�/RT

1 � e�
Gu�T�/RT (Eq. 8)

in which F is the observed fluorescence intensity at a given
temperature T, and a and b are the intercept and slope, respec-
tively, of pretransition (subscript n) and post-transition (sub-
script u) base lines. R is the molar gas constant. 
Gu(T) is the
change in free energy upon protein unfolding and is defined as
follows,


Gu�T� � �
Hm�1 � T/Tm�
�
Cp��Tm � T� � T ln�T/Tm��� (Eq. 9)

in which 
Hm and 
Cp are the changes in enthalpy and heat
capacity associated with protein unfolding, respectively. Tm is
the midpoint of the thermal unfolding curve, the temperature
at which 
Gu(T) � 0.
Circular Dichroism Spectroscopy—CD spectra were obtained

on a Jasco J715 spectropolarimeter (Tokyo, Japan) using quartz
cuvettes (Starna, Hainault, UK) with 1-mm cell length. In case
of far-UVCDmeasurements, 10 wavelength scans of 4 �M pro-
tein were acquired, and the resulting spectra were subsequently
averaged. In case of near-UV measurements, 15 wavelength
scans of 23.5 �M protein were acquired, and the resulting spec-
tra were averaged. All scans were obtained at a rate of 20
nm/min. All CD spectra of apoflavodoxin were corrected by
subtracting the CD spectra of the corresponding blank solu-
tions. Temperature was maintained at 25 °C.

RESULTS

Hydrodynamic Radii of Apoflavodoxin Folding Species in the
Absence of Crowding—The hydrodynamic radius of apofla-
vodoxin molecules at various stages of GuHCl-induced dena-
turation was determined using A488-labeled apoflavodoxin
and FCS. Labeling with A488 only marginally destabilized
native apoflavodoxin (data not shown).
Amodel that describes diffusion of a single protein species in

three dimensions with diffusion time �d (Equation 1) fits very
well to the FCS data obtained for apoflavodoxin at all concen-
trations GuHCl used. Consequently, in the range of 1–3 M
denaturant, �d is an averaged property that reflects the contri-
bution of the various apoflavodoxin states that are populated
(Fig. 1B). Using the average diffusion time �d as input, the
hydrodynamic radius of proteinmolecules can be derived using
Equations 2 and 3. However, increasing the concentration of
GuHCl led to alterations in viscosity and refractive index of the
solution, and as a result, the apparent diffusion time of a protein
molecule became larger. Both of these alterations can be
accounted for by the use of Equation 4, which leads to the cor-
rect average hydrodynamic radius of apoflavodoxin at different
concentrations of GuHCl. As expected, upon apoflavodoxin
unfolding, its hydrodynamic radius increased (Fig. 1A).
In the absence of denaturant, the native state of apofla-

vodoxin was fully populated, and FCSmeasurements show that
the hydrodynamic radius of the folded protein molecule was
28 	 1 Å. At 4 M GuHCl, the unfolded state of apoflavodoxin
was fully populated, and no native nor intermediate folding
species were present (Fig. 1B) (27). FCS demonstrates that at
this denaturant concentration, the hydrodynamic radius of
unfolded apoflavodoxin is 38 	 4 Å, a 36% increase compared
with the corresponding radius of native protein (i.e. 150%
increase in volume). Dynamic light scattering experiments with
nonlabeled apoflavodoxin confirmed both hydrodynamic radii
reported here (data not shown). The hydrodynamic radius of
the off-pathway folding intermediate cannot be determined
directly from FCS data, because this species is not fully popu-
lated at any concentration of GuHCl. However, the hydrody-
namic radius of this species can be inferred by taking into
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account the known dependence of the fractions of folding spe-
cies involved on the concentration of denaturant (Fig. 1B) (27).
For example, at 2MGuHCl, 53%of the apoflavodoxinmolecules
are off-pathway folding intermediate, 46% are unfolded, and
only 2% of the protein molecules are native. Consequently,
using a hydrodynamic radius of 38 Å for the unfolded state and
28 Å for the native state, it is estimated that the intermediate
species has an average hydrodynamic radius of �31 Å. Thus,
the radius of apoflavodoxin expands by about 11% upon going
fromnative tomolten globule-like state at 2MGuHCl (i.e. a 36%
increase in volume). Indeed, the molten globule-like species
observed during apoflavodoxin folding is relatively compact.
Crowding Does Not Affect the Conformation of Native

Apoflavodoxin—Since the hydrodynamic radii of the native,
intermediate, and unfolded states of apoflavodoxin are not the
same, it is expected that macromolecular crowding will affect
these states differently. Intrinsic tryptophan fluorescence (Fig.
2) and circular dichroism (Fig. 3) were used to detect potential
influences of crowding on the three folding states of apofla-
vodoxin. Crowded conditions were created by the presence of
dextran 20 to 30% (w/v), since this condition mimics the
crowded circumstances in the cytoplasm of E. coli cells rather
well (4).

The addition of dextran 20 caused scattering as well as
absorption of excitation light, and as a result, a slight decrease
in fluorescence intensities of all three folding states was
observed (data not shown). The presence of dextran 20 at 30%
(w/v) also caused a red shift of the emission maximum by �4
nm due to scattering, as shown for native protein in Fig. 2.
Far-UV CD spectra show that the secondary structure content
of native apoflavodoxin did not alter due to macromolecular
crowding (Fig. 3A). In addition, the presence of dextran 20 did
not lead to a change in the near-UV CD spectrum of native
protein, showing that the tertiary structure of native apofla-
vodoxin was also unaffected by dextran 20 (Fig. 3C). Both
observations show that crowding does not affect the conforma-
tion of native apoflavodoxin. This conclusion was further sup-
ported by FRET measurements using dye-labeled apofla-
vodoxin molecules, as is shown below.
Crowding Causes Aggregation of the Molten Globule-like

Folding Intermediate of Apoflavodoxin—Fluorescence emis-
sion spectra of proteins are particularly sensitive to alterations
in the local microenvironment of tryptophans. The addition
of 2 or 3 M GuHCl to native apoflavodoxin changed the cor-
responding fluorescence emission spectrum (Fig. 2). This
change was due to protein unfolding and consequent popu-
lation of intermediate and unfolded states of apoflavodoxin.
The fluorescence emission of both of these nonnative states
was severely quenched and shifted to longer wavelengths
compared with fluorescence emission of native apofla-
vodoxin. These effects were caused by solvent exposure of
the three tryptophans of apoflavodoxin in these folding spe-
cies (27).
At 2 M GuHCl, 53% of apoflavodoxin molecules were fold-

ing intermediates, and virtually all other protein molecules
were unfolded (Fig. 1B). Under these denaturing conditions,
the addition of dextran 20 to 30% (w/v) caused the fluores-
cence emission maximum to shift to the blue by �6 nm, and
also a slight increase in fluorescence intensity was observed
(Fig. 2). In addition, the far-UV CD spectrum showed that
the ellipticity at 222 nm became more negative (Fig. 3A).
These changes in fluorescence emission and far-UVCDwere
most likely caused by an increased percentage of native and

FIGURE 1. Dependence of the hydrodynamic radius of apoflavodoxin-
A488 on concentration of GuHCl as determined by FCS measurements.
A, relative hydrodynamic radius of apoflavodoxin at different GuHCl concen-
trations (errors are within 	8%). Each data point is the result of linking param-
eters of five separate FCS measurements in the fitting procedure (see “Exper-
imental Procedures”). As a visual aid, a fit of a two-state unfolding model to
the data is shown. B, fractions of native (N), intermediate (I), and unfolded (U)
states of apoflavodoxin as a function of GuHCl concentration (27).

FIGURE 2. Tryptophan fluorescence spectra of apoflavodoxin in the
absence and presence of macromolecular crowders. Spectra of apofla-
vodoxin at 0 M (solid lines, native protein), 2 M (dashes), and 3 M GuHCl (�) are
shown in the absence (gray lines) and presence (black lines) of 30% (w/v)
dextran 20. The addition of dextrans causes a slight loss in fluorescence emis-
sion intensity of the protein. The spectra shown are corrected for this intensity
loss. The protein concentration in all samples is 2 �M.
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molten globule-like protein molecules as crowding stabilizes
folded structures.
Fluorescencemeasurements show that the transition zone of

GuHCl-induced apoflavodoxin unfolding coincides with the
one obtained for refolding, showing that apoflavodoxin unfold-
ing is fully reversible up to 6 �M protein concentration (25, 27).
This feature was exploited to investigate whether apofla-

vodoxin unfolding in the presence of dextran 20 was also
reversible. Protein unfolded in 2 M GuHCl (protein concentra-
tion 2 �M) in the presence of 30% (w/v) dextran 20 was diluted
10-fold through the addition of buffer that also contained 30%
(w/v) dextran 20. The recovery, in terms of percentage of fluo-
rescence intensity, comparedwith the recovery in a fully revers-
ible refolding experiment inwhich no crowding agentwas pres-
ent was 25% (Fig. 4). In a similar experiment in the continuous
presence of 40% (w/v) dextran 20, recovery was only 10% (Fig.
4). Centrifugation of a sample of apoflavodoxinmolecules at 2M
denaturant in the presence of 30% (w/v) dextran 20 produced a
protein pellet showing that this nonreversibility was due to pro-
tein aggregation. Without dextran 20, no protein aggregation
was observed even in a solution that contained twice as much
apoflavodoxin at 2 M GuHCl. At 2 M denaturant, the molten
globule-like intermediate, which has exposed hydrophobic res-
idues, like tryptophans, is populated to a high level. It is likely
that this species caused the observed protein aggregation.
Crowding Causes Compaction of Unfolded Apoflavodoxin—

To investigate the impact of crowding on the unfolded state,
this state was populated by the addition of GuHCl. At 3 M
GuHCl, unfolded apoflavodoxin is the dominating species,
since 95% of protein molecules populate this state, and the
remaining percentage represents folding intermediate (Fig. 1B).
Due to limitations in solubility, the concentration of GuHCl
cannot exceed 3 M in the presence of 30% (w/v) dextran 20. At 3
M GuHCl, the addition of dextran 20 to 30% (w/v) did not sig-
nificantly alter the fluorescence emission spectrum of the pro-
tein (Fig. 2). Next, the reversibility of protein unfolding at 3 M
GuHCl in the presence of crowding agent was investigated
using fluorescence emission. Unfolded apoflavodoxin at 3 M
GuHCl in the presence of 30% (w/v) dextran 20 was diluted
10-fold through the addition of buffer that also contained 30%
(w/v) dextran 20. This led to full recovery of the native state
(Fig. 4). Thus, in contrast to what was observed for protein
unfolded in 2 M GuHCl, apoflavodoxin unfolding was fully
reversible upon refolding the protein from3MGuHCl, at which

FIGURE 3. Far- and near-UV CD spectra of apoflavodoxin in the absence
and presence of macromolecular crowders. A, far-UV CD spectra of apofla-
vodoxin in 2 M GuHCl in the absence (dashed gray line) and presence (dashed
black line) of 30% (w/v) dextran 20. MRW, mean residue weight. B, far-UV CD
spectrum of apoflavodoxin in 3 M GuHCl in the absence (dashed gray line) and
presence (dashed black line) of 30% (w/v) dextran 20. Solid lines in A and B
show the far-UV CD spectra of native apoflavodoxin in the absence (gray) and
presence (black) of 40% (w/v) dextran 20. C, near-UV CD spectra of native
apoflavodoxin in the absence (gray lines) and presence (black lines) of 40%
(w/v) dextran 20. Protein concentration is 4 �M (far-UV CD) or 23.5 �M

(near-UV CD).

FIGURE 4. Reversibility of GuHCl-induced unfolding of native apofla-
vodoxin in the presence of crowders. Protein (2 �M) unfolded at 2 M or 3 M

GuHCl is refolded by dilution of the denaturant to �1 M GuHCl in the contin-
uous presence of 30% (w/v) (white bar) or 40% (w/v) (gray bar) dextran 20. The
bars show the recovery in terms of percentage of fluorescence intensity at
340 nm averaged over a period of 30 s compared with recovery in a fully
reversible refolding experiment in which no crowding agent is present. S.E.
values are shown.
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concentration of denaturant the aggregation-prone folding
intermediate is hardly populated.
At 3MGuHCl, the addition of dextran 20 to 30% (w/v) caused

the far-UV CD ellipticity values of apoflavodoxin to become
more negative (Fig. 3B), indicating increased formation of sec-
ondary structure in the unfolded protein. This increased sec-
ondary structure content could lead to a decrease in average
dimensions of unfolded molecules. FCS did not detect changes
in the hydrodynamic radius of unfolded protein at 3 M GuHCl
due to the addition of 30% (w/v) dextran 20 (data not shown).
Since hydrodynamic radii determined by FCS are associated
with relatively large errors (�8%), small changes potentially
induced by crowding in the overall dimension of the unfolded
protein were missed.
FRET is sensitive to changes on the nanometer scale; there-

fore, it was chosen to study the effect of crowding on the dimen-
sions of unfolded apoflavodoxin. To enable this FRET study, a
double cysteine variant of wild-type apoflavodoxin was gener-
ated through replacement of Ser-178 with a cysteine. The
resulting protein variant was labeled with A488 as donor at
position Cys-69 andwith A568 as acceptor at position Cys-178.
This protein variant has similar stability as wild-type apofla-
vodoxin, and labeling with A488 and A568 affected the stability
only marginally (details of the dye labeling procedure will be
published elsewhere). Cysteine residues 69 and 178 are posi-
tioned ondiametrically opposite sides of the native protein (22).
In the case of native apoflavodoxin, the addition of 30% (w/v)

dextran 20 did not alter the FRET efficiency (E) significantly.
For protein in buffer, E was 0.55 	 0.01, and for protein in
buffer containing 30% (w/v) dextran, Ewas 0.53	 0.01, giving a
distance between dyes (R) of 51.4 	 0.5 and 51.0 	 0.5 Å,
respectively. Thus, the measurements confirm that macromo-
lecular crowding does not affect the conformation of native
apoflavodoxin. Upon unfolding apoflavodoxin through the
addition of 3 M GuHCl, the FRET efficiency between both
attached chromophores was reduced to 0.30 	 0.01 (Fig. 5).

Such reduction is expected, since upon protein unfolding, the
distance between donor and acceptor increases. In the presence
of 30% (w/v) dextran 20, however, the FRET efficiency meas-
ured for unfolded apoflavodoxin was clearly higher (i.e. 0.40 	
0.01) than in the absence of crowding agent (i.e. 0.30 	 0.01).
This observation implies that crowding causes the distance
between donor and acceptor dyes attached to unfolded apofla-
vodoxin to become smaller. A change in the FRET efficiency
from 0.30 to 0.40 means that the distance between the labels
changes from 59.9 	 0.7 Å in the unfolded state, in the absence
of dextran 20, to 54.0	 0.6Å in the presence of dextran 20. This
5.9 	 0.9 Å reduction in distance, taken together with the
observation that the addition of dextran 20 to 30% (w/v) caused
the far-UV CD ellipticity values at 222 nm of unfolded apofla-
vodoxin to become more negative (see Fig. 3B), implies
increased structure formation between residues 69 and 178 of
the unfolded protein. Alternatively, these results could also be
partially due to an increase in the population of the intermedi-
ate state of apoflavodoxin. The addition of dextran 20 to 30%
(w/v) to unfolded apoflavodoxin in 3 MGuHCl led to a decrease
in protein volume of about 29%.
Macromolecular Crowding Stabilizes Apoflavodoxin against

Thermal Unfolding—Compaction of the unfolded state due to
macromolecular crowding implies that both native apofla-
vodoxin and the off-pathway folding intermediate gains extra
stability against unfolding. This stability increase was studied
by thermal denaturation of apoflavodoxin as monitored with
intrinsic tryptophan fluorescence. The fluorescence intensity
decreased upon thermal unfolding of apoflavodoxin as the pop-
ulation of the highly fluorescent native state diminished and the
population of nonnative apoflavodoxin folding states, which
have severely quenched fluorescence, increased. Table 1 shows
that the addition of 30% (w/v) dextran 20 to a 2 �M protein
solution caused an increase of 2.9 °C in thermal midpoint (Tm)
of apoflavodoxin unfolding. Raising dextran 20 to 40% (w/v) led
to a further 1.3 °C increase inTm. These observations show that
macromolecular crowding increases the stability of native
apoflavodoxin against unfolding.
When 2 �M apoflavodoxin was unfolded by gradually raising

the temperature to 65 °C and subsequently refolded by gradu-
ally lowering the temperature to 25 °C, only 60% of native state
fluorescence intensity was recovered (Fig. 6). Repeating this
experiment in the presence of 30% (w/v) dextran 20 led to a

FIGURE 5. Donor and acceptor fluorescence intensities of dye-labeled
native and unfolded apoflavodoxin in the absence and presence of mac-
romolecular crowders. The protein is labeled with A488 at position 69 and
with A568 at position 178. The solid lines show fluorescence spectra of native
apoflavodoxin in the absence (gray) and in the presence (black) of 30% (w/v)
dextran-20. The dashed lines show fluorescence spectra of unfolded apofla-
vodoxin in 3 M GuHCl in the absence (gray) and in the presence (black) of 30%
(w/v) dextran 20. The addition of dextrans causes a slight loss in fluorescence
emission intensity of the protein. The spectra shown are corrected for this
intensity loss. Protein concentration is 84 nM.

TABLE 1
Changes in thermal unfolding midpoint of apoflavodoxin due to
macromolecular crowding
Thermal unfolding parameters were obtained by fitting Equations 8 and 9 to
temperature-dependent fluorescence emission data of 2 �M apoflavodoxin (see
“Experimental Procedures”). For native apoflavodoxin in buffer without crowd-
ing agents, the following parameters were obtained: Tm, buffer � 48.1 	 0.1 °C,

Hm � 76.8 	 0.9 kcal mol�1, and 
Cp � 1.3 	 0.7 kcal mol�1K�1. In the
presence of dextrans, thermal unfolding curves are obtained that could be fitted
with values of 
Hm and 
Cp that are similar within S.E. to the values mentioned
above. Tm, crowded is the Tm obtained for apoflavodoxin in the presence of
dextran.

Crowding agent Concentration �Tm � Tm, crowded � Tm, buffer

% (w/v) °C
Dex-06 40 4.2 	 0.3
Dex-20 30 2.9 	 0.1
Dex-20 40 3.8 	 0.2
Dex-70 40 4.2 	 0.2
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recovery of only 20% of native state fluorescence intensity (Fig.
6). Both apoflavodoxin samples also showed a visible increase in
turbidity as the protein was heated. Formation of large protein
particles during thermal unfolding was inferred from light scat-
tering measurements monitored at 560 nm (data not shown).
These observations demonstrate that protein aggregation is
strongly promoted due to the presence of high concentrations
of dextran 20.
Aggregation during themeasurement of a thermal unfolding

curve can affect Tm. When the rate of protein aggregation dur-
ing thermal unfolding becomes sufficiently large (kaggregation �
�0.1min�1), the apparentTm value determined becomes lower
than the actual value of Tm that is associated with protein sta-
bility (51, 52). To resolvewhether this phenomenonoccurs dur-
ing apoflavodoxin unfolding, the effects of different aggregation
conditions on Tm were investigated. First, the effect of raising
the protein concentration in a noncrowded solution was stud-
ied. Upon increasing apoflavodoxin concentration 200-fold,
recovery of native state fluorescence intensity in a thermal
unfolding/refolding experiment decreased due to enhanced
aggregation from 75% at 0.5 �M protein concentration to only
12% at 100 �M protein concentration. However, the corre-
sponding Tm values were unaffected within error (data not
shown). Second, the influence of increasing the heating rate on
Tm in crowded and noncrowded solutions was studied. At a
larger heating rate, less time is available for aggregation to influ-
ence a thermal unfolding/refolding experiment. A recovery of
70% of native state fluorescencewas obtained using heating and
cooling rates of 1.5 or 3 °C/min and a 2 �M protein solution
without dextran 20. However, both in the presence and absence
of dextran 20, increasing the heating rate from 0.5 to 3 °C/min
did not affect Tm (data not shown). Finally, the viscosity of the
solution was altered through the addition of dextrans of differ-
ent average molecular masses (i.e. dextran 06, dextran 20, or
dextran 70) at 40% (w/v) concentration. The crowding effects of
these dextrans, at the same weight/volume concentrations,
were exclusively determined by their cylindrical radii, which
were identical (Equation 11). Since increasing the molecular
weight of the dextran involved causes the viscosity of the solu-

tion to become larger, aggregation will proceed slower during a
thermal unfolding/refolding experiment (53). Table 1 shows
that despite viscosity-induced changes in the rate of aggrega-
tion, Tm was not affected within error.

Clearly, enhancing the rate of protein aggregation due to
altering protein concentration, heating rate, or viscosity of the
solution did not lower the apparent Tm value of apoflavodoxin.
In addition, the presence of dextran enhanced aggregation
severely, but instead of loweringTm, macromolecular crowding
caused a significant increase in the thermal midpoint of apofla-
vodoxin (Table 1). These observations imply that the rate of
protein aggregation during thermal unfolding of apoflavodoxin
must be lower than�0.1min�1 under all experimental circum-
stances investigated (51, 54). Consequently, the observed
increase in Tm of apoflavodoxin due to the addition of dextran
truly reflects a crowding-induced stability enhancement of the
protein. Indeed, the addition of three differing crowding agents
with similar crowding effects (i.e. dextran 06, dextran 20, or
dextran 70 at 40% (w/v)) to apoflavodoxin led to a comparable
increase in the thermal midpoint of apoflavodoxin unfolding
(Table 1).

DISCUSSION

To understand folding in the densely crowded cellular
milieu, it is necessary to experimentally test the effects of
crowding on the intrinsic features of protein folding. Here, the
effect of macromolecular crowding on apoflavodoxin from A.
vinelandiiwas investigated, and it is shown that crowding does
influence apoflavodoxin folding in vitro.
FCS was used to follow changes in hydrodynamic radius of

apoflavodoxin upon its denaturant-induced unfolding. The
FCS data show that native apoflavodoxin has a hydrodynamic
radius of 28 	 1 Å, and upon formation of the molten globule-
like folding intermediate at 2 M GuHCl, the protein radius
increases by about 11%. Far- andnear-UVCDspectroscopy and
FRET measurements of dye-labeled apoflavodoxin show that
the conformation of native apoflavodoxin is not detectably
altered due to crowding. Whether crowding-induced compac-
tion of the folding intermediate occurs could not be revealed,
since aggregation affects the data obtained at the denaturant
concentration at which this state is significantly populated (i.e.
at about 2 M GuHCl).
In a recent study of apoflavodoxin from Desulfovibrio desul-

furicans, it was claimed that macromolecular crowding causes
an apparent increase in secondary structure of the native pro-
tein as judged by far-UV circular dichroism (55). It was stated
that crowder Ficoll 70 compacts native apoflavodoxin and
causes the helical content of the native protein to rise up to 20%
in 10 mM Hepes, at 20 °C, and similar trends were apparently
observed for native holoflavodoxin (55). However, this increase
in helical content and associated molecular compaction is
improbable, since structural studies convincingly show that the
native conformation of apoflavodoxin is virtually identical to
that of holoflavodoxin, which is densely packed and compact
(32, 56). Native apo- and holoflavodoxin molecules can hardly
be reduced in volume.
In contrast to other apoflavodoxins, the stability of D. desul-

furicans apoflavodoxin is very sensitive to buffer composition.

FIGURE 6. Effect of macromolecular crowding on the stability of apofla-
vodoxin against thermal unfolding as monitored by the change in fluo-
rescence emission at 340 nm. Thermal unfolding (solid lines) and subse-
quent refolding (dashed lines) experiments are performed in the presence
(black) and in the absence (gray) of 30% (w/v) dextran 20. The arrows pointing
to the right show the heating trajectories, and arrows pointing to the left show
the subsequent cooling trajectories. The excitation wavelength is 280 nm, the
protein concentration is 2 �M, and the heating rate is 0.5 °C/min.
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Its thermal midpoint of unfolding can decrease as much as
25 °C upon changing from phosphate to Hepes buffer, which
corresponds to an exceptionally large protein destabilization
(55). The addition of Ficoll 70 increasesTmmaximally by 20 °C,
as shown by far-UV circular dichroism (55). Using the corre-
sponding 
Hm (57) and estimated 
Cp of 2.5 kcal mol�1 K�1,
the stability of apoflavodoxin in 10mMHepes is calculated to be
maximally 1.5 kcalmol�1. Application of Boltzmann’s distribu-
tion function shows that about 8% of all apoflavodoxin mole-
cules are unfolded under these conditions. Protein stability
increases modestly upon adding Ficoll 70 (16) and tips the bal-
ance between unfolded and native D. desulfuricans apofla-
vodoxin molecules further toward native ones. This general
phenomenon causes the reported increase in far-UVCD signal.
Consequently, secondary structure content of this native pro-
tein seems to rise. Since native A. vinelandii apoflavodoxin has
a relatively large stability of 10.45 kcal mol�1 (27) under the
conditions used in this study, only a negligible fraction of pro-
tein molecules (about 0.000002%) is in the unfolded state.
Hence, the addition of dextran 20 cannot detectably increase
the population of native apoflavodoxin molecules. Conse-
quently, since upon crowding no change in the far- and
near-UV CD signals of native apoflavodoxin is experimentally
observed, crowding does not detectably affect the conforma-
tion of native A. vinelandii apoflavodoxin.

At 3 MGuHCl, themaximum concentration of denaturant to
which dextran 20 can be added to 30% (w/v), FCS shows that
unfolded apoflavodoxin has a hydrodynamic radius of 37	 3 Å
(Fig. 1). This value is within error similar to the hydrodynamic
radius of 38 	 4 Å of the protein at 4 M GuHCl, where it is fully
denatured (27). Compared with hydrodynamic radii of other
chemically denatured proteins (58), these values fall well within
the range of radii expected for a random coil of 179 residues
(Fig. 7). FRET measurements show that the addition of 30%
(w/v) dextran 20 to apoflavodoxin in 3 M GuHCl causes com-

paction of the unfolded state (Fig. 5). The average distance
between the dye labels decreases by�10%. If the hydrodynamic
radius of the protein would also decrease by 10%, using the FCS
data of the unfolded protein in absence of crowding agents as
reference state, we calculate that the hydrodynamic radius of
the unfolded protein decreases from 37Å to about 33 Å (Fig. 7).
Far-UV CD spectroscopy shows that compaction of the
unfolded state is accompanied by a concomitant increase in
secondary structure content. The observed reduction in FRET
efficiency due to the addition of crowding agents at 3 M GuHCl
could be caused by a slight increase in population of the inter-
mediate folding state, which is rather compact and structured
or due to structure formation in unfolded state, or it could be
caused by a combination of the two. It might be possible that
the decrease in average radius of the unfolded protein upon
adding 30% (w/v) dextran deviates from 10%, the value derived
from FRET measurements using a two-point analysis. Never-
theless, our data (FRET, far-UV CD, and thermal unfolding
experiments) show that unfolded apoflavodoxin compacts
upon macromolecular crowding. Crowding destabilizes the
unfolded state of apoflavodoxin, and thus the stability of the
native and intermediate folding species against unfolding
increases.
The change in free energy difference (
G) between native

and unfolded apoflavodoxin upon the addition of dextran 20,
under the experimental conditions investigated, can be esti-
mated. The excluded volume effect of dextran is estimated
using the “equivalent hard particle model” (12, 17). The reduc-
tion in the average hydrodynamic radius of unfolded apofla-
vodoxin at 3 M GuHCl by �10% due to the presence of 30%
(w/v) dextran 20 destabilizes the unfolded state of apofla-
vodoxin by maximally 1.1 kcal mol�1. This destabilization is
most likely an overestimation of the true stability increase (see
the Appendix). The net result is that crowding stabilizes native
apoflavodoxin against unfolding by maximally 1.1 kcal mol�1.

The crowding-induced increase in stability of native apofla-
vodoxin is relatively small compared with the 10.45 kcal mol�1

that is required to unfold native protein in the absence of dex-
tran 20 (27). Similar crowding-induced stability changes, which
vary from insignificant to �2.9 kcal mol�1, have been observed
for other proteins in similarly crowded conditions (11, 12, 16).
Indeed, the addition of 30% (w/v) dextran 20 leads to amarginal
increase of 2.9 °C in the thermal midpoint of apoflavodoxin
(Table 1). The addition of dextran 06, dextran 20, or dextran 70
to 40% (w/v) increasesTmof apoflavodoxin by about 4 °C (Table
1). This increase in Tm due to crowding is in the range of what
has been observed for lysozyme and cytochrome c and of what
has been predicted for various eukaryotic proteins (9, 12, 14).
Although the effect of crowding on protein stability is rather
limited, the crowding-induced compaction of unfolded apofla-
vodoxin in which secondary structure is formed shows that
crowding restricts the conformational space sampled by the
unfolded state.
In a noncrowded solution that contains 6 �M apoflavodoxin,

no aggregation of the intermediate species is observed at 2 M
GuHCl, and protein unfolding is fully reversible. In crowded
solutions, the thermodynamic activity of the protein is pre-
dicted to increase dramatically, thereby enhancing aggregation

FIGURE 7. Hydrodynamic radii of various chemically denatured proteins
versus number of residues. Data from proteins (F) other than apofla-
vodoxin from A. vinelandii are taken from Wilkins et al. (58). Errors in hydrody-
namic radii are within 	3%. The solid line is the result of the fit of a linear
equation to the data. The hydrodynamic radius of the 179-residue apofla-
vodoxin at 3 M GuHCl is derived from FCS data (E). FRET data of dye-labeled
apoflavodoxin molecules show that the subsequent addition of 30% (w/v)
dextran 20 leads to compaction of unfolded apoflavodoxin by about 10% (‚).
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rates by several orders of magnitude (17). In a solution that is
crowded due to the presence of 30% (w/v) dextran 20, the ther-
modynamic activity of apoflavodoxin unfolded in 2 MGuHCl is
up to 3 orders of magnitude higher than in the corresponding
noncrowded solution (see the Appendix). Under these circum-
stances, aggregation of molten-globule like folding species,
which are partially folded and can form aggregates via specific
interactions between structured elements (59–63), is pro-
moted. Crowding also increases solvent viscosity, and this low-
ers the collision frequency of protein molecules (2). FCS data
show that the addition of 30% (w/v) dextran 20 leads to about
10-fold lowering of the diffusion coefficient of apoflavodoxin
(data not shown). Since the collision rate of proteinmolecules is
proportional to their diffusion coefficients, this rate also drops
about 10-fold. However, this effect is by far outweighed by the
�1000-fold increase in effective protein concentration due to
the addition of 30% (w/v) dextran 20. Consequently, under
these crowded circumstances, aggregation of the molten glob-
ule-like folding intermediate of apoflavodoxin is strongly
promoted.
Although protein folding in vivo can be influenced by

many specific and nonspecific interactions of the folding
polypeptide chain with other cellular components, it is
expected that macromolecular crowding remains a major
factor that affects protein folding (64, 65). This study dem-
onstrates that crowding destabilizes unfolded apofla-
vodoxin, which becomes more compact and also acquires
secondary structure. In addition, crowding causes severe
aggregation of the off-pathway intermediate of apofla-
vodoxin. What could be the implications of these observa-
tions for flavodoxin folding in vivo?

Compaction of unfolded apoflavodoxin due to macromolec-
ular crowding can potentially affect kinetic folding of apofla-
vodoxin, since it restricts the conformational space sampled by
the unfolded protein. The prediction that compact (native)
states are stabilized under crowded conditions relative to less
compact partially folded or unfolded states suggests that
crowding could alter the free energy landscape of protein fold-
ing significantly (18). Macromolecular crowding can indeed
accelerate folding steps that involve structural collapse and
decelerate folding steps that involve local unfolding of interme-
diates, as shown by experiment (66) and theory (67). It is thus
likely that under circumstances that mimic the intracellular
environment, the rates associated with apoflavodoxin folding
processes are altered compared with those observed in dilute
solutions.
One of the most important consequences of crowding is that

intermolecular interactions become strongly favored. Indeed,
in this study, severe aggregation of partially folded apofla-
vodoxin molecules is observed in crowded solutions. Inside a
cell, ample opportunities exist for aggregation of partially
folded apoflavodoxin chains (64, 68). This nonproductive
aggregation can compete with productive folding. However,
flavodoxin is overexpressed in the cytoplasm of E. coli and folds
to its native functional form at high yield without noticeable
problems (41).
In E. coli, Trigger Factor is the first chaperone to meet nas-

cent apoflavodoxin molecules as they emerge from the ribo-

some (68, 69). Residues 45–60 of nascent apoflavodoxin con-
stitute a hydrophobic region in the core of the native protein,
and this region probably interacts with Trigger Factor. This
chaperone could thus prevent nascent apoflavodoxin chains
fromaggregatingwith partially folded proteinmolecules, which
can be other nascent apoflavodoxin molecules that are formed
by a polyribosome. Subsequent to Trigger Factor, chaperone
DnaK can bind to nascent apoflavodoxin. Indeed, in apofla-
vodoxin, five high affinity recognition motifs for chaperone
DnaK are predicted using the algorithm developed by Rüdiger
et al. (70). In a proteome-wide analysis of chaperonin-depend-
ent protein folding in E. coli, it is found that flavodoxin from
E. coli has no obligate requirement for chaperonin GroEL (71).
Apparently, the presence of Trigger Factor and the DnaK sys-
tem (i.e. DnaK, DnaJ, and GrpE) is sufficient to avoid aggrega-
tion of folding apoflavodoxin molecules and to enhance pro-
duction of native protein molecules in the crowded
intracellular milieu of E. coli.
How crowding alters apoflavodoxin folding kinetics and

corresponding folding energy landscape and how chaper-
ones influence apoflavodoxin folding will be subjects of
future studies.

APPENDIX

Estimation of the Stability Increase of Apoflavodoxin Due to
Macromolecular Crowding Using the “Equivalent Hard
Particle” Model for the Excluded Volume Effect of Dextran

The thermodynamic activity ai of protein Pi (where i denotes
a particular protein conformation) is related to its concentra-
tion ci via activity coefficient i.

ai �  i � ci (Eq. 10)

In the case of globular proteins that can be modeled as rigid
spheres, the natural logarithm of i can be defined as follows
(72),

ln i � �1 � ri/rb�
2 � �b � wb (Eq. 11)

where ri represents the spherical radius of protein species i,
rb is the cylindrical radius of crowding agent b, vb is the
specific excluded volume occupied by b, and wb is the con-
centration of b in weight/volume units. For dextran, rb � 7 Å
(12, 73), and vb � 0.0008 liter � gram�1 (35).

In crowded solutions, the thermodynamic activity of the pro-
tein is predicted to increase dramatically, thereby enhancing
aggregation rates by several orders of magnitude. In the pres-
ence of 2 MGuHCl, the average hydrodynamic radius of apofla-
vodoxin, r2M is 34 Å (extracted from FCS data; Fig. 1). Assum-
ing that this radius does not change significantly by the addition
of 30% (w/v) dextran 20, a2M for 2 �M apoflavodoxin is calcu-
lated to be 7 mM.

In solutions crowded with macromolecules, the volume
available to a particular protein molecule is reduced compared
with that in noncrowded solutions. Thus, crowding causes a
decrease of the configurational entropy of the protein species
involved, and as a result, its chemical potential increases rela-
tive to that in dilute solution. The thermodynamic activity coef-
ficient i is used to calculate this excess chemical potential,�i

ex,
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of a particular protein speciesPi due tomacromolecular crowd-
ing (17),

� i
ex � RTln i (Eq. 12)

whereR� 1.987 cal K�1mol�1, themolar gas constant andT is
the temperature in Kelvin.
In the presence of 30% (w/v) dextran 20, the hydrodynamic

radius rN of native apoflavodoxin is 28 Å (extracted from FCS
and FRET data). The protein concentration used is 2 �M, and
consequently ln N � 6 and thus aN � 0.8 mM. Crowding raises
the chemical potential of native apoflavodoxin by 3.5 kcal
mol�1. In the unlikely situation that unfolded apoflavodoxin
has the same hydrodynamic radius as native apoflavodoxin,
crowding by 30% (w/v) dextran 20 also causes the chemical
potential of unfolded apoflavodoxin to rise by 3.5 kcal mol�1.
Thus, no effect of crowding on the thermal midpoint of apofla-
vodoxin unfolding would be observed. Experimentally, this sit-
uation is clearly not observed, sinceTm increases upon the addi-
tion of crowding agents (Table 1). Consequently, unfolded
apoflavodoxin must have a hydrodynamic radius that is larger
than 28 Å. Indeed, in the presence of 30% (w/v) dextran 20, the
hydrodynamic radius of apoflavodoxin at 3 M GuHCl is esti-
mated to be 33 Å (derived from FCS data taking into account a
reduction of 10% in the hydrodynamic radius in crowded solu-
tion as implied by the FRET results). Suppose that the hydro-
dynamic radius of the unfolded protein in the absence of dena-
turant but in the presence of 30% (w/v) dextran 20 is also 33 Å.
In this situation, the calculated value of ln U � 7.8, and thus aU
is 5 mM. Now crowding causes a 4.6 kcal mol�1 rise in chemical
potential of unfolded apoflavodoxin. As a result, the crowding-
induced increase in free energy difference between native and
unfolded apoflavodoxin is calculated to be 1.1 kcal mol�1. The
latter value is almost certainly an overestimation of the true
crowding-induced change in stability of apoflavodoxin due to
the following reasoning. The hydrodynamic radius of unfolded
apoflavodoxin in the absence of denaturant will be smaller than
33 Å, since upon removal of denaturant, unfolded protein mol-
ecules collapse (74).
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