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ABSTRACT: We have used fluorescence recovery after photobleaching (FRAP) to measure the diffusion
coefficient D of a small probe protein, green fluorescent protein (GFP), in solutions of the polyelectrolyte
sodium polystyrenesulfonate (NaPSS) over a wide range of conditions. We covered a range of polyelectrolyte
concentrations that resulted in solution viscosities 7 from 1 to 50—100 cP, contrasted the behavior of
high molecular weight (1 x 108 Da) and low molecular weight (7 x 10* Da) NaPSS, and explored the
effects of low and high salt concentrations. We worked at a solution pH of 5.5, slightly higher than the
isoelectric point of the GFP, which therefore had a small net negative charge. We observed positive
deviations as large as 10-fold from Stokes—Einstein (S—E) behavior in high molecular weight NaPSS at
low ionic strength. However, in low molecular weight NaPSS, approximately the same molecular weight
as the DNA from our previous studies, deviations from S—E behavior were more modest, less than 2-fold.
For high molecular weight NaPSS at high concentration, D increased with increasing salt concentration
while # decreased, indicating a competition between electrostatic force and viscous drag. Fitting of diffusion
coefficients to the stretched exponential equation D/Dy = exp(—ac”) yielded values of v near 1.0 and 0.68
for high and low molecular weight NaPSS solutions, respectively. These observations are consistent with
mainly hydrodynamic influences on GFP diffusion in low molecular weight polyelectrolyte, but with
increasing importance of electrostatic interactions in high molecular weight NaPSS. Comparisons with
previous results show that polyelectrolyte size and flexibility, not just charge and concentration, play
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major roles in diffusion of probe molecules.

Introduction

The diffusion of macromolecules and proteins in
polymer solutions has been studied extensively over the
past several years!~10 because of its importance in a
wide variety of applications such as size exclusion
chromatography and other separation techniques, bio-
logical transport, drug delivery, and flow through gels.

The diffusion coefficient D of a probe particle with
hydrodynamic radius Ry is generally analyzed with the
Stokes—Einstein (S—E) equation

D=k 1)
where kg is the Boltzmann constant, 7' is the temper-
ature, and 7 is the viscosity of the medium through
which the particle is diffusing. A number of experimen-
tal studies on probe diffusion in solutions of small
molecules with solvent have found that the S—E relation
is perfectly obeyed, i.e., Dy/(Dono) = 1, where Dy is the
diffusivity of the probe particle in solvent and 7 is the
solvent viscosity.

However, a number of studies on probe diffusion in
polymer solutions have found deviations from S—E
behavior. A deviation with Dn/(Dono) > 1 is usually
attributed to the probe experiencing the microviscosity
of the solvent rather than the bulk viscosity of the
solution, whereas a deviation with D»n/(Dono) < 1 is
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attributed either to particle aggregation or to polymer
adsorption on the particles.!! These deviations signal
the breakdown of a basic assumption underlying the
S—E equation, that the solvent molecules act as a
continuum!? through which the probe diffuses. This
assumption is not valid when the probe size becomes
comparable to the correlation length of the polymer
solution.?

Experimental studies of S—E behavior with charged
probes in polyelectrolyte solutions!®~18 are much less
common than those with neutral polymers and probes.
The dynamical behavior of polyelectrolyte solutions is
generally different and more complicated than that of
neutral polymer solutions because of long-range interac-
tions and ordering in charged systems.!® However, most
biological polymers are charged, and polyelectrolytes are
also used extensively in industry because of their
distinctive solution properties, so that such studies are
of basic and practical importance.

In biological systems and cells, and also in some
nonbiological situations, diffusion takes place in solution
environments that are not only highly charged but are
also concentrated or crowded. For example, cells gener-
ally contain 20—30 wt % of macromolecules and cellular
proteins.2021 Both charge and concentration will strongly
influence diffusion.??

In this paper we report studies of the effects of long-
range electrostatic interactions on probe diffusion by
using charged macromolecules as both background
(sodium polystyrenesulfonate, NaPSS) and probe (green
fluorescent protein, GFP), controlling the strength of the
interaction by varying the salt concentration. We worked
at a solution pH of 5.5, slightly higher than the
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isoelectric point of the GFP, which therefore had a small
net negative charge. We also studied the effects of
crowding by varying the background polyelectrolyte
concentration from dilute through semidilute to highly
concentrated, from 5 to 100 g/L for high molecular
weight NaPSS and from 10 to 500 g/L for low molecular
weight NaPSS. We found that the combined effects of
charge and crowding cause large positive deviations
from S—E behavior, particularly for high molecular
weight NaPSS, but the interaction of the two effects was
not always predictable.

Materials and Methods

Sample Preparation. The buffer solution with pH 5.5 was
made with 10 mM ammonium acetate—HCI in triply distilled
deionized water.

Recombinant green fluorescent protein (EGFP, Phe64Leu,
Ser65Thr) was purchased from Clon-Tech, Palo Alto, CA,
concentrated to 1 mg/mL, stored at —20 °C, and used without
any further purification. The GFP probe concentration was
kept low enough in all experiments to avoid probe—probe
interactions.

Sodium sulfonated polystyrene (NaPSS) of two different
molecular weights, 1 x 106 and 7 x 10* Da, was purchased
from Aldrich Chemical Co. Inc., Milwaukee, WI (catalog no.
43,457-4 and 24,305-1) and used without further purification.

Polyelectrolyte solutions were prepared by mixing appropri-
ate amounts of the powdered form of NaPSS in triply distilled
and deionized water. 2.5 uL of GFP solution at 1 mg/mL was
added to 50 uL. of polyelectrolyte solution and mixed to
uniformity with a vortex mixer.

Fluorescence Recovery after Photobleaching (FRAP).
We used FRAP to study the diffusion of probe GFP molecules
in strongly interacting NaPSS solutions. A 5 W tunable argon
ion laser (model no. 95-3, Lexel Corp., Fremont, CA) operated
at 488 nm was used to excite the GFP, which has an excitation
maximum around 495 nm and an emission maximum around
520 nm.

A ratio of 107%* between the probing and bleaching beam
intensity in the FRAP experiment was achieved by a combina-
tion of an acousto-optic modulator (model no. N35085-3, Neos
Technologies, Melbourne, FL) and a set of neutral density
filters. The bleaching time for all samples was 350 ms, much
less than the characteristic diffusional relaxation time of GFP
in the polyelctrolyte solution. A pellicle beam splitter (model
no. 37400, Oriel Corp., Stratford, CA) was used to deflect a
portion of the laser beam to the photodetector (model no. 822,
Newport Instruments) to monitor the stability of the laser
power during the time experiments were performed. The rest
of the beam was directed to a Nikon Labphot 2 fluorescence
microscope by a single beam steering mirror. An iris was
attached to the back of the microscope to achieve a well-defined
spot size with a sharp contrast between the illuminated and
nonilluminated regions. A dichroic mirror (DM 510) was used
to direct the laser beam to the sample specimen. The dichroic
mirror passes fluorescent light emitted by the sample at
wavelengths higher than 510 nm to the photomultiplier tube
(PMT) (model no. S982, Hamamatsu, Inc., Bridgewater, NJ)
while blocking the incident laser beam.

The sample was injected into a flat capillary microslide of
200 um inner spacing (catalog no. W-3520-100, Vitrocom, NJ)
by capillary action. This produced a uniform thickness of the
sample film. Both ends of the flat capillary tube were sealed
to avoid flow of the solution during the experiment. In the
FRAP experiment the sample microslide was kept on a XYZ
movable fluorescence microscope stage. A dichroic mirror was
used to direct the fluorescence signal from the sample to the
PMT to measure the fluorescent photocurrent. The photocur-
rent from the PMT was converted to voltage using a 94 K ohm
resistive short across the positive and ground terminals of the
PMT, and the signal was amplified by a preamplifier (model
no. SR560 preamplifier, Stanford Research Systems, Sunny-
vale, CA) before being measured and stored to computer disk
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for later analysis. An A/D converter circuit monitored the
voltage (PCI-MIO-16E-4 Multifunction PCI Board, National
Instruments, Austin, TX) using Labview (National Instru-
ments) on a personal computer. The laser, optics, and fluo-
rescence microscope were mounted on an optical table for
optical stability and vibration isolation.

At high NaPSS concentrations, the FRAP recovery time
sometimes exceeded 15—20 min due to high viscosity and slow
probe diffusion. To ensure that the probing beam did not
bleach the sample over this extended period, we modified the
FRAP instrument so that the probe beam could be shuttered
to allow an illumination interval as short as 50—60 ms. During
longer recovery phases the sample was illuminated for 500 ms
at 10 s intervals. For all experiments, the fluorescence signal
from the sample was monitored for 60 s with the probing beam
before bleaching, to confirm that the probing beam was not
bleaching the sample.

The fluorescence recovery curve was fitted to the equation?

F(t) - F,

B 2
fO=—= F, _eXp( 1+2t/r) 2

where F(¢) is the fluorescence signal at time ¢, Fy is the
fluorescence signal just after the bleaching, F* is the fluores-
cence signal after the recovery is complete, and 7 is the
diffusional relaxation time of the probe molecule.

The diffusion coefficient D of the probe molecule was
determined from 7 by the equation

2
_To

D=7

3

where r is the radius of the probing and bleaching spot, found
to be 50 um by optical micrometry.

It was verified experimentally, by placing a thermocouple
close to the bleaching and probing spot, that there was no
increase in sample temperature during the course of the
experiment due to adsorption of energy from high-intensity
bleaching beam. All experiments were done at 20 + 0.2 °C.

The bleaching depth for all the samples was kept between
50 and 60% to get a good signal-to-noise ratio while at the
same time achieving a proper recovery curve.?* For each
sample, 10 measurements were done at different XY positions,
and an average value of D was obtained. For samples with
low viscosity, measurements done at different positions gave
highly reproducible results. For high-viscosity preparations,
variations up to 15% were observed, probably due to hetero-
geneity within the sample.

Viscometry. Viscosities of the polyelectrolyte solutions
were measured using Cannon-Ubbelohde semi-micro types 50,
75, 100, and 450 viscometers in a water bath kept at 20 £+ 0.2
°C. Glycerol and water viscosities were measured using this
setup and found to be in excellent agreement with the CRC
Handbook values.?” The measurement time for each sample
was at least 50 s. The viscosity values were determined by
multiple measurements to check the reproducibility of the
data. For low NaPSS concentrations the viscosities were highly
reproducible, within 1% of each other. For high NaPSS
concentrations the viscosities were also high, and multiple
measurements typically varied by 5—10%. In those cases, five
measurements were made at each concentration, and the mean
value was used.

Results

NaPSS Solution Viscosity. The viscosity as a func-
tion of polyelectrolyte concentration at three different
concentrations of added NaCl, 0, 100, and 200 mM, is
shown in Figure 1 for high (1 x 10® Da) and Figure 2
for low (7 x 10* Da) molecular weight NaPSS solutions.
Because of its smaller degree of polymerization, we used
concentrations of low molecular weight NaPSS as high
as 500 g/L, beyond which it was difficult to dissolve the
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Figure 1. Viscosity of NaPSS (M,, = 1 x 10° Da) solutions as
a function of concentration at three added NaCl concentra-
tions: (@) 0 mM, (W) 100 mM, and (a) 200 mM.
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Figure 2. Viscosity of NaPSS (M, = 7 x 10 Da) solutions as
a function of concentration at three added NaCl concentra-

tions: (@) 0 mM NaCl, () 100 mM NaCl, and (a) 200 mM
NaCl.

polyelectrolyte. Despite this, we could only reach about
half the viscosity of high molecular weight NaPSS at
its highest concentration, 100 g/L.

The viscosity of the high molecular weight NaPSS
solutions decreased upon addition of NaCl due to
contraction of the polyelectrolyte chain at high electro-
lyte concentration.?8 For NaCl concentrations of 500 mM
and 1 M (data not shown), the viscosity curves exactly
matched, within experimental error, that at 200 mM
NaCl. No such variations in viscosity values were
observed with addition of NaCl for low molecular weight
NaPSS solutions.

Probe Diffusion in High Molecular Weight
NaPSS. As NaPSS concentration increases, the solution
viscosity increases, so probe GFP diffusion should
become slower. At pH 5.5, at which all experiments were
performed, NaPSS is fully negatively charged. The
probe GFP is also slightly negatively charged, its
isoelectric point being 5.1.27 We therefore expect moder-
ate repulsive electrostatic interactions between back-
ground and probe, resulting in effects on diffusion of
the probe that will be accentuated at lower screening
salt concentration.

Figure 3 shows semilogarithmic plots of the diffusion
coefficient D of probe GFP molecules as a function of
NaPSS and NaCl concentrations. As expected, D de-
creases with increasing NaPSS concentration. At higher
NaPSS concentrations, D increases with increasing salt,
an effect that saturates above 200 mM (data not shown).
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Figure 3. Diffusion coefficient of probe GFP molecules in
background NaPSS (M, = 1 x 10% Da) solutions as a function
of polyelectrolyte concentrations at three added NaCl concen-
trations: (O) 0 mM, (O) 100 mM, and (A) 200 mM. D is the
same at 500 mM and 1 M NaCl as at 200 mM (data not shown).
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Figure 4. Normalized diffusion coefficient D/D, (open sym-
bols, right axis) of GFP in NaPSS (M, = 1 x 108 Da) solutions
and inverse normalized viscosity 7¢/7 (closed symbols, left axis)
of NaPSS (M, = 1 x 10¢ Da) solutions, as a function of
polyelectrolyte concentrations at three different NaCl concen-
trations: (O) 0 mM, (O) 100 mM, and (a) 200 mM.

In Figure 4 we have plotted the normalized GFP
diffusion coefficient D/D, and inverse normalized solu-
tion viscosity 70/n as functions of NaPSS concentration
at three different electrolyte concentrations. The func-
tions do not coincide, indicating that the probe molecules
are experiencing a different viscosity than the experi-
mentally measured macroscopic viscosity of the NaPSS
solution.

To visualize the deviations from the S—E expectation,
we have replotted the data in Figure 4 as Dn/Donyo-
against NaPSS concentration in Figure 5. Deviations
from the expected value of 1.0 are greatest at no added
salt, but plateau above about 30 g/ NaPSS. For 100
and 200 mM added NaCl, deviations rise steadily until
about 70 g/LL NaPSS and then level off.

Probe Diffusion in Low Molecular Weight
NaPsSS. Figure 6 shows D of GFP molecules in low
molecular weight (M, = 7 x 10* Da) NaPSS solutions
as a function of NaPSS concentration and added salt.

As in high molecular weight NaPSS solutions, D
decreased with increase in low molecular weight NaPSS
concentration and accompanying solution viscosity. In
contrast to the high molecular weight behavior, how-
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Figure 5. Deviations from Stokes—Einstein relation for GFP
diffusion in high molecular weight NaPSS (M, = 1 x 10° Da).
The data are plotted as Dn/Donyo as a function of NaPSS
concentration at three added NaCl concentrations: (@) 0 mM,
(m) 100 mM, and (a) 200 mM. The S—E prediction for the ratio
is the horizontal line at 1.0.
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Figure 6. Diffusion coefficient of probe GFP molecules in
background NaPSS (M, = 7 x 10* Da) solutions as a function

of polyelectrolyte concentrations at three different NaCl
concentrations: (O) 0 mM, (O) 100 mM, and (a) 200 mM.
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Figure 7. Deviations from Stokes—Einstein relation for GFP
diffusion in low molecular weight NaPSS (M, = 7 x 10% Da).
The data are plotted as Dn/Donyo as a function of NaPSS
concentration at three added NaCl concentrations: (@) 0 mM,
(m) 100 mM, and (a) 200 mM. The S—E prediction for the ratio
is the horizontal line at 1.0.

ever, D did not change significantly between 0 mM NaCl
and 100—200 mM NacCl, echoing the viscosity behavior
(Figure 2) in this regard.

Figure 7 shows the Stokes—Einstein plot for diffusion
of GFP in low molecular weight NaPSS solutions,
combining the data in Figures 2 and 6. Deviations from
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Figure 8. Deviations from Stokes—Einstein relation for GFP
diffusion in low (open symbols) and high (closed symbols)
molecular weight NaPSS as a function of solution viscosity.
The data are plotted as Dn/Dono as a function of NaPSS
concentration at three added NaCl concentrations: (®) 0 mM,
(m) 100 mM, and (a) 200 mM. For low molecular weight
NaPSS, the three salt concentrations overlap within experi-
mental precision. The S—E prediction for the ratio is the
horizontal line at 1.0.

the ideal S—E value of 1 are much smaller than in high
molecular weight NaPSS at all concentrations (compare
Figure 5, noting different vertical scale), and there is
effectively no salt dependence of the deviation.

Viscosity Dependence of Deviations from
Stokes—Einstein Behavior. To emphasize the large
differences in GFP diffusion between high and low
molecular weight NaPSS, in Figure 8 we have plotted
Dn/Dono as a function of solution viscosity in both
polyelectrolytes. The much greater deviation from S—E
expectations in high molecular weight NaPSS at the
same viscosity indicates that solution structure, not just
bulk viscosity, influences the diffusion of probe mol-
ecules in solutions. Figure 8 also emphasizes that
electrostatic interactions, as determined by added salt,
also play a more significant role with the larger poly-
electrolyte.

Stretched Exponential Behavior of Probe Dif-
fusion. Studies of probe diffusion in polymer solutions
have frequently observed stretched exponential behavior
characterized by eq 4 over a wide range of concentra-
tions.?8

D/D, = exp(—oc") (4)

Figures 9 and 10 show our data fit to stretched expo-
nentials for high and low molecular weight NaPSS,
respectively.

For high molecular weight polyelectrolyte solution in
zero added salt, we found v = 1.02 &+ 0.08 and a. = 0.027
4+ 0.008. In 100 and 200 mM NaCl, v and o were 0.92 +
0.06 and 0.036 + 0.01, respectively. In low molecular
weight NaPSS solutions at all salt concentrations, v and
o were 0.68 + 0.03 and 0.05 + 0.007, respectively.

Discussion

This study is a continuation of work in our labora-
tory2?30 in which we have used the fluorescence recovery
after photobleaching technique (FRAP) to investigate
the dynamics of a protein diffusing in a crowded,
strongly interacting macromolecular environment. In
the earlier work our focus was on relatively short,
persistence length DNA (ca. 10° Da) as the background
polyelectrolyte. Perhaps the most striking finding was
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Figure 9. Ratio of D for GFP at finite NaPSS (M, = 1 x 108
Da) concentrations to Dy at zero NaPSS as a function of
polyelectrolyte concentration at three added NaCl concentra-
tions: (O) 0 mM, (O) 100 mM, and (A) 200 mM. The lines are
fits to the stretched exponential equation (4). See text for
fitting coefficients.
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Figure 10. Ratio of D for GFP at finite NaPSS (M,, = 7 x
10% Da) concentrations to D, at zero NaPSS as a function of
polyelectrolyte concentration at three added NaCl concentra-
tions: (O) 0 mM, (O) 100 mM, and (A) 200 mM. The lines are
fits to the stretched exponential equation (4). See text for
fitting coefficients.
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the observation of strong positive deviations (as much
as 5-fold) from the Stokes—Einstein (S—E) equation in
DNA solutions at low ionic strength.3? We wished to
determine whether this behavior would also be observed
in other polyelectrolyte solutions.

In the present work we have measured diffusion of a
small probe protein, green fluorescent protein (GFP),
in solutions of the polyelectrolyte sodium polystyrene-
sulfonate (NaPSS) over a wide range of conditions. We
covered a range of polyelectrolyte concentrations that
resulted in solution viscosities from 1 to 50—100 cP,
contrasted the behavior of high molecular weight (1 x
10% Da) and low molecular weight (7 x 10* Da) NaPSS,
and explored the effects of low and high salt concentra-
tions. Again, perhaps the most striking finding was even
larger (as much as 10-fold) positive deviations from S—E
behavior in high molecular weight NaPSS at low ionic
strength. However, we found that in low molecular
weight NaPSS, approximately the same molecular
weight as the DNA from our previous studies, deviations
from S—E behavior were more modest, less than 2-fold.
Evidently, polyelectrolyte size and flexibility, not just
charge and concentration, play major roles in diffusion
of probe molecules.
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Deviations from S—E behavior have been observed in
many polymer solutions and are usually explained by
the concept of microviscosity, in which the probe particle
samples a volume where the viscosity is different from
the experimentally measured bulk or macroscopic vis-
cosity. Typically, such a region will have a low polymer
concentration and therefore a viscosity close to that of
the solvent. The effect would therefore be expected to
depend on polymer size (the domain occupied by an
individual polymer coil) and concentration. If the back-
ground polymer is a polyelectrolyte, then its domain will
be expanded at low screening electrolyte concentration,
potentially amplifying the positive deviations from S—E
behavior.

These expectations are generally borne out in our
experiments. At the same viscosity, the S—E parameter
is much greater for high molecular weight than for low
molecular weight NaPSS (Figure 8). For example, in low
salt at a solution viscosity of 50 cP, D(high) ~ 35 while
D(low) ~ 7. This means that D is higher in high
molecular weight NaPSS, consistent with the idea that
there are greater voids in the high molecular weight
solution, so the GFP is sampling more free solvent space
(microviscosity). For high molecular weight NaPSS, low
NaCl leads to increasing viscosity (Figure 1) and
decreasing diffusion (Figure 3), but an increasing S—E
parameter (Figure 5); D does not decrease as much as
would be predicted from 7. If one assumes that decreas-
ing NaCl swells the NaPSS, thereby increasing 7, it may
be thought to both distribute obstacles to GFP diffusion
more broadly (less opportunity to squeeze between
NaPSS molecules or blobs), but also to allow GFP to
diffuse within molecular domains of NaPSS. The S—E
parameter levels off at about 50 g/L, suggesting that
the two effects compensate or saturate above that
concentration.

In low molecular weight NaPSS solutions, D de-
creases with increasing polyelectrolyte concentration
(Figure 6) as viscosity increases (Figure 2), but the
deviation from S—E expectation is much less than in
high molecular weight solutions (Figure 8) although the
deviation increases with increasing NaPSS concentra-
tion (Figure 7). Furthermore, D, 5, and the S—E ratio
do not change significantly with added salt in low
molecular weight NaPSS, in contrast to the behavior
in high molecular weight polyelectrolyte.

In fact, diffusional behavior of GFP in low molecular
weight NaPSS is similar to that in the neutral polymer
Ficoll 70, which is of similar size.3? It appears that the
chain expansion of the low molecular weight NaPSS is
not much affected by ionic strength, and the average
distance between chains is the main factor affecting
probe diffusion. This behavior is notably different from
GFP diffusion at low salt in persistence length DNA,
also of similar size to low molecular weight NaPSS,
where the ordinary—extraordinary transition of the
DNA couples to the probe dynamics to give larger S—E
deviations.?? The electrostatic coupling was undoubtedly
stronger in our DNA experiments, conducted at pH 7,
than in the NaPSS experiments at pH 5.5 because the
GFP, with isoelectric pH 5.1, would have been more
strongly negatively charged at the higher pH. We see
further examples of this in the accompanying paper.32

The stretched exponential parameters (eq 4) were also
noticeably different in high and low molecular weight
NaPSS solutions. The high molecular weight values,
with v near 1.0 and o near 0.03, are similar to those
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obtained in this laboratory for the diffusion of GFP and
BSA-FITC in persistence length DNA solutions at zero
salt.29:30 In low molecular weight NaPSS, we observed
lower values of v and higher values of a. A survey?! of
a wide range of experiments on biological, natural, and
synthetic polymer solutions found values of v ranging
from 0.5 to 1, with lower values interpreted as arising
primarily from hydrodynamic interactions and higher
values from electrostatic interactions. Our results seem
consistent with these interpretations.
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