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Hindered Diffusion in Polymeric Solutions Studied by Fluorescence
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ABSTRACT Diffusion of molecules in the crowded and charged interior of the cell has long been of interest for understanding
cellular processes. Here, we introduce a model system of hindered diffusion that includes both crowding and binding. In partic-
ular, we obtained the diffusivity of the positively charged protein, ribonuclease A (RNase), in solutions of dextrans of various
charges (binding) and concentrations (crowding), as well as combinations of both, in a buffer of physiological ionic strength.
Using fluorescence correlation spectroscopy, we observed that the diffusivity of RNase was unaffected by the presence of posi-
tively charged or neutral dextrans in the dilute regime but was affected by crowding at higher polymer concentrations.
Conversely, protein diffusivity was significantly reduced by negatively charged dextrans, even at 0.4 mM (0.02% w/v) dextran.
The diffusivity of RNase decreased with increasing concentrations of negative dextran, and the amount of bound RNase
increased until it reached a plateau of ~80% bound RNase. High salt concentrations were used to establish the electrostatic
nature of the binding. Binding of RNase to the negatively charged dextrans was further confirmed by ultrafiltration.
INTRODUCTION
The intracellular environment of a typical cell is crowded
with small molecules and soluble macromolecules, many
of which are charged. One consequence of this crowded
and charged environment is hindered solute diffusion, which
has implications for virtually all intracellular processes,
including metabolism, transport, and second-messenger
signaling (1). Three main factors that affect diffusion have
been identified: 1), the viscosity of the fluid phase; 2),
binding to charged cytosolic constituents; and 3), collisions
with both static and mobile intracellular components
(crowding). The viscosity of the fluid phase has been repro-
ducibly reported to be only 1.2–1.4 times that of free water,
and hence is not viewed as a major contributor to hindered
solute diffusivity (2). However, there is a considerable
disparity among the reported data as to the relative contribu-
tions of crowding and nonspecific binding. This stems partly
from the inability to decouple their individual contributions
in the heterogeneous cell environment, and partly from
the inherent drawbacks of the investigation techniques
used (3).

Diffusion of charged proteins in solutions and in cells has
been studied mainly via fluorescence recovery after photo-
bleaching (FRAP) (4). Despite its usefulness, FRAP has
several disadvantages, such as laser-induced photodamage
and incomplete recovery or reversible photobleaching of
fluorophores (5). Recently, NMR spectroscopy has also
been employed to study molecular diffusion in solutions
(6). Although this technique is very promising, its use in
crowded solutions is currently limited due to short-lived
1H longitudinal magnetization as well as dominant back-
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ground signals from the crowding agents. An alternative,
noninvasive technique to quantitatively investigate diffusion
is fluorescence correlation spectroscopy (FCS) (7). FCS has
been used in a variety of systems to estimate diffusion of
molecules in crowded media (8), and to examine various
molecular interactions (9–11), including binding (12).
Rusu et al. (13) used the amplitude of the autocorrelation
function to study the binding of proteins to phospholipid
vesicles. Michelman-Ribeiro et al. (14) performed FCS to
measure binding in living cells, and used the dissociation
constant as a fitting parameter in the autocorrelation func-
tion. However, few groups have used FCS to measure
binding in conjunction with crowding.

Because FCS was originally employed to study transla-
tional diffusion of homogeneous particles in dilute solu-
tions, the analysis of the autocorrelation function had to
be adjusted to fit particle diffusion in more-complex media.
In the general case, an empirical coefficient, a, is used to
describe the underlying diffusion with a ¼ 1 for simple
diffusion, a > 1 for anomalous superdiffusion (e.g.,
a directed transport via motor proteins), and a< 1 for anom-
alous subdiffusion (e.g., restricted transport in a crowded
environment, where a solute can be transiently caged by
obstacles) (15). In the case of anomalous diffusion, as
opposed to simple diffusion, the mean-square displacement
of a solute will grow nonlinearly with respect to time. In
fact, the degree of this nonlinearity has been adopted as
a measure for the crowdedness of the cell cytoplasm (10).
Nevertheless, this analysis provides little information about
the particular reasons for the anomaly because crowding,
binding, and increased system viscosity can all contribute
to the value of a (16). Furthermore, it has been proposed
that in the crowded cell environment, the diffusion time
is not a fixed constant at all timescales and hence the
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anomalous diffusion can only describe spatial (and not
heterogeneous (temporal)) randomness in cellular
systems (17).

Another model, a two-component model represented by
a fast and a slow component, has been used extensively to
describe deviations from simple diffusion (18). This model
is ideal for studying binding interactions if a solute binds to
a larger molecule with a significantly longer diffusion time
(the free molecule is the fast component of the model, and
the bound complex is the slow one). The anomalous and
two-component approaches for interpreting FCS data can
describe intracellular diffusion equally well in the sense
that they provide equivalently good fits to a given data set
(19). However, due to intracellular heterogeneity, it is still
challenging to discriminate between binding and crowding
directly in the cell (20). Nevertheless, it is feasible to expect
that in a well-defined experimental model, where a homoge-
neous crowder is used and where binding and crowding can
be tuned independently, FCS can be used successfully to
give information on both. Our goal in this study was to
employ such an in vitro model to investigate the relative
contributions of crowding and nonspecific binding to
hindered solute diffusion. In our model, to avoid possible
complications due to heterogeneity, the crowder and the
binder are the same chemical species, namely, dextran. In
addition, because in the cell environment diffusion of large
molecules can be completely impaired by immobile obsta-
cles, we focused on a small charged protein, namely, ribonu-
clease A (RNase). Further, we sought to validate our FCS
results by using a different well-established method for
studying binding, namely, ultrafiltration (21).
MATERIALS AND METHODS

Chemicals

All reagents were acquired from Sigma (St. Louis, MO) unless otherwise

noted.

Dex(N) (dextran from Leuconostoc ssp., 500 kDa; (N) stands for neutral

charge), Dex(�) (dextran sulfate sodium salt from Leuconostoc ssp.,

500 kDa; (�) stands for negative charge), Dex(þ) (DEAE-dextran hydro-

chloride, 500 kDa; (þ) stands for positive charge), and Dex(N)* (fluores-

cein isothiocyanate dextran 500000-conjugate, 500 kDa; * stands for

fluorescently labeled) were used as received. Only fluorescently labeled

RNase (from bovine pancreas; net positive charge) was used throughout

the study, therefore no * is used for RNase.
Labeling of reagents

Dex(þ)* was produced by labeling Dex(þ) with Alexa 488 (Piercenet,

Rockford, IL) according to the manufacturer’s procedure (* stands for

fluorescently labeled). Unbound fluorophore was removed with the use of

dye removal columns (Thermo Scientific, Rockford, IL) with >95% effi-

ciency. RNase was labeled with DyLight 488 (Thermo Scientific) according

to the manufacturer’s procedures with 60% labeling efficiency. Unbound

fluorophore was removed with the use of dye removal columns with

>95% efficiency. Fluorescently labeled succinylated RNase (scRNase)

was also used in this study (see Supporting Material).
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Preparation of samples

Stock solutions of 200 mM dextran were prepared by dissolving Dex(N),

Dex(þ), and Dex(�) in phosphate-buffered saline (PBS), pH 7.4. Stock

solutions of 6 mM RNase and scRNase were similarly prepared. The stock

solutions of dextrans and proteins were then diluted in PBS to achieve the

desired final concentrations. In a typical FCS experiment, the concentra-

tions were as follows: 0.2 mM for RNase, 0.35 mM for scRNase, 0.4 mM

for fluorescent Dex(þ)* and Dex(N)*, and 0–100 mM for nonlabeled

dextran. The solutions were then mixed and 50 ml samples were transferred

to a CoverWell perfusion chamber (Molecular Probes, Carlsbad, CA) for

FCS measurements. The chambers were sealed to avoid evaporation.
FCS theory

FCS measurements were used to characterize fluorescence fluctuations (due

to Brownian motion) emitted from a small, illuminated volume of solution

with nanomolar concentrations of fluorescent particles. These fluctuations

contain information about the diffusion dynamics of the particles, including

the average number of particles and their characteristic diffusion time.

Analysis of the autocorrelation function, G(t), provides information about

the mechanisms underlying the intensity fluctuations. For an ideal case of

freely diffusing monodisperse and uniformly bright fluorescent particles

in a 3D Gaussian beam, the expression for G(t) is (22):

GðtÞ ¼ 1þ 1
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where N is the average particle number in the detection volume, t is the

delay time, td is the characteristic diffusion time, and p ¼ ðro=zoÞ2 is an
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the focused laser beam spot, respectively). Assuming a three-dimensional
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by the following equation:
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where f is the fraction of the signal that comes from the free RNase with

a characteristic diffusion time of td1, and td2 is the characteristic diffusion

time of the dextran-bound RNase. Because of the considerable difference in

size between the free and bound RNase, one can easily distinguish the

contribution of each species to the correlation function by fitting the exper-

imental data to Eq. 3.
FCS measurements and data analysis

Measurements of RNase and Dex(þ)* solutions containing up to 100 mM

total dextran (Dex(þ), Dex(�), or Dex(N)) were performed with an FCS

instrument (Hamamatsu C9413; Hamamatsu, Shimokanzo, Japan) that
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utilizes confocal optics and a low-noise, solid-state laser (437 nm) for fluo-

rescence excitation. The fluorescence intensity was measured with a photo-

multiplier tube with a GaAsP photocathode. Measurements were performed

in PBS at 22�C. Acquisition times of 215 s were used to optimize the signal/

noise ratio. The excitation laser beam was attenuated with neutral density

filters (~6–60 mW laser power) to avoid photobleaching and activation of

the fluorophore triplet states. The radius of the laser beam spot, ro, was esti-

mated to be ~250 nm. The instrument was calibrated with Rhodamine 6G

(D ¼ 2.8 � 10�10 m2s�1 in water).

Two different models were fitted to the experimental data. The first was

a single-component fit (Eq. 1), which assumes only one fluorescent compo-

nent in the solution. This model was used to describe the diffusion of RNase

in the absence of binding (e.g., in Dex(þ) and Dex(N)). A single-component

fit was also used to describe the diffusion of RNase in the presence of binding

(in Dex(�)) to obtain a compound diffusion time. The second model, a two-

component fit (Eq. 3), was used to describe RNase diffusion in the presence

of binding, where the free and the bound RNase represented two indepen-

dently diffusing species. To obtain the fit for G(t) in this case, the diffusion

time of the free RNase, td1, was fixed as that of RNase in the corresponding

crowder (Dex(N)) concentration. The diffusion time of the bound RNase,

td2, as well as the fractions f and (1 � f) of species with td1 or td2, where

the sum of f and (1 � f) was always 100%, were used as fitting parameters.

The percent bound RNase was obtained directly from the fit as the fraction

(1 – f) of species with td2. In all cases, the goodness of the fit was judged by

inspecting the randomness of distribution of residuals.
Ultrafiltration

Ultrafiltration was performed with the use of Centricon Concentrators

(MWCO 100,000 Da; Amicon, Billerica, MA); 500 ml solutions of RNase

(0.2 mM) and predetermined concentrations of Dex(�), Dex(þ), or Dex(N)

up to 100 mM were placed in the sample reservoir. An ultrafiltrate contain-

ing free RNase was obtained by centrifugation at 800 � g and 22�C (Alle-

gra X-22R Centrifuge; Beckman Coulter, Brea, CA) for 3–7 min (higher

dextran concentrations required longer centrifugation times). In all cases,

20–25% of the initial sample volume was collected as ultrafiltrate. We

did not impose any restrictions on the ultrafiltrate volume, because previous

studies have shown that the binding equilibria remain constant during ultra-

filtration (21). We assessed the concentration of free RNase by measuring

the fluorescence emission at 518 nm (the peak emission for DyLight 488,

lex.¼ 493 nm) of the ultrafiltrate aliquot (PC1 photon counting spectroflu-

orometer; ISS, Champaign, IL). The percent bound RNase was calculated

as

½ðB� AÞ=B� � 100; (4)

where B is the total RNase concentration introduced into the system, and A

is the free RNase concentration in the ultrafiltrate.
FIGURE 1 (A) Examples of normalized autocorrelation functions for

0.2 mM RNase in 2 mM solutions of Dex(�) and Dex(þ). The correlation

function for RNase in the Dex(þ) solution is fitted with one component

according to Eq. 1 (td ¼ 120 ms). The correlation function for RNase in
Statistical analysis

The results of all of the experiments are given as the mean values 5 stan-

dard deviation (SD) obtained from multiple samples. FCS measurements

were performed with triplicate samples in three independent experiments.

For each sample, three to six measurements were taken at various positions

within the sample. A single-factor analysis of variance was used for

comparison among multiple samples, and a two-tailed Student’s t-test

was used for comparison between two samples. Differences between two

data sets were considered significant when p < 0.05.
the Dex(�) solution is fitted with two components according to Eq. 3

(td ¼ 500 ms for bound RNase, fixed td ¼ 120 ms for free RNase; the cor-

responding bound fraction of RNase f ¼ 56%). A single-component fit

(td ¼ 260 ms including free and bound RNase) is also shown for compar-

ison. (B) The corresponding residuals emphasize the importance of the

two-component fit when diffusion is influenced by binding.
RESULTS

In this work, we used FCS to assess the relative effects of
binding and crowding on solute diffusivity. All measure-
ments were performed in physiological salt concentrations
(PBS, 0.15 M NaCl) unless otherwise noted.

Fig. 1 A shows the normalized autocorrelation functions,
(G(t) � 1)/(G(0) � 1), for 0.2 mM RNase in 2 mM solutions
of Dex(�) and Dex(þ). The autocorrelation function for
RNase in Dex(þ) exhibited a narrow decay and was
described well by a single-component fit (Eq. 1) correspond-
ing to simple diffusion, shown as a solid black line.
Because RNase has a net positive charge, we expected elec-
trostatic interactions to slow its diffusion in a solution of
Dex(�). Indeed, we observed a broadening in the decay of
Biophysical Journal 101(1) 255–264
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the autocorrelation function at timescales corresponding to
diffusion, indicating a wider distribution of diffusion times
of RNase, as illustrated by the failure of a one-component
fit (dashed black line) and nonrandom residuals (Fig. 1 B).
Therefore, a two-component fit (Eq. 3), shown as a solid
black line, was used to describe the data (the fast component
corresponds to free RNase, and the slow one corresponds to
bound RNase). The two-component model significantly
improved the fit (Fig. 1 B). Nonetheless, the single-compo-
nent fit provides a useful measure of the compound diffu-
sivity of the protein (the averaged diffusivity of the free
and the bound protein). For purposes of comparison, we
normalized the diffusion times, td, by dividing by t0, the
diffusion time in PBS. The inverse of this dimensionless
quantity, t0/td, is equivalent to normalized diffusivity.

We also used separate FCS measurements of RNase
and dextran to determine the individual diffusion times.
By fitting the data of the individual components to Eq. 1,
we obtained diffusion times of ~120 ms for RNase (D ~
1.3 � 10�6 cm2/s) and ~610 ms for dextran (D ~ 0.26 �
10�6 cm2/s), which are in good agreement with values
from the literature (23,24). In both cases, the curves were
well fitted to a single-component model, indicatingmonodis-
perse solutions. Representative diffusion times of RNase in
PBS and various dextran solutions are summarized inTable 1.
B

Dextran charge and concentration both affect
RNase diffusivity

To investigate the role of Dex(�) in RNase binding, we
prepared solutions with increasing Dex(�) concentrations
while maintaining a constant 0.2 mM RNase concentration.
For comparison, we also prepared the same solutions with
Dex(N) and Dex(þ), where binding was not expected. In
TABLE 1 Representative diffusion times of RNase (from one-

or two-component fits) or Dex(D) in PBS (free) and dextran

solutions of various charges and concentrations

Fluorescent solute type

and concentration

Nonfluorescent

dextran type

Total dextran

concentration td (ms)

RNase; 0.2 mM

(from one-component fit)

n/a (PBS only) n/a 0.12 5 0.00

Dex(N) 0.4 mM 0.12 5 0.01

100 mM 0.21 5 0.01

Dex(þ) 0.4 mM 0.11 5 0.01

100 mM 0.25 5 0.03

Dex(�) 0.4 mM 0.17 5 0.01

100 mM 0.64 5 0.02

Bound RNase; 0.2 mM

(from two-component fit)

Dex(�) 0.4 mM 0.59 5 0.23;

f ¼ 30%

100 mM 0.81 5 0.02;

f ¼ 81%

Dextran (þ)*; 0.4 mM n/a (PBS only) 0.4 mM 0.61 5 0.09

(from one-component fit)

Dextran (þ)*; 0.4 mM Dex(þ) 10 mM 0.61 5 0.04

(from one-component fit) 100 mM 0.88 5 0.20

f corresponds to percent Dex(�)-bound RNase (refer to Eq. 3).
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all cases, a one-component fit was used to describe the
decrease in RNase compound diffusivity as a function of
dextran concentration (Fig. 2 A). For the case of RNase in
Dex(�), the average of the two diffusion times, fast (td1)
and slow (td2) obtained from a two-component fit, weighted
by their contribution to the experimental signal, f and 1 � f,
also was used to describe RNase compound diffusivity:
td ¼ f td1 þ ð1� f Þtd2. An excellent agreement in the
diffusivity data obtained via the two different methods
was found (Fig. S1), and hence a single-component fit for
RNase compound diffusivity was used throughout. For
RNase in Dex(�), the compound diffusivity was as much
as 80% lower than that of RNase in PBS alone, comparable
C

FIGURE 2 RNase diffusivity and binding. (A) Normalized diffusion

times of 0.2 mM RNase in dextran solutions of indicated charges and

concentrations. Binding of RNase to Dex(�) was responsible for the lower

compound diffusivity in that solution. Normalized diffusion times, t0/td,

were obtained from a single-component fit (Eq. 1) for RNase in a solution

of A Dex(N), C Dex(þ), or : Dex(�). The normalized diffusion times,

t0/td2, from a two-component fit (Eq. 3) for bound RNase in6 Dex(�) are

also indicated. (B) Binding of RNase to Dex(�) was estimated from a two-

component fit (Eq. 3). (C) Binding of RNase to Dex(�) on a molar basis,

otherwise equivalent to the data in B, highlighting the fact that for the range

of Dex(�) concentrations, always less than one molecule of RNase was

bound per molecule of Dex(�). All data are the average 5 SD (n ¼ 9).



FIGURE 3 Combined effect of binding and crowding on RNase diffu-

sivity. (A) Normalized diffusion times of 0.2 mM RNase in a combination

of dextran solutions of indicated charges and concentrations. (B) Binding

of RNase to Dex(�). All data are the average 5 SD (n ¼ 9). The lines

are provided to guide the eye.
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to previous reports of four- to fivefold slower diffusivities of
small molecules in the cell (4). In contrast, RNase diffu-
sivity in dilute Dex(þ) and Dex(N) solutions was very close
to that in PBS (t0/td z 1), although above a threshold
concentration of Dex(þ) or Dex(N) (10 mM or 0.5% w/v)
the diffusivity of RNase decreased by as much as 50% for
the highest concentration of Dex(þ) and Dex(N) (100 mM
or 5% w/v). This decrease in diffusivity in the absence of
binding was attributed to collisions with the dextran, i.e.,
to crowding. We found that above the threshold dextran
concentration, RNase diffusivity was inversely proportional
to the concentration of the dextran crowder, following an
exponential dependence, in good agreement with previous
findings (25). For RNase in Dex(�), the normalized diffu-
sivity for bound RNase, obtained from a two-component
fit (Eq. 3), is also indicated. Similarly to RNase in the
absence of binding, the normalized diffusivity of bound
RNase remained unaltered up to a threshold concentration
of 10 mM Dex(�), above which it decreased by ~45% for
the highest Dex(�) concentration of 100 mM.

Further, we did not find a significant difference between
RNase diffusivity in Dex(þ) or Dex(N), indicating that no
repulsive electrostatic interactions were at play. This finding
was anticipated because 500 kDa dextran is a highly
branched polymer with a diameter of 30 nm (26) and the
RNase has a diameter of 4 nm (27). It has been shown
that repulsive interactions hinder diffusion if the diameter
of the same-charged polymer is comparable to the Debye
length of the diffusing particle, but become insignificant
when the polymer diameter increases (28). A decrease in
RNase diffusivity in the absence of binding can also be
linked directly to the bulk solution viscosity, as demon-
strated by Zorrilla et al. (11). Therefore, we further consid-
ered the effect of the Dex(N) solution viscosity (data
adopted from the literature (29)) on RNase diffusivity, and
found that the decrease in RNase diffusivity was not ex-
plained by the increase in dextran solution viscosity
(Fig. S2).

Free and bound RNase fractions were estimated directly
from the fits of the autocorrelation curves according to
Eq. 3. The two fractions were easily distinguished because
bound RNase diffused more slowly and had a significantly
longer (~76%) diffusion time (Table 1). The fraction of
bound RNase calculated from FCS data was plotted against
the total Dex(�) concentration (Fig. 2 B). The data indicated
that the saturation point for binding was at 20 mM (1% w/v)
Dex(�), where ~80% of RNase was bound. Half-maximum
bound RNase was estimated to occur at 1.2 mMDex(�). The
binding data are also represented as mmol bound RNase per
mmol Dex(�) (Fig. 2 C). The plot indicates that for all
Dex(�) concentrations in the studied regime, an average
of less than one RNase molecule was bound per Dex(�)
molecule. Even for the lowest Dex(�) concentration of
0.2 mM, which was equivalent to the concentration of
RNase, RNase was bound to only one of five Dex(�) mole-
cules. This result was anticipated because of the low RNase
concentration and the overall excess of Dex(�) used. The
half-maximum bound RNase indicated a relatively strong
binding affinity of RNase for Dex(�), which is supported
by previous findings obtained via an independent chromato-
graphic method (30).

To acquire more information about the influence of
binding and crowding on RNase diffusivity, we probed
regimes in which the concentration of the crowder was
increased while the concentration of polymeric electric
charges was kept constant or opposite charges were intro-
duced (Fig. 3). RNase was kept at 0.2 mM for all measure-
ments. We noted four distinct behaviors. First, the RNase
diffusivity in a combination of Dex(þ) and Dex(N) was
similar to that of RNase in either of the two dextran solu-
tions alone, because no binding was present. Hence, the
dextrans behaved as crowders only. In comparison, the
RNase diffusivity in solutions containing a combination of
Dex(�) at 2 mM (0.1% w/v) and increasing Dex(N) (a crow-
der) showed an ~60% decrease due to binding (t0/td ¼
0.4 at 2 mM Dex(N) and Dex(�)). A further gradual
decrease in RNase diffusivity with an increase in Dex(N)
concentration due to crowding was observed (20–25%
from that at 4 mM to the final 40 mM dextran concentra-
tions). A similar 25% decrease in RNase diffusivity was
noted for fixed Dex(þ) and varying Dex(N) between 4
and 40 mM. In the case where Dex(þ) was fixed at 2 mM
and Dex(�) increased, we observed an abrupt decrease in
RNase diffusivity followed by a slow further decrease. In
Biophysical Journal 101(1) 255–264



FIGURE 4 Increased ionic strength prevents electrostatic binding

between RNase and Dex(�). (A) Normalized diffusion times of 0.2 mM

RNase in 2 mM Dex(�) as a function of NaCl concentration. (B) Binding

of RNase to Dex(�) as a function of NaCl concentration. All data are the

average 5 SD (n ¼ 9). Note the difference in the abscissas between A

and B.
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this case, the RNase diffusivity was unaffected by the crow-
der (as expected by its low concentration) but was strongly
affected by binding to Dex(�).

The most unexpected behavior was observed when equi-
molar ratios of oppositely charged dextrans were intro-
duced. We noted a greater overall decrease in RNase
diffusivity (compared to RNase diffusivity in the solution
of Dex(þ) at 2 mM and increasing concentration of
Dex(N)), which, nonetheless, still showed a gradual inverse
dependence on dextran concentration, suggesting that
crowding rather than binding was responsible. Because it
has been shown that probe diffusivity in crowded media is
dependent on the size of the crowder (15), we would expect
a 26% difference in diffusivity for a twofold difference in
size. We indeed estimated that the decrease in RNase
diffusivity was up to 27% compared with the case of
Dex(þ) alone. Thus, it is feasible that a complex between
the two oppositely charged dextrans was formed. Fig. 3 B
shows that the percent bound RNase was independent of
crowder concentration when the charged dextran was kept
constant, as in the solution of Dex(�) at 2 mM and
increasing Dex(N). In contrast, the percent bound RNase
increased when the concentration of oppositely charged
dextran was increased, as in the case of Dex(þ) at 2 mM
and increasing Dex(�).

To further investigate the effect of charge and binding on
the diffusivity of RNase, we converted the net charge of
RNase from positive to negative via succinylation (see Sup-
porting Material). We hypothesized that the diffusivity of
the scRNase would be similar to that of RNase in the
absence of binding, but it would bind to Dex(þ) instead
of Dex(�). We indeed observed similar diffusivities of the
two proteins in the absence of binding, but the scRNase ex-
hibited lower diffusivity than RNase in the presence of
binding (Fig. S3), as well as a lower overall percent binding.
These differences could be due to the unequal charge
density on the Dex(þ) and Dex(�), or on the native and suc-
cinylated RNase, as well as to a change in RNase conforma-
tion upon succinylation (31). Nevertheless, we confirmed
our hypothesis that scRNase would bind to Dex(þ) instead
of Dex(�).
Increased ionic strength prevents electrostatic
binding between RNase and Dex(�)

Most experiments were performed in PBS (0.15 M NaCl).
However, we examined the effect of added salt on RNase
binding to Dex(�) by incrementally increasing NaCl to
a final total concentration of 1 M while maintaining a fixed
amount of dextran (2 mM) and RNase (0.2 mM). We
observed that the addition of NaCl (up to 0.3 M) led to an
increase in RNase compound diffusivity and a decrease in
binding to Dex(�) (Fig. 4), indicative of the electrostatic
nature of the binding. At higher NaCl concentrations, the
compound diffusivity of RNase in Dex(�) resembled that
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of RNase in Dex(þ) and Dex(N). At the highest concentra-
tion of NaCl (1 M), we observed a 28% decrease (compared
with 0.15 M NaCl) in RNase diffusivity for all dextran solu-
tions, most likely due to increased solution viscosity
(Fig. S4) (32).

We also confirmed the electrostatic nature of the binding
between scRNase and Dex(þ) by increasing the salt concen-
tration, because bound scRNase was not observed at NaCl
concentrations > 0.3 M (Fig. S5).
Diffusivities of fluorescent dextrans are similar
to those of bound RNase

We used a nonfluorescent succinylated RNase (scRNase; net
negative charge) in solutions of fluorescent Dex(N)* and
Dex(þ)* to compare the dextran diffusivities with that of
RNase, and to evaluate the effect of bound scRnase on the
diffusivity of Dex(þ)* (Fig. 5). For all of the experiments,
scRNase was 0.35 mM, Dex(N)* and Dex(þ)* were
0.4 mM, and the total dextran concentration was varied as
indicated on the graph by addition of nonfluorescent
Dex(N) or Dex(þ). We found that td for dextran was similar
to the td for bound RNase (see Table 1), consistent with our
interpretation that the observed slow component was
dextran-bound RNase. Furthermore, if the protein acted as
a cross-linker for dextran molecules, we would expect to
see a difference in the diffusivity of Dex(þ)* between solu-
tions with or without scRNase. For example, if two Dex(þ)*



FIGURE 5 scRNase (net negative charge; see Supporting Material for

details on scRNase) binds only one Dex(þ)* at a time. The normalized

diffusion times of 0.4 mM fluorescently labeled dextran in the presence or

absence of 0.35 mM scRNase, as a function of total dextran concentration

are shown. The data also show that the dextran diffusivities are similar

to those of bound RNase (see Table 1). All data are the average 5 SD

(n ¼ 12).

FIGURE 6 Ultrafiltration validation of FCS measurements. The

percentage of RNase bound to Dex(�) is shown as a function of total

Dex(�) concentration. 0.2 mM RNase was used. All data are the

average 5 SD (n ¼ 3).
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molecules were bound to one molecule of scRNase, the size
of the diffusing polymer would double and we should see an
~26% decrease in diffusivity compared with Dex(þ)*
without scRNase. However, we did not see significant
differences between the two solutions, suggesting that the
protein was not binding more than one Dex(þ)* in the range
of Dex(þ)* concentrations studied. The diffusivity of
dextran decreased with increase in its concentration in all
four cases, consistent with crowding as observed earlier.
Ultrafiltration binding experiments validate FCS
measurements

Finally, we tested the binding of 0.2 mM RNase to Dex(�)
via ultrafiltration (Fig. 6 and Fig. S6) and observed that,
consistent with our FCS findings, the percent bound RNase
increased with an increase in Dex(�) concentration and
reached a plateau at ~10 mM (0.5% w/v) Dex(�), which cor-
responded to 80% bound RNase. We also estimated a half-
maximum bound RNase of ~1 mM. The saturation point and
the half-maximum bound RNase estimated via FCS and
ultrafiltration were in excellent agreement with each other.
DISCUSSION

The cell cytoplasm has different levels of organization and
a mesh size of tens of nanometers (33). Although immobile
obstacles completely hinder the diffusion of particles with
radius >30 nm (34), they are not expected to completely
obstruct the diffusion of small proteins (35). On the other
hand, the cytoplasm is filled with soluble molecules up
to 30% w/v, many of which are charged (36). Hence, it is
expected that both transient binding and crowding would
have a major effect on the diffusion of charged particles.
Indeed, an increasing amount of experimental evidence
suggests that reversible rather than nonreversible binding
interactions are key steps of signal transmission processes
in cells (37). However, although many investigations
have focused on the effects of crowding on molecule
diffusion in the cell (3), few have addressed the effects of
reversible binding independently (38) or in conjunction
with crowding (20).

Our goal in this study was to devise a simplified model
capable of emulating, in a controlled manner, the diffusion
of intracellular molecules to investigate the relative contri-
butions of binding and crowding on hindered diffusion.
We did not seek to precisely mimic the crowded cell envi-
ronment; instead, like Li et al. (6), we chose to work
in dilute and semidilute regimes that provide reasonable
crowding conditions without introducing heterogeneity
due to overlap of polymer chains. Still, the majority of
in vitro studies related to crowding have examined only
the regime above 10 mM polymer. Therefore, by shifting
our study to very dilute solutions (<10 mM) and extending
it to the semidilute regime, we encompassed polymer
concentrations that have rarely been covered in the
literature.

Our strategy was to examine the transport of a positively
charged protein, RNase, and how it is influenced by binding
and crowding due to the presence of dextran, a branched
random-coil polymer. For all FCS experiments, RNase
was kept at a low 0.2 mM concentration, i.e., conditions
under which the dextran was in excess. Further, a low RNase
concentration was used to optimize the photon count and to
avoid aggregation that has been shown to occur at higher
concentrations (39). RNase was also chosen because of its
relatively small size. Various authors have speculated that
large proteins within the cytoplasm are likely to exist as
part of a complex, and consequently would have a greatly
reduced diffusion rate. Small molecules, on the other
hand, are expected to move between various active sites
Biophysical Journal 101(1) 255–264
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predominantly via diffusion (1). We used dextrans of high
molecular mass to optimize the difference in diffusion times
between the free and bound components, because it has been
shown that to be distinguishable, diffusion times should
differ by at least a factor of 1.6, corresponding to a fourfold
molecular mass difference for spherical particles (40).

To analyze binding of RNase to Dex(�), we performed
a titration of Dex(�) to a solution of a fixed RNase concen-
tration (Fig. 2). Upon binding, the RNase diffused more
slowly. Both the bound and unbound proteins contributed
to the autocorrelation function with amplitude correspond-
ing to their fractional presence, and both components were
assumed to have the same molecular brightness. We ob-
tained the diffusion time of the bound RNase by applying
a two-component fit (Eq. 3) and keeping the td of the free
RNase fixed. A binding plateau was reached at ~20 mM
Dex(�), and half-maximum RNase binding occurred at
1.2 mM Dex(�), indicating tight binding between the two.

We estimated that binding was responsible for a 75%
decrease in RNase diffusivity in the studied regime, because
at the Dex(�) concentration where binding saturation
occurred, the normalized compound diffusivity of RNase
was 0.26 compared with 0.98 for RNase in Dex(N) of the
same concentration. This finding differs from measurements
obtained by Kao et al. (4) in a fluorophore diffusing in the
cell cytoplasm, which indicated that binding accounted for
only 20% of the total decrease in diffusivity. However, our
experimental conditions involved crowder concentrations
that were lower than those found in the cell but high enough
to exert a noticeable impact. For example, the highest
dextran concentration used in this study was 100 mM
(5% w/v), whereas in the cell cytoplasm solids account for
13–30% w/v. Therefore, we expected a lower impact of
crowding on protein diffusivity than in cells. The low
concentration of crowder allowed us to apply the equation
for simple diffusion (Eq. 1) and to achieve a good fit for
the autocorrelation function as judged by analysis of the
residuals. Our use of simple diffusion for the chosen dextran
concentration range is further justified by independent
studies in similar systems: For example, by fitting FCS
data to an anomalous diffusion model, Weiss et al. (10)
obtained an exponent a ~ 1, indicative of simple diffusion,
for similar dextran concentrations.

We made several important observations regarding the
relative contributions of binding and crowding for the dilute
and semidilute regimes studied. First, in the dilute regime
(<10 mM Dex(þ) or Dex(N)), the crowder did not affect
RNase diffusivity, as indicated by t0/td ~ 1. In contrast,
for the same regime in the Dex(�) solution, RNase diffu-
sivity was reduced by up to 80% due to binding. Moreover,
even at the lowest Dex(�) concentration (0.2 mM), diffu-
sivity was decreased significantly compared with that in
PBS. As shown in Fig. 2, A and B, we also observed that
binding reached a plateau at 20 mM Dex(�). However, in
the semidilute solutions of Dex(N) and Dex(þ) (between
Biophysical Journal 101(1) 255–264
10 mM and 100 mM crowder), the diffusivity of RNase
was decreased by as much as 50% for the highest dextran
concentration. Similar crowding effects were observed on
the bound fraction of RNase in the Dex(�) solution
(Fig. 2 A). At low Dex(�) concentration (<14 mM), the
diffusivity of bound RNase remained constant, albeit four-
fold lower than that of RNase alone, due to its larger size.
Above 14 mM Dex(�), the diffusivity of bound RNase
decreased by as much as 45% for 100 mM Dex(�). These
results are in excellent agreement with diffusion data ob-
tained via holographic interferometry (29), which showed
that the BSA diffusivity decreased by 50% in the presence
of 5% dextran, independently of dextran molecular mass.
Also, when only crowding was present in Dex(N) and
Dex(þ), the diffusivity of RNase decreased exponentially
above a threshold dextran concentration (10 mM). This
was an expected behavior because in crowded polymer solu-
tions, the diffusivity of a solute can be represented as D/
D0 ¼ t/t0 ¼ exp(�bCn), where C is the polymer concentra-
tion, and b and n are adjustable parameters (26). For a simple
exponential (n ¼ 1), we estimated b ¼ 0.14 for Dex(N) and
0.17 for Dex(þ), which are in agreement with literature
values (26). In Dex(�) solutions where binding was mainly
responsible for the decrease in RNase diffusivity, the
decrease followed a saturation curve. Further analysis re-
vealed that 100 mM crowder, compared with 1 mM binder,
was needed to achieve an equivalent reduction in RNase
diffusivity (Fig. 2 A). These data highlight the importance
of nonspecific binding and the tremendous impact it has
on protein diffusivity even at very low binder concentra-
tions. They also suggest that even though binding is easily
distinguishable at low crowder concentrations, it could be
indistinguishable when the solid concentrations are close
to those found in the cell.

In addition, we considered the impact of solution
viscosity on the diffusivity of RNase in Dex(N) (Fig. S2).
For spherical proteins in homogeneous solutions where
the protein is larger than the crowder, diffusion is related
to viscosity via the Stokes-Einstein law: D ¼ kT/6phr,
where k is the Boltzmann constant, T is temperature, h is
viscosity, and r is the protein hydrodynamic radius.
However, these criteria do not apply to crowded polymer
solutions where the crowder is significantly larger than the
protein, as in this study, and hence macromolecular crowd-
ing caused deviations from the above relationship. Predict-
ably, we observed a significant negative deviation as
evidenced by the nonlinear fit of the data in Fig. S2,
indicating that the viscosity of the solution decreased RNase
diffusivity less than predicted by the Stokes-Einstein
law. This finding is in excellent agreement with previous
studies (6,11).

Next, we validated our assumption of nonspecific electro-
static binding of RNase to Dex(�) by incremental additions
of salt (Fig. 4). When the salt concentration of the solution
was increased, the binding of RNase to Dex(�) decreased
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and eventually completely disappeared. We therefore
deduced that high salt concentrations serve to shield the
charges of Dex(�) and reduce the affinity of RNase binding
(41).

We also validated binding by obtaining measurements of
fluorescent dextrans diffusing in solutions of increasing
concentrations of nonfluorescent dextrans (Fig. 5). We
confirmed that td for dextran correlated well with td for
dextran-bound RNase (Table 1). Overall, td for dextran at
the highest total dextran concentration was more than three
times lower than that seen in the cell, possibly due to the
difference in crowder concentrations. For example, in the
cytoplasm of HeLa cells (~13% solids), Weiss et al. (10)
measured td ~3 ms for 500 kDa Dex(N) (radius of the illu-
minated FCS volume, ro ~210 nm), in contrast to ~0.9 ms
at the highest 5% w/v crowder concentration used in this
work. The higher value of td in vivo could also be due to
the sieving effect of the cytoskeleton on molecules
R500 kDa, which can lead to such molecules becoming
become completely trapped (34,42).

Finally, because comparative data for the above tech-
niques are not widely available, we sought to validate our
results using a different, well-established method, namely,
ultrafiltration (Fig. 6). We noted an excellent agreement
between the data for binding of RNase to Dex(�) as deter-
mined by FCS and ultrafiltration. Overall, it is beneficial to
employ and compare various techniques, because a true
understanding of the diffusion of charged particles in
crowded and charged media will be reached only when
multiple approaches lead to the same answer.

In summary, we have shown that reversible nonspecific
binding had a significant effect on protein diffusivity
even in the dilute regime, whereas crowding affected diffu-
sivity only after a threshold crowder concentration was
reached. In the dilute and semidilute regimes, binding was
responsible for 75% of the overall decrease in protein diffu-
sivity, and crowding was responsible for 25%. However, the
data suggest that at a second threshold of crowder concen-
tration (possibly close to that of the cell), crowding can
mask the effect of binding, which implies that it may be
challenging to distinguish between crowding and binding
in vivo. Therefore, a simplified, tunable and robust in vitro
model of the intracellular environment, such as the one
used in this study, in which binding and crowding are tuned
independently, will be a useful tool to gain insight into
molecular transport implicated in key cellular processes.
SUPPORTING MATERIAL

Materials and methods, references, and six figures are available at http://
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