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ABSTRACT: Previous experiments with two single-domain proteins showed that macromolecular crowding can
stabilize dramatically toward heat perturbation and modulate native-state structure and shape. To assess the
generality of this, we here tested the effects of the synthetic crowding agents on cytochrome ¢, a small single-
domain protein. Using far-UV circular dichroism (CD), we discovered that there is no effect on cytochrome
¢’s secondary structure upon addition of Ficoll or dextran (0—400 mg/mL, pH 7). Thermal experiments
revealed stabilizing effects (5—10 °C) of Ficoll 70 and dextran 70; this effect was enhanced by the presence of
low levels of guanidine hydrochloride (GuHCI) that destabilize the protein. When using a smaller dextran,
dextran 40, the thermal effects were larger (10—20 °C). In silico analysis, using structure-based (Go-like)
interactions for cytochrome c, is in excellent agreement with the in vitro thermodynamic data and also agrees
with scaled particle theory. Simulations of a range of crowder size and shape demonstrated that the smaller the
crowder the larger the favorable effect on cytochrome ¢’s folded-state stability. Together with previous data,
we conclude that protein size, stability, conformational malleability, and folding routes, as well as crowder

size and shape, are key factors that modulate the net effect of macromolecular crowding on proteins.

It is most often assumed that protein biophysical and structur-
al properties observed in dilute buffer solutions in vitro also
represent the in vivo scenario. However, the intracellular envir-
onment is highly crowded because of the presence of large
amounts of soluble and insoluble biomolecules, including pro-
teins, nucleic acids, ribosomes, and carbohydrates. This means
that a significant fraction of the intracellular space is not
available to other macromolecular species. It has been esti-
mated that the concentration of macromolecules in the cytoplasm
ranges from 80 to 400 mg/mL (/). All macromolecules in
physiological fluids collectively occupy between 10 and 40% of
the total aqua-based volume (2). The term “macromolecular
crowding”, coined by Minton (3), implies the nonspecific influ-
ence of steric repulsions on specific reactions that occur in highly
volume-occupied media. Because of excluded volume effects (4),
any reaction that amplifies the available volume will be stimu-
lated by macromolecular crowding (5). It is proposed that
crowding provides a stabilizing effect to the folded state of
proteins indirectly due to compaction of the more extended
and malleable denatured states (6, 7).

Macromolecular crowding effects have also been extended to
structural compression in nucleic acids (8), and comparisons
between crowding and confinement effects were conducted with
sol—gel experiments nearly a decade ago (9). As a result of recent
advances in computational methods and resources, investigations
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of confinement and macromolecular crowding effects on protein
conformational changes (10, 11), folding (12, 13), thermodyna-
mics and kinetics of protein folding under confinement (/4),
association (15, 16), and dynamics (/7) have improved our under-
standing of biopolymer dynamics under cell-like conditions.

Macromolecular crowding in solution can be mimicked ex-
perimentally via addition of high concentrations of inert synthetic
or natural macromolecules, termed crowding agents, to the
systems in vitro. Experimental and theoretical work has demon-
strated large effects of macromolecular crowding on many
biological processes in solution (7). Whereas theoretical simula-
tions have focused on small proteins or peptides (7), experimental
crowding studies in solution have mostly involved large, complex
proteins (i.e., multidomain and/or disulfide-containing) and
often extreme solvent conditions (such as acidic pH). A few
studies have also focused on the ability of crowding agents to
induce conformational changes in unfolded states of pro-
teins (18, 19). We recently combined in vitro spectroscopic
experiments and computer simulations to reveal effects of
macromolecular crowding on o/f Desulfovibrio desulfuricans
apoflavodoxin (148 residues) and a-helical VISE (327 residues)
at neutral pH. Surprisingly, both proteins become more struc-
tured in their folded states because of crowding: VISE, being
aspherical, underwent a change in folded-state shape under
crowded conditions (20—22). In agreement with predictions
based on the excluded volume interactions exerted by crowders,
both proteins were thermally stabilized by the presence of
crowding agents; in the case of apoflavodoxin, the effects were
rather dramatic (up to 20 °C).

To test the generality of our previous results and to increase the
size of the database of proteins tested experimentally for crowd-
ing effects, we here studied in vitro and in silico the effects of
macromolecular crowding on the structure and stability of the
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single-domain protein horse heart cytochrome ¢ (helical struc-
ture, 104 residues) that folds with an apparent two-state equilib-
rium mechanism in dilute solutions (like flavodoxin and VISE).
Nonetheless, cytochrome ¢ is smaller in size and more stable
in vitro than the previously studied proteins. We discovered both
in vitro and in silico that (in contrast to flavodoxin and VISE)
there is no change in the folded-state structure induced by either
Ficoll or dextran, although cytochrome ¢ is thermally stabilized
by the crowding agents. Modulating cytochrome ¢’s stability with
GuHC!' revealed that crowding effects on thermal stability are
enhanced when the protein is destabilized. In addition, systematic
simulations showed that the smaller the crowder, the larger the
effect on cytochrome ¢’s stability. Taken together, we propose
that protein size and stability, as well as the size and shape of the
crowding agents, are key factors that will dictate the absolute
effects of macromolecular crowding on protein stability in vivo.

MATERIALS AND METHODS

Experimental Procedures. Lyophilized horse heart cyto-
chrome ¢ (Sigma) was dissolved in 20 mM phosphate (pH 7.0)
without further purification. The protein concentration was
determined using heme absorption at 409 nm (e499 = 106000
mol~" ecm ™). Ficoll 70, dextran 70, and dextran 40 (all from
Sigma, highest grade) were dissolved in 20 mM phosphate buffer
(pH 7.0). GuHCI (Sigma) solutions were prepared in 20 mM
phosphate buffer (that was brought to pH 7.0); the concentration
was determined with a Zeiss refractometer. To check for the
presence of contaminating reduced sugars (e.g., glucose) in the
Ficoll and dextran solutions, an assay using 3,5-dinitrosalycilic
(Sigma) described by Miller (23) was used with some modifica-
tions. In none of the macromolecular crowding agent solutions
was the content of reducing sugar molecules greater than 0.1%.

Samples of 10 uM cytochrome ¢ [in 20 mM phosphate buffer
(pH 7)] at different concentrations (0—400 mg/mL) of Ficoll 70,
dextran 40, or dextran 70 were prepared and equilibrated for 1 h
at 20 °C. Far-UV circular dichroism (CD) spectra (210—260 nm)
and near-UV—visible CD spectra (280—600 nm) of the protein
samples were collected on a Chirascan (Applied Photophysics)
CD spectropolarimeter with a 1 nm data interval at 20 °C in a
1 mm cell. All reported spectra are averages of three spectra after
subtraction of the buffer signal and baseline correction. Ther-
mally induced unfolding of cytochrome ¢ (pH 7.0) in the presence
and absence of macromolecular crowding agents or sucrose (in
the presence of various concentrations of GuHCI) was monitored
via CD at 220 nm from 20 to 90 °C with a scan rate of 1 °C/min.
Far-UV CD spectra of unfolded cytochrome ¢ were recorded at
the highest temperature using the same parameters given above
for the folded protein.

The reversibility of the thermal transitions was checked by first
performing the thermal unfolding to the point where the post-
transition baseline starts. The sample was then allowed to cool to
the starting temperature (20 °C), after which a far-UV CD
spectrum was recorded. The intensity and shape of the spectra
before and after heating were then compared. In all cases, the
reversibility of the thermal transitions was greater than 80%. The
thermal unfolding curves were fitted to a modified form of the
van’t Hoff equation, which simultaneously fits the folded and
unfolded baselines and the transition region to produce the

'Abbreviations: CD, circular dichroism; T}, thermal midpoint; SPT,
scaled particle theory; GuHCI, guanidine hydrochloride; PDB, Protein
Data Bank.
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Table 1: AH(T,,) Values in Kilojoules per Mole for Cytochrome ¢ (pH 7) in
the Presence of Various Levels of Ficoll 70, Dextran 40, and Dextran 70,
Obtained upon Two-State Analysis of Thermal Transitions®

[GuHCI] (M) buffer 200 mg/mL 300 mg/mL 400 mg/mL
Ficoll 70
0.50 340+ 16 365+7 32749 42547
0.75 318+ 10 319 +£7 307+ 6 311+£8
1.00 3207 289+5 287+ 4 336+5
1.25 266+ 7 276 £6 2416 291+£8
1.50 257+7 258 +5 262+ 6 260 £ 6
1.60 242+7 - 226+ 7 216+ 6
1.75 205+5 234+4 240+ 5 256 +4
Dextran 70
0.50 344+ 14 370 +£21 273+ 25 348 £33
0.75 321£10 294 £15 291 £18 313+21
1.00 318+10 283 £11 296+ 15 321+17
1.25 265+9 290 £ 12 276 £ 14 291+11
1.50 254+8 194 £11 251+ 19 253+9
1.60 225+8 248 £10 240 £13 222+17
1.75 204 +3 234 +9 201+ 6 -
Dextran 40

0.50 344+ 14 301+16 289 +£22 299 £22
0.75 321+£10 328 £15 369 + 25 225+18
1.00 318+10 270 £10 276 £10 260 +20
1.25 265+9 269 £10 257+ 10 200+ 15
1.50 254 +8 255+38 233+ 10 199+ 10
1.60 225+8 243 £38 243+ 10 230+8
1.75 204 +3 219+7 243+ 10 227+7

“Examples of transitions shown in Figure 1A; midpoint T, values
plotted in Figure 1B—D and listed in Table S1 of the Supporting Informa-
tion. The GuHCI concentrations are uncorrected (see Table S2 of the
Supporting Information for corrected GuHCI values at each crowding
agent concentration). Standard errors in AH(T,,,) are taken from the fits (see
also Table S3 of the Supporting Information for further statistical analysis).

thermal midpoint (7;,) and enthalpy of unfolding [AH(T},)]
values for unfolding under each solvent condition (24, 25)
(examples of raw data overlaid with fits are shown in Figure
S1 of the Supporting Information):

y=y+mT+ (yu +muT)[KU/(1 ‘I’KU)}
where

Ky =exp[—AH(1 = T/Tn)/(RT)]

where y is the spectroscopic signal, mand m, are the slopes and y;
and y, the intercepts of the folded- and unfolded-state baselines,
respectively, T'is the temperature, and Ky, is the unfolded—folded
equilibrium constant. Data were fitted using Origin version 6. T,
and AH(T,,) values are listed in Table 1 for AH and Table S1 of
the Supporting Information for T,; errors given are standard
errors from the fits. For several conditions, more than one
measurement was taken and statistical error analysis of AH values
from these data sets is given in Table S3 of the Supporting
Information. Fluorescence measurements were performed on a
Cary Eclipse spectrofluorimeter. Emission at 20 °C (excitation at
285 nm) was recorded from 310 to 460 nm with a 1 nm data
interval (1 cm cell). Thermal unfolding of cytochrome ¢ in dif-
ferent crowding agents was measured by fluorescence at 350 nm
(excitation at 285 nm) while the sample was heated (1 °C/min).
Chemical denaturation of cytochrome ¢ (without or with 300 mg/
mL Ficoll 70) was performed at 20 °C (pH 7.0) using GuHCl
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(in 0.5 M increments) as the denaturant. Samples were incubated for
1 h before measurements. Unfolding was followed by far-UV CD
and fluorescence detection using the same parameters used for
for the spectra described above. The signals at 220 nm (CD) or
350 nm (fluorescence) were fitted to a two-state model to obtain
the midpoint of unfolding (26) (Figure S2 of the Supporting
Information). The two isothermal unfolding curves were used to
determine what GuHCI concentrations to utilize in the thermal
experiments (i.e., GuUHCI levels that destabilize the folded protein
but do not cause any changes in the protein secondary structure
at 20 °C.)

GuHCI Concentration Corrections Due to Solvent-
Excluded Volume. An inert crowding agent increases the
concentration of any small solute by decreasing its available
volume through steric repulsion (assuming no interactions bet-
ween the crowding agent and the solute) (27—29). The GuHCI
concentrations in the cytochrome ¢ samples were therefore
corrected ([GuHCl].or;) to account for the solvent-excluded
volume due to the presence of Ficoll or dextran. For this, we
determined the value of Ficoll 70’s partial specific volume to be
0.65 + 0.02 mL/g. This value was found to be same for the two
dextrans and did not depend on the amount of crowding agent
dissolved (200—400 mg/mL). Moreover, the crowding agent’s
partial specific volume value was the same in buffer, in 0.5—-6 M
GuHCl, and in 8 M urea, indicating that there are no specific
interactions between GuHCI or urea and Ficoll or dextran. For
corrections, we used [GuHCl]cor = (1/f5)[GUHCI], where £, is the
volume fraction available to the solvent (27). For example, for
300 mg/mL Ficoll 70 solutions, f,, ~ 0.8 (i.e., 1 —0.65mL/g x 0.3
g/mL). All GuHCI concentrations used in thermal experiments and
in the chemical denaturant experiment with 300 mg/mL Ficoll 70
were corrected in this way on the basis of the amount of crowding
agent present. In Table S2 of the Supporting Information, cor-
rected GuHCl concentrations are given for various starting GuHCI
concentrations as a function of increasing levels of crowding agent.

Coarse-Grained Modeling of Cytochrome c and Heme. A
side chain C, model (SCM) that includes two beads per amino
acid (except glycine) was used to represent the protein structure of
cytochrome ¢, and a description of the structural Hamiltonian
in this model was presented in ref 30. A structure-based (i.e.,
Go-type) energy function was implemented for the nonbonded
interactions on cytochrome ¢ in which only the contact formations
in the crystal structure (PDB entry IHRC) determined by X-ray
diffraction were attractive, and its description appears in ref 30 .

The model of cytochrome ¢’s heme that we used was modified
from the coarse-grained heme model used in the computational
study by Wolynes’ group (3/), in which a square planar place-
ment of four beads is used to represent the heme. We took the
positions of the four nitrogen atoms (labeled NA, NB, NC, and
ND) from the crystal structure of cytochrome ¢ (PDB entry
IHRC). These were used to create our heme model with four
pseudobeads (named H,,,, where m = 1,2, 3, or 4) with the radius
of 5 A that minimized steric clashes. The four H,, pseudobeads
are interconnected with harmonic interactions (eq 1), a total of
six bonds, to maintain a planar geometry. In addition, each H,,
bead is connected to the side chain bead of Hisl7 through a
harmonic interaction by the following formula:

Ebond 7kb( U_”g>2 (1)

where iand j € H,, ori € H,, and is the side chain bead of His17.
ky = 100¢, and ¢ = 0.6 kcal/mol. r{j was calculated from the
crystal structure of the heme of cytochrome c.
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Each bond angle energy term for three adjacent beads across
heme and Hisl7 and heme i, j, and k in which i is the C, bead of
His17, jis the Cg bead of His17, and k € H,, is in the following
form:

Epnge = ko(0™ = 0)° ®)
where ky = 20e and 6" values were calculated from the crystal
structure of cytochrome c.

Each dihedral energy term for four consecutive beads across
His17 and heme i, /, k, and /is defined in eq 3. i is the C,, bead of
His17. jis the Cg bead of His17. k and / are heme beads, and both

take the following values: k = H;,/ = Hy; k = H,, [ = H3 k =
Hs, /= Hy k= Hy [ = Hy.
Egi/;r[edral = k¢[1 - COS(¢U]([ - ¢gk[)] (3)

where k, = ¢ and ¢! values were calculated from the crystal
structure of cytochrome c.

The nonbonded interactions between the coarse-grained pro-
tein and heme, E,y,, follow a Go-like (structure-based) potential
in which only the ones found in the crystal structure are
attractive. These contacts were defined by the program of
Ligand-Protein Contacts (LPC software) (32). The behavior of
these selected contacts follows a Lennard-Jones interaction in
eq 4. iis a side chain bead, and j € H,),

12 6
Tij Tij

where & = 0.6 kcal/mol and 0;; = f(0; + 0)); 0, and o; are the van
der Waals radii of the interacting beads. [i —j| > 1. f = 09isa
scaling factor to prevent clashes between interacting beads. Non-
native interactions are strictly repulsive following

12
. 0..
1] _ )
Enon—native =¢ <_) (5)
Tj

Coarse-Grained Modeling of Crowding Agents. Several
types of crowders were used in computer simulations to address
the effects of crowder size and shape variations on the folding
energy landscapes (7, 21, 33). Four spherical crowding agents
were used in the simulation: (a) Ficoll 70, a hard sphere with an
R, of 55 A and a mass of 70 kDa; (b) CR-40, a hard sphere with
an R, 0f45.5 A and a 40 kDa mass equivalent to that of fictitious
“Flcoll 407; (c) CR-10, a hard sphere with an R, of 28.5 Aanda
10 kDa mass called CR-10 equivalent to ﬁctltrous “Ficoll 107,
and (d) CR-cyt a hard sphere with the size of folded cytochrome
¢, with an RY ¢ of 13.1 A. CR-cyt is the smallest crowder in the
simulation (that is still not smaller than the size of a native
protein). In addition, two dumbbell-shaped crowding agents
were modeled: (¢) Dumbbell 70, a dumbbell-shaped crowder
created by using two hard-core Ficoll 70 spheres and linked by a
harmonic bond whose equilibration length is 106.4 A;and (f) SD-
70, created by using two equally sized hard-core spheres whose
total volume equals one Ficoll 70 linked by a harmonic bond
whose equilibration length is 83.6 A. We used volume fractions
of crowders (¢.) of 0% (bulk), 25%, and 40% for each type of
crowder described above in the computer simulations.

Simulation Techniques. To study the thermodynamic pro-
perties of cytochrome ¢ in silico, we used molecular simulations
using Langevin equations of motion. An in-house developed
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version of AMBERG6 (34) in which the Langevin equations of
motion were integrated in low-friction limit was used (35). The
Replica Exchange Method (REM) (36) was implemented to
enhance the sampling efficiency of the simulations on cytochrome
¢. The REM is a computational method that executes several
copies of standard molecular simulations at different temperatures
in a range from 0.97kgT/e to 1.50kyT/e simultaneously, and each
copy attempts to communicate with another copy every certain
time step through a rule based on the Metropolis criterion (37): the
acceptance probability (P,.) for the exchange of two neighboring
replica copies, i and j, equals min(Lexp{(f; — B)[U(r)—U(r)]}),
where 5 = 1/kgT and U(r) represented the configurational energy
of the system. The acceptance ratio remained between 20% and
30% among the distribution of replicas at different temperatures.
The integration time step is 10~*z;, where 7, = (mo?/¢)™>. Each
exchange was attempted at every 4007, . For our computations of
thermodynamic values, a total of at least 40000 statistically
significant conformations were collected from each replica copy,
where the time separation of sampling is greater than one
correlation time. Thermodynamic properties and errors were
calculated using the weighted histogram analysis method (38).

Shape Analysis. The shape of configurations can be char-
acterized by two rotationally invariant quantities, the asphericity
(A) and the shape parameter (S) (39). S and A are determined
from the inertia tensor, Tyg, in eqs 6—8:

1 N
Tos =732 Z (ria = rja) (rig = rjp) (6)

i,j=1

where N is the total number of atoms and o and 3 represent the
X, Y, and Z components. The eigenvalues of T are denoted by
Adi = 1,2, 3). 1is the average of 4; values.

S A
A=y )
116-7)
S = 271:th)3 (8)

Asphericity (A) ranges from 0 to 1, and a A of 0 corresponds to a
sphere. Deviation of A from 0 indicates the extent of anisotropy.
The shape parameter (S) ranges from —0.25 to 2; a negative S
corresponds to an oblate ellipsoid and a positive S to a prolate
ellipsoid, whereas S = 0 is a sphere.

RESULTS

Choice of Protein and Crowding Agents. Cytochrome ¢
was selected as target protein in this study because () it has been
extensively characterized in dilute buffers (40—45), (b) itis a small
single-domain protein that unfolds reversibly in vitro, and (c) the
equilibrium unfolding mechanism in buffer appears to be a two-
state mechanism. The crowding agents selected for this study are
the sugar-based polymer Ficoll 70 (70 kDa; no other size is
available) and dextrans 40 and 70 (40 and 70 kDa, respectively)
because (a) they are believed to affect proteins via excluded
volume effects, (b) they have low absorption above 200 nm, (c)
they do not interact with proteins, (d) they are inert and do not
have phase transitions in the temperature regions to be studied,
and (e¢) Ficoll adopts a semirigid sphere shape (46—49) and can
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therefore easily be modeled in computations as hard spheres,
whereas dextran can be modeled as a random array of rods in
solution (79, 50), approximated by short dumbbell models in our
computer simulations.

Modulation of Thermal Stability by Crowding Agents.
The thermal midpoint (7;,) for cytochrome ¢ at physiological pH
is ~82 °C (51, 52), and this reaction is not reversible in vitro.
However, introduction of low levels of the chemical denaturant
GuHCl results in cytochrome ¢ destabilization (lowering the 7},,),
and the thermal process becomes reversible. All GuHCI concen-
trations in the presence of Ficoll or dextran were corrected as
described in Materials and Methods for solvent-excluded volume
due to the presence of the crowding agents (see Table S1 of the
Supporting Information for a list of corrected GuHCI values).
Thermal experiments probed by far-UV CD of cytochrome ¢ in
the presence of increasing GuHCI concentrations were performed
in the presence and absence of 200, 300, and 400 mg/mL Ficoll 70
(~70 kDa). All these reactions were more than 80% reversible.
Addition of up to 2 M GuHCl in the absence of crowding agent
does not cause any protein unfolding at 20 °C as concluded from
the lack of changes in far-UV CD (secondary structure; see
Figure S2 of the Supporting Information), Trp emission (Trp
environment; Figure S3A of the Supporting Information), and
visible CD (heme environment; see Figure S3B of the Supporting
Information). However, GuHCI additions in this range destabi-
lize cytochrome ¢ such that the Ty, is lowered. Chemical GuHCI-
induced unfolding curves in buffer and in 300 mg/mL Ficoll 70 at
20 °C are shown in Figure S2 of the Supporting Information. The
data demonstrate, in accord with the thermal data presented
below, that there is a shift in cytochrome ¢’s unfolding midpoint
toward higher GuHCI concentrations in the presence of Ficoll 70,
but that the reaction remains two-state-like. This trend was
shown earlier for ribonuclease A using urea as the denatur-
ant (53). In the presence of 300 mg/mL Ficoll 70, up to 3 M
GuHClI does not cause any change in protein secondary structure
(Figure S2 of the Supporting Information).

In Figure 1A, we show examples of thermal transitions as a
function of Ficoll 70 concentration; in Figure 1B, we plot Tj,
values (from two-state analysis) as a function of GuHCI con-
centration and Ficoll 70 level. From the plot, it emerges that
cytochrome c is stabilized by a few degrees by the presence of
Ficoll 70 in a concentration-dependent manner (more Ficoll,
higher T,,). Notably, the effect of Ficoll 70 is stronger at higher
GuHCI (~10°) than at lower GuHCI concentrations (2—5°),
indicating that when the protein is destabilized, Ficoll 70 can
improve cytochrome ¢’s stability. The same thermal midpoints
were obtained when using fluorescence (cytochrome ¢ has one
Trp that is quenched by the heme in the folded, but not in the
unfolded, state) as the detection method (not shown).

We also tested the effects of dextran 40 (~40 kDa) and dextran
70 (~70 kDa) on cytochrome ¢ thermal stability (Figures 1CD).
These agents have stabilizing effects on cytochrome ¢ thermal
stability similar to those of Ficoll 70. Notably, at the lower
GuHCI concentrations, the effect of dextran 40 is stronger than
that of dextran 70 at the same concentration, implying that the
size of the crowding agent matters (smaller is better). Like for
Ficoll 70, the effects of dextran 70 and dextran 40 on thermal
stability are larger at higher GuHCI concentrations (i.e., when
cytochrome c is destabilized); this trend is most pronounced for
dextran 70 (Figure 1C,D).

The effects on cytochrome ¢’s T}, induced by the presence
of macromolecular crowding agents appear primarily due to
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GuHCI concentration M

F1GURE 1: Thermal unfolding curves probed by CD at 220 nm as a function of temperature with a scan rate of 1 °C/min. (A) Cytochrome ¢in 0.5 and
1.75 M GuHCI (uncorrected concentration; see Table S1 of the Supporting Information) with 0 (—), 200 (-—-), 300 (- —+), and 400 mg/mL Ficoll 70
(+++). (B) T, values for cytochrome ¢ at different corrected GuHCI concentrations with 0, 200, 300, and 400 mg/mL Ficoll 70 (labels for each
condition given in each figure). (C) T}, values for cytochrome ¢ at different corrected GuHCI concentrations with buffer, 200, 300, and 400 mg/mL
dextran 40. (D) T, values for cytochrome ¢ at different corrected GuHCl concentrations with buffer, 200, 300, and 400 mg/mL dextran 70. The values
and errors for all 7, values are given in Table S1 of the Supporting Information. Linear fits to the data are only included to “guide the eye”.

excluded volume effects (i.e., entropic effects) since the AH(T,,)
values at similar GuHCI concentrations are independent (within
experimental errors) of crowding agent concentration (Table 1,
cf. each horizontal row, which is roughly for the same GuHCI
concentration; see Table S2 of the Supporting Information for
exact GuHCl values). We note that AH(T,) should decrease with
an increase in GuHCI concentration as the protein is destabilized
and AH(T,,) is lowered. This is clearly seen in Table 1 for the
buffer column.

Effects of Crowding on Folded- and Unfolded-State
Secondary Structures. To test the possible effect of Ficoll 70
and the two dextrans on the folded-state secondary structure
content, far-UV CD spectra were recorded as a function of
crowding agent additions at 20 °C. For cytochrome ¢, there was
no effect of Ficoll 70 or dextran 40 or 70 addition on the protein’s
secondary structure (i.e., far-UV CD signal) regardless of the
presence of low levels of GuHCI (Figure 2A). Moreover, the
presence of various crowding agents did not change cytochrome
¢’s Trp fluorescence (Trp environment; data not shown) or visible
CD (heme environment; see Figure S2B of the Supporting
Information) under any of these GuHCI conditions. This is in
contrast to our earlier findings for the larger proteins, apoflavo-

doxin and VISE (20—22). We also analyzed the effect of crowding
agents on the thermally unfolded state. For cytochrome ¢, no
significant change in unfolded-state secondary structure content
(far-UV CD signals collected at 85—90 °C; appropriate baselines
subtracted) was found as a function of Ficoll 70 concentration
(Figure 2B).

Thermodynamic Analysis of Cytochrome ¢ Behavior in
Silico Matches the in Vitro Study. To complement the in vitro
data and provide deeper insights into molecular mechanisms, we
performed computer simulations on the same protein without
and with the inclusion of inert spheres (acting as crowders) of the
size of Ficoll 70. As described above, there is no effect of
macromolecular crowding on the secondary structure content
of the folded and unfolded states of cytochrome ¢ in vitro. The
same trend is found in silico when analyzing the radius of
gyration (R,) as a function of temperature 7 (Figure 3A).
Crowding has no effect on the sizes of the folded ensemble of
cytochrome c at low temperatures. Thereis a 5% reduction in the
overall size of the unfolded ensemble at a high temperature in the
presence of a high content of Ficoll 70 (4. = 40%).

In addition, we plotted the folding free energy of cytochrome ¢
as a function of the fraction of native contacts (Q) in the presence
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of Ficoll 70 at ¢, values of 25 and 40% (Figure 3B). The free
energy profiles demonstrate that there is destabilization of the
unfolded states in the presence of crowding agents. The change in
thermal stability between bulk and ¢, = 40% is small compared
to that from our previous study on apoflavoxin (21, 33). The
observed small increase in folded-state stability of cytochrome ¢
in the presence of Ficoll 70 in silico is in agreement with the
in vitro observations of an increased T,.

In Silico Analysis of the Role of Crowder Size on
Cytochrome c. One reason that accounts for a small, or no,
effect of crowding on cytochrome ¢ may be cytochrome ¢ being
much smaller than the Ficoll 70 molecules, as suggested by scaled
particle theory calculation (5). Therefore, we investigated the
effects on the thermal stability of cytochrome ¢ at a ¢, of 40%
using crowders smaller than Ficoll 70 but still spherical [i.e.,
CR-40, CR-10, and CR-cyt (see Materials and Methods for
details)] by computer simulations. Two-dimensional (2D) folding
energy landscapes of cytochrome ¢ as a function of the radius of
gyration (R,) and the fraction of the native contact formation
(Q) at 1.26kgT/e are shown in Figure 4 under different crowd-
ing conditions [bulk, ¢.(Ficoll 70) = 40%, ¢.(CR-40) = 40%,
¢(CR-10) = 40%, and ¢.(CR-cyt) = 40%]. As the size of a
crowder is reduced, cytochrome ¢’s R, at a low Q (i.e., the
unfolded ensemble) decreases drastically, indicating that smaller
crowders induced stronger attraction and thereby greater com-
paction among the unfolded structures.

We also plotted the folding free energy as a function of the
fraction of contact formation (Q) (Figure 5). There is a greater
destabilization of unfolded states (Q, = 0.35) as the size of
crowder is reduced from Ficoll 70 to CR-10 at a ¢, of 40%. Thus,
the folded-state stability of cytochrome ¢ increases with a
decrease in crowder size. Interestingly, with the smallest crowder
(CR-cyt), the free energy minimum for the unfolded states
increases from a Q, of 0.35 to a Q, of 0.4, indicating that the
ensemble structures of the unfolded state of cytochrome ¢ differ
from the other conditions by having more nativelike contacts.

The change in the ensemble structures of unfolded cytochrome
¢ at high levels of crowders was further probed by analysis of the
differences in the contact formation between a ¢, of 40% and a ¢,
of 0% (bulk) at 1.26kgT/e. The differences in the probability of
native contact formation between a ¢.(CR-40) of 40% and bulk,
and between a ¢ (CR-cyt) of 40% and bulk, in the form of
contact maps, are provided in panels A and B of Figure 6,
respectively. The top triangle represents hydrogen bond forma-
tion and the bottom triangle side chain formation. The region
boxed in red, between residue 75 and residue 90, is where the side
chain contacts are mostly affected by crowding, particularly by
using the smallest crowder, CR-cyt. This region is projected on a
crystal structure of cytochrome ¢ in red (Figure 6E).

In Silico Analysis of the Role of Crowder Shape on
Cytochrome c. Ata high level of crowding agents, the geometry
of a void formed under crowder density fluctuations plays a key



Article

Biochemistry, Vol. 49, No. 31, 2010 6525

50 50 n 50
A) Bulk B) Ficoll70 C) CR-40
40 401 40
<
(=2 4 4 4
o 30 30 30
204 20 20 A
10 r T T T 10 T T T 10 T T T T
00 02 04 06 08 1.0 00 0.2 06 08 1.0 00 02 04 __06 08 1.0
Q Q
50 50
D) CR-10 E) CR-Cyt
40 40
< — 10
o2 30 30 -
0 0 Q‘
10 ; ; ; : 10 ; ; ; 4.5

Ficure 4: 2D folding energy landscape of cytochrome ¢ as a function of the radius of gyration (R,) and the fraction of native contact formation
(Q) at 1.26kgT/e under the following conditions: (A) ¢. = 0 (bulk), (B) ¢.(Ficoll 70) = 40%, (C) p(CR-40) = 40%, (D) ¢.(CR-10) = 40%, and
(E) p(CR-cyt) = 40%. The free energy is color-scaled by kg7, and kg is Boltzmann’s constant.

(S )
—

Y

Free energy (ksT)
N w

—_

o

FIGURE 5: Folding energy landscape of cytochrome ¢ at
1.26kgT/e as a function of the fraction of native contact forma-
tion (Q) under the following conditions: bulk (—), ¢.(Ficoll 70) =
40% (- ++), (CR-40) = 40% (---), p-(CR-10) = 40% (---), and
o (CR-cyt) = 40% (@).

role in the distribution of ensemble structures of proteins (33).
Therefore, the shape of the crowding agents may matter with
respect to the overall protein biophysical properties. Motivated
by the fact that the in vitro thermal stability increases caused by
dextran, whose structure at most can be described as anisotropic,
are somewhat greater than those caused by Ficoll, we tested two
different anisotropic crowders in silico. To address the thermal
stability of cytochrome c at high levels of anisotropic crowding
agents, we adopted two types of dumbbell crowders as simple
mimics of dextran: dumbbell70 and SD70 (see Materials and
Methods). The latter type of dumbbell, SD70, has a volume
equivalent to a single Ficoll 70, whereas the volume of dumb-
bell70 is double that of one Ficoll 70. Although SD70 is smaller
than dumbbell70, all investigations were conducted at the same
level of crowding in terms of volume fraction (4. = 40%).

The radius of gyration (R) as a function of temperature is
shown in Figure 7A. At high temperatures, greater than the
folding temperature (77), the R, of cytochrome ¢ in the presence
of SD70 is shorter than that in the presence of Ficoll 70.

In addition, the R, of cytochrome ¢ in the presence of Ficoll 70
is shorter than that in the presence of dumbbell70. This suggests
that the SD70 crowder exerts greater stabilizing effects over
Ficoll 70, which is in agreement with experimental findings.
Despite the noticeable difference in R, at high temperatures when
using crowders of different shapes, the changes in the free energy
as a function of Q (Figure 7B) are less dependent on crowder
shape, as demonstrated by the comparison of the SD70 and Ficoll
70 data.

To evaluate the mechanistic interactions between the protein
and the crowders of different shapes, we calculated the shape
parameters S and A (see Materials and Methods for definitions of
Sand A) of cytochrome ¢ at a ¢ of 40% (Table 2). In the folded
state of cytochrome ¢, A = 0.06 and § = 0.02, and the two
parameters are not changed by different types of crowders. In the
unfolded state of cytochrome ¢, the asphericity ranges from 0.45
to 0.49 and the shape parameter ranges from 0.38 to 0.40. Thus,
the unfolded protein chains can be considered elongated objects
(prolate) in the presence of all different type of crowders
analyzed, and the distribution of conformations is not much
dependent on crowder shape. Nonetheless, there is a small
increase in the level of asymmetry of the unfolded state of
cytochrome ¢ when going from spherical to dumbbell-shaped
crowders at a ¢. of 40% (Table 2).

This finding is in sharp contrast to that of the former study on
apoflavodoxin (33). Among a cluster of unfolded structures of
apoflavodoxin that was characterized as spherical, a distinct
population of elongated unfolded conformations existed that
facilitated off-pathway folding routes. At high levels of crowding,
the population of the two major clusters of the unfolded-state
conformations could be dramatically altered by using crowders
with different geometries. This was demonstrated by changes of
up to 20% in S and up to 40% in A, values for the ensemble of
unfolded apoflavodoxin upon comparison of dumbbell70 and
Ficoll 70 data at the ¢. = 40% crowding condition.
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Effects of Crowders of Different Shapes on Protein—
Heme Interactions. The differences in the probability of the
unfolded-state heme—protein contacts between ¢(CR-40) =
40% and bulk (Figure 6C) as well as between ¢(CR-cyt) =
40% and bulk (Figure 6D) are shown as contact maps. In the
presence of high levels of crowding, the probability of native
contact formation between heme and the protein segment
(residues 30—40) clearly increases in the unfolded ensemble of
structures (orange segment, Figure 6E). Moreover, the contacts
in the orange segment of unfolded cytochrome ¢ are more enhanced
when a smaller, as compared to larger, spherical crowder was
applied.

How the shape of the crowder affects the interactions between
the heme and the polypeptide was also investigated (Figure S4 of
the Supporting Information). In contrast to the enhanced prob-
ability of contacts between the segment of cytochrome ¢ (35, 40)
and the heme that is proportional to the size of spherical crowders
(Figure 6C,D), the same segment (labeled in an orange box in
Figure S4), however, was less affected by the dumbbell-shaped
crowders. Thus, the geometry of the crowding agents matters for
heme—protein contact formation at high levels of crowding.
Because folding of cytochrome ¢ is believed to start around the
heme (31), the observed in silico crowding effects on the
heme—protein interactions may be important for folding in vivo.
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Table 2: Asphericity and Shape Parameters of Cytochrome ¢ Ensemble
Structures under Bulk Conditions (¢. = 0%) and a ¢. = 40% Crowding
Condition in the Presence of the Different types of Crowders

bulk Ficoll 70  dumbbell70 SD70

Unfolded

asphericity (A) 0.58+0.00 0.4740.00 0.49 +0.00 0.45=+0.00
shape parameter (S) 0.454+0.00 0.39 £0.00 0.40 £0.00 0.38 £0.00

Folded

asphericity (A) 0.074+0.00 0.06+0.00 0.06+£0.00 0.06=+0.00
shape parameter (S) 0.03 £0.00 0.02 +£0.00 0.02£0.00 0.02 +0.00

DISCUSSION

Here, we report the structural and thermodynamic effects of
macromolecular crowding on a helical protein using a combina-
tion of in vitro and in silico methods. Whereas we find that folded
cytochrome ¢ (helical, 104 residues) is not affected structurally
(far-UV CD, Trp fluorescence, and heme Soret CD) by crowding,
the thermal stability is increased in the presence of crowding
agents due to volume exclusion. The in vitro data (structural and
thermodynamic) can be reproduced computationally when using
a structural based (Go-like) model for cytochrome ¢. We note
that a structural (Go-like) potential was successfully applied in
studying the folding of cytochrome ¢ previously (31) .

The results presented here for cytochrome ¢ can be compared
to those of our previous work, using similar approaches, on the
effects of macromolecular crowding on two other apoflavodoxin
and VISE proteins. For apoflavodoxin (o/f structure, 148
residues), we found that macromolecular crowding induces a
more ordered, crystal structure-like folded state in solution, along
with dramatic increases in thermal stability (21). For the Borrelia
protein VISE (helical, 328 residues), we found that macromole-
cular crowding in combination with small perturbations (heat/
chemical denaturants) resulted in large structural changes
(bending, and more helices, then collapse to a sphere) and a
switch in secondary structure content (c to /3); this allowed for
exposure of a hidden antigen at high crowding levels (22). In this
work on VISE (22), we adopted a statistical potential that allows
attractive non-native interactions in a coarse-grained pro-
tein model. For apoflavodoxin (21), we used a structure-based
(Go-like) model to successfully capture the in vitro data on this
protein under crowded conditions and to explain in vitro changes
in the folding routes upon mutation (33). We note that there
are a number of other studies that have also addressed the
effects of macromolecular crowding on protein biophysical
properties (10—19).

Role of Protein Size, Shape, and Stability for the Effects
of Macromolecular Crowding. Together with our earlier study
on the thermal stability of the larger apoflavodoxin, in the presence
of the same type of crowder (Ficoll 70), the native-state stability of
apoflavodoxin is enhanced (AAGy [k Ty = —2.3; ATy = 19 K from
bulk to ¢. = 40%) to a greater extent than that of cytochrome
¢ (AAGy/kT; = —0.4; ATy = 4 K from bulk to ¢, = 40%) by
crowding agents in silico. Experimentally, apoflavodoxin stability
was enhanced by up to 20 °C (21), whereas cytochrome c¢ is
stabilized by 5 °C with Ficoll 70 (at 0.5 M GuHCI). Such distinct
effects on protein stability with the same crowding content can
be explained by a larger destabilization of the unfolded state
of apoflavodoxin than that of cytochrome ¢ under crowded
conditions. In addition, apoflavodoxin’s folded-state secondary
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structure content was modulated by Ficoll 70, which could add
to the favorable thermal effect; this was not the case for the
folded structure of cytochrome ¢ (Figure 2A).

This difference between the two proteins can also be partly
explained by scaled particle theory (SPT) (5) in which the ratio of
the sizes of Ficoll 70 and folded proteins and the ratio of the sizes
of Ficoll 70 and unfolded proteins are important factors in
determining the extent of macromolecular crowding effects on
the protein’s stability. As the size of unfolded apoflavodoxin
(37.6 A) is much closer to the size of Ficoll 70 (55 A) than that of
unfolded cytochrome ¢ (27.3 A) it is reasonable that macro-
molecular crowding has a greater effect on apoflavodoxin’s
unfolded-state ensemble and thereby on thermal stability.

Cytochrome ¢ is spherical as is flavodoxin, whereas VISE
adopts an elongated shape. Taken together with our earlier
findings on apoflavodoxin and VISE, it appears that the more
anisotropic a protein is, the stronger the crowding effects [VISE
was found to change shape and collapse into a sphere at high
levels of crowding (22)]. Moreover, another factor that deter-
mines the extent of crowding effects may be protein stability.
Cytochrome ¢ is more stable than VISE and apoflavodoxin
in vitro, suggesting that the more stable a protein is, the weaker
the effects of crowding appear to be (i.e., weakest effects found
for the most stable cytochrome ¢). This idea is directly shown here
in the fact that the thermal effects on cytochrome ¢ of crowding
agents increased as a function of increasing GuHCI concentra-
tions that destabilize the protein (Figure 1). We note that another
explanation for the trend of an increasing crowding effect at
higher GuHCI concentrations may be that the unfolded state of
cytochrome ¢ becomes more expanded at higher denaturant
concentrations (proposed in ref 54), enhancing the effect of
excluded volume.

Role of Crowder Size for the Effects of Macromolecular
Crowding on Cytochrome c. The results from our computer
simulations of varying spherical crowder sizes were compared
with the SPT calculation. We used both Zhou’s (55) and Minton’s
SPT models (5). For the effective radius of a hard sphere
representing the unfolded states of cytochrome ¢, we used 35.2
A from Minton’s formula in ref 5. This value is the multiplication
of (5/3)"2 with the ensemble average (R, Y) of the unfolded states
(ie., 27.3 A) measured at a Q, of 0.3—0.4 at the folding
temperature in our computer simulations. For the effective radius
of a hard sphere representing the folded states, we used 18.6 A;
this is a multiplication of (5/3) /2 with the ensemble average (Rg Ny
of the folded states (i.c., 14 A) measured at a Qpof 0.75—0.85 at
the folding temperdture in our computer simulations. The major
difference between the two SPT models is how unfolded states are
treated in their calculations of AAGy,, the protein stability change
due to crowding at a given ¢, (5). In Zhou’s SPT calculations,
unfolded states are soft and modeled as Gaussian chains, whereas
in Minton’s SPT calculations, unfolded states are modeled as
hard cores.

When using Zhou’s SPT formula, there is a nonmonotonic
trend in which the folding stability of cytochrome ¢ first increases
inversely with crowder size and then decreases after the crowder
size becomes smaller than ~45 A at a ¢ of 40% (Figure S5A of
the Supporting Information). When the crowder size is smaller
than 32 A AAGy, calculated from Zhou’s SPT formula becomes
positive. In our coarse-grained molecular simulations using a
structural (Go-like) potential, AAGg, is 1 order of magnitude
greater than that from Zhou’s SPT calculations. In addition,
AAGy, from our simulations increases as the crowder size
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decreases. The smallest crowder model we used in our study is the
size of folded cytochrome ¢ (CR-cyt; R, = 13.1 A). Meanwhile,
AAG, computed from Minton’s SPT formula (Figure S5B of the
Supporting Information) is 10 times larger than the values from
our computer simulations but follow the same trend as our data.
This difference between the two SPT models may arise from the
way they model the unfolded states. In Zhou’s SPT calculation,
the stability of the folded state is unfavorably affected in the
presence of crowders by an overestimation of the unfolded-state
stability since the unfolded protein chains are allowed to overlap
themselves and pass through the space of the crowders. However,
in Minton’s SPT calculation, the stability of the folded state may
be somewhat overestimated since the unfolded-state ensemble is
treated as impenetrable hard cores. Our results for crowder size
effects on cytochrome ¢ stability are in good agreement in a
narrow range of crowders whose sizes are larger than the folded
protein (data not shown) with another computational study of
three different proteins also using Go models (56).

Role of Crowder Shape in the Effects on Cytochrome c.
In the presence of high levels of macromolecular crowding, the
folded-state stability of a protein will depend on many factors, in
addition to the excluded volume effects of the crowders. For
example, in our prior study on apoflavodoxin, the ensemble struc-
tures of folded and unfolded states were modulated by mechanistic
interactions between the protein and the crowder molecules (21).
As a result, the folded state could not be modeled as a hard core.
When we subsequently studied the folding routes of apoflavo-
doxin, the folding mechanism of which involves nonproductive
folding pathways due to topological frustrations (33), the use of
rod-shaped (instead of spherical) crowders was found to alter the
distribution of protein conformations in the ensemble such that
nonproductive folding route pathways were reduced (33).

We here used two different types of rod-shaped (dumbbell)
crowders as in silico simple models for dextran 70. Dextran
preparations are often polydisperse (57, 58), and their most
probable geometry in solution is still under debate (59). None-
theless, dextran is often considered to be rod-shaped (or, an array
of smaller rods) in solution (5, 60). Our results for cytochrome ¢
using dumbbell crowders were different from our previous results
on apoflavodoxin (33). In addition, the AAGy, of cytochrome ¢
fitted by SPT as a function of the size of spherical crowders
qualitatively agrees with the ones calculated from the computer
simulations, while SPT is unlikely to explain the behavior of
apoflavodoxin. These discrepancies between cytochrome ¢ and
apoflavodoxin in terms of crowding effects may not be surprising,
because cytochrome ¢ is smaller than apoflavodoxin and the
ensemble structures of folded and unfolded cytochrome ¢ are not
far from hard-core models.

With the use of the SPT argument, an anisotropic crowder
with the same volume as a spherical crowder will exert a greater
amount of excluded volume (6/). Therefore, it explains the
observed increases in the folding stability of cytochrome ¢ in
the presence of dextran 70 over Ficoll 70. In contrast, dumb-
bell70, having a larger volume per crowder than either Ficoll 70
or SD70, produces the greateast probable void size among the
three crowder models in our simulations. This leads to the least
impact on the folding stability of cytochrome c.

There is another reason that SPT fits the behavior of cyto-
chrome ¢, but not that of apoflavodoxin: the fact that the folding
mechanism of cytochrome ¢ does not involve topological frustra-
tion. In the case of apoflavodoxin, competing folding routes
led to off-pathway folding intermediates that competed with
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productive folding. This behavior is not found in the folding
landscape of cytochrome ¢ (data not shown; see also ref 37).
Instead, the folding behavior of cytochrome ¢ insilico is similar to
that of protein systems used in other studies that fit with various
SPT models (5, 56).

CONCLUSIONS

Proteins fold in a cell’s environment that is crowded with
macromolecules. It is therefore important to understand, on a
molecular level, how this exclusion of volume affects protein
biophysical properties in comparison to their behaviors in
conventional experiments performed in dilute buffers in vitro.
We here tested the effect of macromolecular crowding agents
(mimicking the crowdedness of the cell) on a small model protein,
cytochrome ¢, using in vitro and in silico methods. We found, in
contrast to earlier studies on two other model systems (the larger
proteins apoflavodoxin and VISE), that the folded-state structure
of cytochrome ¢ is not perturbed under crowded conditions.
However, in accord with findings on other proteins and excluded
volume theory, cytochrome ¢ is thermally stabilized under
crowded conditions. Analysis of our data reveals that this is an
entropic effect due to compaction of the unfolded state. When
cytochrome ¢ is destabilized (by inclusion of low levels of
chemical denaturant), the stabilizing effect of crowding increases,
implying that the less stable a protein is, the larger the possible
effect of crowding. This also agrees with earlier work on
apoflavodoxin and VISE; both proteins are less stable in vitro
than cytochrome ¢, and in both cases, we observed folded-state
secondary structure changes under crowded conditions. Another
factor that appears to dictate the magnitude of the effect of
crowding is the relative size of the protein and crowder. When
these two sizes come closer to each other, the effect of crowding
on cytochrome ¢’s thermal stability increases. A third factor that
can influence the effects of macromolecular crowding is crowder
geometry. Given the same high volume fraction ¢, and number
density p., we find that an anisotropic crowder will enhance
protein stability more than a spherical crowder.

In summary, we have identified the protein stability, crowder-to-
protein size ratio, geometry of crowders, and topological frustra-
tion during protein folding as key factors defining the net effect of
excluded volume on protein biophysics. Further studies on other
protein systems with varying size, structure, and stability are
needed to confirm these conclusions. In addition, it will be
important to test the effect of heterogeneous mixtures of crow-
ders to better mimic the in vivo condition.
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