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Abstract

Fluorescence correlation spectroscopy (FCS) was used to measure the translational diffusion of labeled apomyoglobin (tracer) in concentrated
solutions of ribonuclease A and human serum albumin (crowders), as a quantitative model system of protein diffusive motions in crowded
physiological environments. The ratio of the diffusion coefficient of the tracer protein in the protein crowded solutions and its diffusion coefficient
in aqueous solution has been interpreted in terms of local apparent viscosities, a molecular parameter characteristic for each tracer—crowder
system. In all protein solutions studied in this work, local translational viscosity values were larger than the solution bulk viscosity, and larger than
rotational viscosities estimated for apomyoglobin in the same crowding solutions. Here we propose a method to estimate local apparent viscosities
for the tracer translational and rotational diffusion directly from the bulk viscosity of the concentrated protein solutions. As a result of this study,
the identification of protein species and the study of hydrodynamic changes and interactions in model crowded protein solutions by means of FCS

and time-resolved fluorescence depolarization techniques may be expected to be greatly simplified.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Macromolecules occupy a substantial fraction (between 10%
and 30%) of the total volume in physiological systems [1-3].
Such crowded environments might hinder the diffusion of bio-
molecules involved in crucial biological processes: metabo-
lisms, transport of solutes, protein processing and signaling
events, and may have large effects on their reaction rates and
apparent equilibrium constants [4—8]. It is therefore important to
incorporate crowding effects in the design and interpretation of
in vitro studies [9,10], in order appropriately to understand and
quantify how kinetic properties of specific macromolecules in
physiological media are modified by the presence of other,
neutral (non-interacting) macromolecules in their neighborhood.
Among other biophysical techniques, methods based on
fluorescence spectroscopy [11—13] appear to be very convenient
for interaction studies in crowded media due to the possibility of
specifically labeling only the tracer protein with extrinsic
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fluorescent dyes, which in this way can be distinguished easily
from the crowding macromolecules. These techniques allow
characterization and quantification of the hydrodynamic prop-
erties of free and bound species, both in crowded model solu-
tions [14,15] and in whole living cells [6,16—18], using their
fluorescence. Time-resolved fluorescence depolarization
(TRFD) measurements provide a detailed description of the
rotationally depolarizing motions of the tracer molecules that
take place on the nanosecond time scale. Fluorescence corre-
lation spectroscopy (FCS) measures translational diffusion times
by autocorrelation analysis of fluctuations in the fluorescence
intensity collected from a small group of diffusing molecules in
an open sample volume element [19,20]. In (infinitely) dilute
solutions, the rotational (D?) and translational (D?) diffusion
coefficients are related to the hydrodynamic radius (Rt) of the
labeled biomolecule (tracer), and to the absolute temperature (7')
and viscosity (1) of the solution, through the Stokes—Einstein—
Debye (SED) and the Stokes—Einstein (SE) relationships
respectively [21-23], which assume that, in terms of its resis-
tance to Brownian rotations or translations, the solvent behaves
as a viscous continuum. However, the complexity of cellular
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systems makes the proper interpretation of kinetic data chal-
lenging, since the SE and SED relationships are not directly
applicable to tracer molecule diffusion in these media. As a first
approximation, however, it may be useful to generalize the SE
and SED relations with # replaced by the local apparent vis-
cosity or equivalent viscosity [24], an effective molecular
parameter which would include all the neighboring effects of
the crowder molecules upon the rotational (#,) and translational
(n,) motions of the tracer in crowded media:
D, = kT/(870,R});: Dy = kT/(67n,Rr) (1)
Studies on the diffusion of several labeled dextrans, Ficolls
and proteins of different size and charge in the cytoplasm of
different cells [25—30] have shown their translational mobility to
be hindered in a size-dependent manner with respect to their
diffusion in aqueous buffer. Comparative translational diffusion
studies of a series of globular proteins and dextrans in the same
cultured cells [29,31] indicated that labeled dextrans diffused
faster than proteins in the cytoplasm, i.e., the viscosity ex-
perienced by diffusing molecules in cytoplasm, 7, (cytoplasm),
appears to be a function of tracer size and tracer characteristics.
Since the cell cytoplasm is a very complex environment, con-
taining fluid medium, proteins, networks of cytoskeletal fila-
ments, etc., in vitro studies conducted in well-defined solutions,
in which the crowded cellular environment is mimicked by a
high concentration of a macrosolute (water-soluble polymers
such as dextrans and Ficolls or non-related proteins) [2], would
constitute a first approach to the evaluation of macromolecular
crowding effects on tracer diffusion. The diffusion of labeled
Ficolls and dextrans have been carefully characterized in glob-
ular protein solutions of concentration comparable to the range
reported for cytoplasm, by fluorescence recovery after photo-
bleaching (FRAP) techniques [25,26]. These studies showed
that the diffusion of these water-soluble polymers in concen-
trated solutions of globular proteins presented weaker tracer size
dependence, in the opposite direction than observed in cyto-
plasm (dextrans diffusion), or not significantly size dependence
(Ficoll diffusion), suggesting that the high protein content is not
alone responsible for the observed diffusion behavior in cyto-
plasm. Muramatsu and Minton [32] studied the diffusion of
tracer proteins in solutions crowded with proteins via mea-
surements of boundary spreading, a macroscopic technique
based on absorbance measurements [33]. They showed that the
fractional reduction of the diffusion of the tracer increased with
increasing size of tracer species, and with decreasing size of
background species. On the other hand, in a recent FCS tracer
diffusion study in solutions crowded with Ficoll-70 (0—60 wt.%),
Dauty and Verkman [34] have found comparable percentage
reductions in the translational diffusion of small solutes, proteins,
DNAs, dextrans and nanospheres for each Ficoll concentration,
suggesting that the relative reduction of tracer diffusion in Ficoll-
70 solutions is not size-dependent. In addition, absorption
anisotropy and FCS studies of different tracer globular proteins
in solutions crowded with dextrans [35,36] showed that the local
rotational and translational viscosities were a complex function of
the size of both the tracer and the crowder molecules. Overall,

these data indicate that the mechanism of steric hindrance to the
diffusion of tracer globular proteins and soluble polymers of
comparable size varies with the nature of the crowder molecule,
and may be related to the different conformations they exhibit in
solution. In general, globular proteins behave in water like hard
spheres [37], whereas dextrans have a random coil structure with a
high hydration and flexibility and Ficoll-70 molecules behave as
relatively open structures rather than as hard-packed spheres
in solutions at concentrations larger than 5 wt.% [38]. Recent
studies have proposed that the observed size dependence on tracer
mobility is an indirect indication that simple diffusion models
may not apply and that diffusion dextrans diffusion in cytoplasm
and protein diffusion in highly concentrated random-coil
polymers and globular proteins solutions are anomalous
[30,39]. It is important to note that this subdiffusive behavior
was considerably weaker in protein crowder solutions (up to
350 mg ml~ ") than that was observed in the case of large dextrans
[39].

The motivation for the present study was to provide an
experimental basis for estimating the magnitude for the /ocal
apparent viscosities (n; and 7,) of tracer proteins in solutions
crowded with non-related proteins, to better understand in vitro
protein interaction studies in protein crowded media. We have
studied the translational diffusion of apomyoglobin (apoMb) in
concentrated ribonuclease A (RNase A) and human serum
albumin (HSA) solutions, using FCS. One of the advantages of
this microscopic technique is the very low concentration of
labeled protein required for the experiments (typically nM).
HSA was selected as a crowder protein because it is the major
macromolecular component in blood plasma. On the other hand,
RNase A was chosen because of its heterogeneous nature [40],
since heterogeneity is a notable property of in vivo biological
systems which is frequently disregarded in the in vitro studies
performed in model crowded solutions. We have measured the
translational diffusion coefficients at different crowder concen-
trations relative to the corresponding values in buffer (buffer
viscosity, 7o), and this ratio has been interpreted in terms of
relative local translational apparent viscosities (/7). In order
to obtain a global view on the rotational and translational mo-
tions of tracer protein under the same crowded conditions, we
have compared the relative translational viscosities as deter-
mined by FCS (this work) with the relative local rotational
viscosities (17,/1o) taken from a TRFD study conducted in the
same crowded solutions [15,41]. For each tracer, we have tried to
correlate the local viscosities with the experimentally deter-
mined macroscopic (bulk) viscosity of the crowded solutions. In
all the protein solutions studied in this work, local translational
viscosity values were larger than the solution bulk viscosities,
and also larger than the rotational viscosities for the same tracer
protein under the same crowding conditions. Our FCS diffusion
results agree well with the data of Muramatsu and Minton [32],
and allowed us to propose preliminary empirical relationships
for estimation of local translational and rotational viscosities in
Eq. (1) directly from the determined bulk viscosity. As result, the
determination of hydrodynamic changes and interactions in
crowded protein solutions by means of FCS and TRFD tech-
niques may be considerably simplified. However, further work
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should be carried out to test the validity of the proposed
relationships. Detailed studies on rotational and translational
protein diffusion, like those described in this paper, using well
characterized model crowded systems will contribute to
understanding how the diffusion of relevant biomolecules in
physiological media is modified by the presence of other mac-
romolecules which occupy a substantial fraction of the total
volume.

2. Materials and methods
2.1. Chemicals

Alexa-Fluor488 and Alexa-Fluor546 carboxylic acid succi-
nimidyl esters were purchased from Molecular Probes, Inc.
(Eugene, OR). Crystallized lyophilized equine skeletal muscle
myoglobin (Mb), five times recrystallized bovine pancreatic
RNase A, and crystallized lyophilized HSA were obtained from
Sigma-Aldrich Chemie GmbH (Germany) and used without
further purification. All proteins were exhaustively dialyzed
against 20 mM phosphate, 150 mM NaCl, 0.1 mM EDTA, pH
7.4 (PE buffer) prior to the experiments.

2.2. Preparation and labeling of apomyoglobin

ApoMb preparation from Mb, and protein concentration
determinations, were carried out essentially as described in
Zorrilla et al. [15]. Covalent labeling reactions were allowed to
proceed for 1 h at room temperature, at a molar ratio of
fluorophore to protein of 1:1. Based on ¢, (Alexa488)=
71000 M~ ' ecm™! at 495 nm, and &, (Alexa546)=
104,000 M~ ' cm™ ! at 556 nm (Molecular Probes, Inc), dye-
to-protein ratios were determined to be 0.1 and 0.8 for apoMb
labeled with Alexa488 (apoMb-A488) and Alexa546 (apoMb-
AS546), respectively.

2.3. Macroscopic viscosity

Bulk viscosities (7,,) of RNase A and HSA solutions
(0-250 mg ml™ ') were measured at (20+0.1) °C using a
calibrated Micro-Ostwald viscometer (SCHOTT-GERATE
GmbH type No 51610, 0.43 mm capillary ¢ i.d.). Sample
densities were determined by weighing different volumes of
solutions of known concentration and varied from 1.0 to
1.04 (£0.005) g ml™'. Standard deviations in viscosity deter-
minations were less than 2%.

2.4. Fluorescence correlation spectroscopy

FCS measurements of apoMb-A488 and apoMb-A546 solu-
tions containing up to 250 mg ml~ ' of “background (crowder)
proteins” (RNase A and HSA) were performed with a Zeiss-
EVOTEC ConfoCor inverted confocal microscope (Jena,
Germany). The 488 nm Ar-ion laser line and the 543 nm He/
Ne laser line were used for excitation of samples containing
apoMb-A488 and apoMb-A546, respectively. A 485+15 nm
interference filter (Omega) was used to select the 488 nm

excitation wavelength, and light intensity was adjusted by neu-
tral density filters. The excitation light was reflected by appro-
priate dichroic filters and focused by a water immersion
objective (C-Apochromat 40%, numerical aperture 1.2) into the
sample.

Fluorescence emitted by the sample particles was collected
by the same objective, passed through the dichroic mirror, the
appropriate emission band filter (maximum transmission be-
tween 530 and 570 nm for 1., =488 nm, and between 560 and
620 nm for A.,=543 nm), and through a motor-controlled
pinhole (set at a diameter of 40 um) in the image plane to
discriminate against out-of-focus signals. The fluorescence
photons collected impinged on an avalanche photodiode whose
signal was processed by a correlator card (ALV-5000) to obtain
the autocorrelation function, G(t) [19,20]. Measurements were
carried out at (20+0.1) °C on 50 pl of sample solution per well
in black, glass-bottomed 96-well plates (UniView™, What-
man). The total apoMb concentration in the solutions varied
between 50 nM and 200 nM. Count rates were typically
between 100—-200 kHz. Around 10 autocorrelation traces were
recorded for each sample. Data collection times were typically
60—120 s. Solutions containing only RNase A or only HSA
were studied independently to evaluate the background con-
tribution to the autocorrelation function G(t). In general, con-
centrated protein solutions may exhibit significant background
fluorescence, and in that case the measured fluorescence fluc-
tuations are caused by both tracer and background molecules
diffusing through the illuminated region.

Two different models were fitted to the experimental data.
The first was a single-component diffusion model [42,43], which
assumes only one fluorescent component and includes the time-
dependent population and depopulation of the tracer triplet state.
The second was a two-species diffusion model, which assumes
two fluorescent components simultaneously in solution, the
tracer (7') and the background proteins (B), plus one triplet state
with common characteristics for tracer and background species.
In the second model, G(1) is represented as a weighted average
of the corresponding tracer and background functions [44]:

I_Ftrip + Ftripexp(_T/Ttrip) .
Gt)=1+ Er Diffr(t
( ) N(I_Fmp) ( T T( )

+ ¢ Diffp(7)) (2)

where N is the total average number of fluorescent molecules in
the detection volume, Fy, and T, are the fractional population
and the relaxation time of the triplet state respectively, Diff;(1)
is the diffusion function of species i, and &; is the fractional
weighting factor for the contribution of each species to the
autocorrelation function:

! . fin

L g= T
(1+2) 1+ (Eilﬁnfy

where T; ('r,-:wfy/ 4Dy,) is the translational diffusion time of the
fluorescent species, Dy; is the translational diffusion coefficient,

Diff; (1) = (3)



S. Zorrilla et al. / Biophysical Chemistry 125 (2007) 298-305 301

] © [S)
oo o o © o
o o o oo e ~ OO
(5
oy <] R = N
e > ® 8N 00 S
ee® 4 ®  Neoe/ ®le @ o
e e oo g ~ e
o
ooo ©0om® W, i
e o © o ° (=] ® o o)
<< 0 o e
oo _© 9 @ ) °
0® o O o
o e ° P
o © °oe
.D o0 (= (=]
o jo ™ o (=]
o o \ %o ° (=) (=]
® e o 0/, o /eeo\ o -]
° e e 0o o o °
e o ey - o
o e o o =] o
° el fateie o™
e e o e © g © @ o
2.0
1.8 .
16 :
-
=
@)
1.4 .
1.2 E
10 n L n ~
-3 -2 -1 0 1 2
10 10 10 10 10 10

time (ms)

Fig. 1. FCS measurements in protein crowded solutions. (A) Schematic view of
the sample volume element in an FCS experiment performed on a concentrated
protein solution, with . and o,, the axial and radial radii of the detection
volume assumed to have a Gaussian shape in the three dimensions. Black and
gray circles represent tracer-labeled apoMb and protein crowder macromole-
cules (HSA or RNase A), respectively. (B) Normalized autocorrelation G(f) and
fitted theoretical curves (smooth lines) of apoMb-A546 in buffer solution (a), in
presence of 250 mg mI~' of HSA (b) and in a 250 mg ml~' RNase A solution
(c). PE buffer, pH 7.4, 7=20 °C.

a is a structural parameter of the instrumental setup a=c./ w,,,
with . and w, the axial and radial radii of the detection volume
assumed to have a Gaussian shape in the three dimensions [45],
fi is the relative molecular fraction of each species ( f;=N;/N), N;
is the number of molecules of species i, n; is the fluorescence
intensity per molecule or brightness (n,=1;/N;), and [; is the
total fluorescence intensity of species i. The translational
diffusion time (7;) represents the average time the fluorescent
species needs to diffuse over a root mean square distance w,,,
(Fig. 1).

Global analysis of the autocorrelation traces was performed
with the program FCS Data Processor Version 1.3 (Scientific
Software Technologies Centre, Department of Systems Anal-
ysis, Belarusian State University, Minsk, Belarus) [46]. The
structural parameter was determined by measuring the transla-
tional diffusion of rhodamine 6G (4.,=488 nm) or tetramethyl-
rhodamine (Ae,=543 nm), and varied between 8 and 12
(assuming a diffusion coefficient of 2.8 x 10~ ' m?s™ ") [19,47].
The goodness of fit was judged from the recovered x* value and
from inspection of the randomness of distribution of the re-
siduals. Data error analysis was performed at the 67% con-
fidence level.

3. Results
3.1. Tracer diffusion coefficients in diluted buffer solution

The translational diffusion coefficients of the tracer species,
apoMb-A488 and apoMb-A546 at concentrations of 50—
200 nM in buffer solution, in the absence of background pro-
teins, were determined. The single-component diffusion model
was fitted to the autocorrelation traces, the translational dif-
fusion time of labeled apoMb recovered being (195+5) ps. The
translational diffusion coefficient in buffer (D?) estimated from
the diffusion time of (9+1)x 10~ "' m? s~ ', was in good agree-
ment with D} values previously reported for apomyoglobin
monomer (apoMb-m) [48].

3.2. Tracer diffusion coefficients in crowded solutions

Translational diffusion times of apoMb-A488 and apoMb-
A546 were determined in solutions containing different con-
centrations of RNase A and HSA (25-250 mg ml™ ') with an
average count rate per tracer molecule of ~23 kHz (Table 1).
Background solutions containing only RNase A or HSA (25—
250 mg ml™ ") were studied under the same experimental con-
ditions as the buffer solutions containing only labeled apoMb.
Although the total background intensity relative to the labeled
apoMb signal was significant in these experiments, which in the
case of HSA even precluded measurements at 488-nm exci-
tation, the count rate per crowder molecule was in all cases lower
than 4 kHz (Table 1). The background diffusion times (tg) were
determined independently for each crowder concentration by
fitting the single-component diffusion model to the background
autocorrelation traces. The tracer diffusion times (7r) were then
determined by fitting the two-species diffusion model (Eq. (2)) to
the autocorrelation traces of labeled apoMb in RNase A and
HSA solutions (25-250 mg ml~ ') with the 7 value fixed. The
alternative fitting, of the single-component diffusion model to
the labeled apoMb autocorrelation traces, under the assumption
that RNase A and HSA background contributions were neg-
ligible, gave tracer translational diffusion times coincident,
within experimental error, with those recovered from the fitting
of Eq. (2) for two species. This comparative analysis suggests
that, under our experimental conditions, the contribution of
the background to the autocorrelation function may be ne-
glected. Koppel [49] showed that, in contrast to conventional

Table 1

Fluorescence intensity (/;) and fluorescence intensity per molecule (brightness),
n;, for apoMb (7') and the corresponding crowder background species (B) at
250 mg ml~ '@

Crowder Tracer It Is nr ng
RNase A apoMb-A488 120 70 23 3.5
RNase A apoMb-A546 170 14 23 3.5
HSA apoMb-A546 100 80 23 3.0

Intensities are expressed as photon counts per second (kHz).

@ In PE buffer, pH 7.4, T=20 °C. ).,=488 nm and 543 nm for apoMb-A488
and apoMb-AS546 samples, respectively.

[apoMb]=20-50 nM.
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fluorescence microscopy, the critical parameter in an FCS ex-
periment is not the total counting rate, but the counting rate per
fluorescent molecule (molecular brightness, 7), which in the
samples studied here was about 8 times higher for the tracer than
for the background species. Our results show that, even when the
background solutions present some incidental fluorescence cor-
relation, the single-component diffusion model may nevertheless
yield tracer diffusion times to a good approximation. These
results may be extended to diffusion studies in any crowded
media with a background contribution similar to that encoun-
tered in this work. As expected, the translational diffusion times
of apoMb-A488 and apoMb-A546 in presence of RNase A were,
within the error estimates, identical. In all the model crowded
solutions presented in this work, the autocorrelation traces didn’t
show any sign of anomalous diffusion.

The translational and rotational diffusion times of apoMb
species in concentrated RNase A and HSA solutions determined
are presented in Fig. 2A and B. Examination of these data shows:
(1) the experimental translational diffusion times of labeled apoMb
relative to the diluted buffer diffusion value (H=71/7%=D{/D))
increased with the crowder concentration; (ii) the rotational
correlation times, relative to the dilute buffer values (H,=¢ /
¢"=D?/D,), of apoMb-m and apomyoglobin dimer (apoMb-d)
determined in the same crowder solutions as this work [14,15],
present a similar behavior, but are much less affected by the
presence of the crowder molecules than the corresponding trans-
lational diffusion. Note that apoMb is a monomer in HSA solu-
tions, whereas it self-associates in RNaseA solutions [50], forming
a flexible dimer [15]. The internal rotational motions of the
dimer occur in the same time-range as does the global rotation
of apoMb-m. At 250 mg ml~ ' RNase A and 10 * M apoMb, all
apoMb was in dimeric form, while at nM concentrations (FCS
experimental conditions) apoMb was a monomer for all the
solutions examined.

3.3. Bulk viscosity as a function of crowder concentration

In Fig. 2A and B, we present the macroscopic viscosities
relative to the buffer viscosity (Hy,=9m/No; 1o=1.03 cP) as a
function of the crowder concentration. Note that concentrated
HSA solutions show a significantly lower bulk viscosity than
RNase A solutions for the same mass concentration. For prac-
tical purposes, the experimental relative bulk viscosity vs. mass
concentration dependence for both crowders was fitted by an
empirical equation based on the Mooney relation [51], which
does not introduce any restrictions as to the concentration of the
particle or its size distribution or shape:

N Ac
M _ 4
Mo exp<1_BC) )

where ¢ is the crowder concentration in mg ml™'. The 4 and B
parameters from the fit were (2.7+0.1)x 10 > mImg ' and (1.3+
0.1)x10"* ml mg ™", respectively for HSA solutions, and (3.94+
0.05)x10"* ml mg ' and (1.47+£0.03)x10> ml mg ', re-
spectively for RNase A solutions. Recent analytical ultracentri-
fugation experiments have shown that, over the whole of the

A

R

0 50 100 150 200 250

m‘\

0 50 100 150 200 250
HSA (mg ml

Fig. 2. Translational (@, H,,), and rotational (M, H,,; [, H,,) diffusion times of
apoMb species, and macroscopic viscosity (A, H,,), determined in (A)
concentrated RNase A and (B) HSA solutions, relative to the values observed
in dilute solution, as a function of the protein crowder concentration. All
translational diffusion data correspond to apoMb-m [apoMb]+=50—200 nM and
were obtained in work reported here. Rotational correlation time values were
taken from reference [15], [apoMb]r=100 uM. For the RNase A solutions, H>,
and H,, correspond to the overall motion of apoMb-d, and to a combination of
the global motion of apoMb-m and the librational motions of apoMb-d,
respectively. For the HSA solutions, H,, corresponds to the segmental motion of
fluorescein molecules covalently attached to apoMb, and H,, to the overall
motion of apoMb-m, respectively. Solid lines correspond to the fit of the
empirical equation H,,=(1m/1o)?. In PE buffer, pH 7.4, at 20 °C, 1o=1.03 cP.

concentration range studied, HSA itself is in monomeric state,
whilst RNase A exhibits weak self-association, being a mixture of
monomers and trimers, monomers and tetramers, or monomers,
dimers and tetramers, with a fractional abundance of RNase A
tetramers (comparable in size with HSA) of about 40% at 250 mg
ml ™' [40]. It is known that concentrated protein solutions behave
as non-Newtonian fluids, and capillary-tube viscosities, though
inexpensive and simple to determine, are affected by the shear
rate. Consequently, there is no attempt in this work quantitatively
to interpret the macroscopic viscosity values determined for these
solutions. Here we employ them only as a useful comparative
tool. Nevertheless, in order to compare 7, data from different
laboratories, special attention has to be paid to the characteristics
of the viscometers used.
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4. Discussion

A detailed molecular study of the effect of moderate con-
centrations of crowder proteins on the diffusion of a tracer
protein is presented in this work. In addition, we have included
in our study the experimental bulk viscosity of these solutions
(nm) as a helpful, macroscopic parameter. As we will show
below, the parallel macroscopic viscosity study proposed here
will allow prediction of tracer diffusion coefficients in crowded
media from simple relationships, using #7,, measured with an
Ostwald micro-viscometer. These results are especially relevant
to the interpretation of TRFD and FCS studies in physiological
media.

4.1. Translational diffusion in crowded protein environments

The translational diffusion of labeled apoMb-m (tracer at nM
concentration) in HSA and RNase A solutions was significantly
slowed down by increasing concentrations of the crowder
molecules compared to its diffusion in dilute buffer. This
diffusion-retarding effect was found to be characteristic for each
crowder solution (up to an 8-fold increase for 250 mg ml ™'
RNase A solutions, and up to a 3.5-fold increase for 250 mg
ml~ " HSA solutions, see Fig. 2). It is assumed that HSA and
RNase A molecules behave as obstacles in the pathway of the
tracer. The observed tracer diffusion may then be explained by a
presentation of a different obstacle distribution, and consequent-
ly a different effective accessible volume, to the tracer in RNase
A and HSA solutions. In this regard, it is important to note that
moderately concentrated RNase A solutions are much more
heterogeneous than HSA solutions (see above). Assuming that
the HSA molecules and the different RNase A species are
densely packed in these solutions, virtually all the cavities be-
tween adjacent RNase A tetramers would be occupied by RNase
A monomers and apoMb-m molecules, while in HSA solutions
the cavities, in this case only between HSA monomers, would
only be occupied by apoMb-m molecules. Thus, the diffusion of
an apoMb-m molecule in RNase A solutions, which would
imply leaving one caged environment and entering a new one,
would require extra work to make room in the new cavity, in
contrast with HSA solutions where most of these cavities would

Table 2
Parameter ¢ values from the fit of the empirical equation H, .= (1m/1o)? with 1,
given by Eq. (4)

Tracer Crowder o q: qr

apoMb-m RNase A 47 1.35+0.04 (0.22+0.01)°
apoMb-d RNase A 6.4 - 0.61+0.05°
apoMb-m HSA 4.4 1.28+0.04 0.44+0.02°
Mb BSA 44 1.30+0.04° -

BSA BSA 8.0 1.61+0.06° -

Aldolase BSA 12.0 1.94+0.04° -

Aldolase RNase A 13.7 5.0+£0.1°¢ -

? o values estimated from the hydrodynamic radius of the crowder (Rg) and

tracer (Ry) molecules: o=(Rg+Rr)*/(Rp)’.

P g, values from rotational correlation times determined in the same crowded
solutions as this work [15].

¢ ¢, values estimated from translational diffusion coefficients reported by
Muramatsu and Minton [32].

2.0 T :
Translational
diffusion } %
1.5 f E % E
= [ ]
10 -8« —B———————-
0.5

| Rotational diffusion

0 50 100 150 200 250

¢ (mgml'h

Fig. 3. Effective translational and rotational viscosities relative to macroscopic
viscosity (#.¢/#m) as a function of protein crowder mass concentration (c).
Translational viscosity of apoMb-m in RNase A (@), and HSA solutions (0),
together with rotational viscosity of apoMb-m in HSA (LJ), and apoMb-d in
RNase A solutions (H). The solid line corresponds to the fit of the empirical
equation (n,/nm)=1—(1.7x10-3)-c to the rotational diffusion data. The dashed
line represents the hypothetical case for which local and macroscopic viscosity
values are identical.

be empty [41]. Of course, other effects such as non-specific
crowder—crowder and tracer—crowder interactions, which will
depend on the characteristics of both tracer and crowder (such as
size, shape, rigidity/flexibility, charge, etc.) may also contribute
to the different translational diffusion hindrance experienced by
the tracer. More extended studies of translational diffusion of
different tracer proteins in concentrated protein solutions need to
be performed to quantify these effects.

4.2. Effective translational and rotational viscosities vs.
macroscopic viscosity

The dashed lines in Fig. 2 show the relative bulk viscosities
determined for these crowded solutions (Hy,=#m/ o). Assum-
ing that there are no changes in size and/or shape of the tracer
proteins with crowder concentration, and that the generalized
SE and SED relations (Eq. (1)) are good approximations for
diffusion studies in crowded media (see above), the relative
translational and rotational diffusion times (/,,) determined in
this and previous work [15] can be related to relative mi-
croscopic translational (H,=#,/%o) and rotational (H,=9./%)
viscosities. Note that for each crowder concentration, the H,,
values always fall between those of H; and H,. Furthermore,
the average rotational correlation times associated with the
global motion of apoMb-m, the domain flexibility in apoMb-
d, and the segmental motion of fluorescein molecules
covalently attached to apoMb [15] are all significantly less
affected by the presence of crowder molecules than is the
translational motion. The solid lines in Fig. 2 correspond to
the fit of the empirical equation:

Hex = (m/M0)" (5)
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to the H,, data obtained by replacing the experimental macro-
scopic viscosity values (#,,,) by the function defined in Eq. (4)
(with A and B parameters fixed). The ¢ values determined from
the fit are presented in Table 2. A similar approach has been used
previously for comparable NMR, absorption anisotropy rota-
tional and FCS translational diffusion data [52,35,36]. In ad-
dition to the results reported in this work, we have included in
Table 2 the ¢ values estimated from translational diffusion data
for different tracer/crowder pairs [32], including cyanometmyo-
globin/bovine serum albumin (MbCN/BSA), analogous to the
apoMb/HSA pair studied in this work.

Examination of the g values presented in Table 2 shows that:
(1) in all cases ¢ values corresponding to translational diffusion
data were larger than unity, whereas those for rotational diffusion
were smaller than unity, being different for each tracer/crowder
pair; (ii) the g parameters for apoMb translation in HSA solutions
determined in this work with the microscopic technique, FCS,
were coincident within experimental error with the values esti-
mated by Muramatsu and Minton [32] for the system MbCN/BSA
via the macroscopic technique of boundary spreading. In FCS
experiments, both (local) tracer concentration and the locations of
all molecules (tracer and crowder) fluctuate. The tracer will
experience many independent configurations of crowder mole-
cules and collide many times with neighboring molecules in the
cavity before it moves to a new position (estimated collision times
are in the ns range) [41]. Hence, the diffusion coefficients pre-
sented here, and those determined by Muramatsu and Minton
[32], would correspond to the long-time regime values. This is an
important result because the effect of spatial heterogeneity on
translational diffusion can only be observed from diffusion mea-
surements performed over long times [29,53]; (iii)) ¢ values
corresponding to translational diffusion of different tracers in the
presence of the same crowder, increase with increasing size of the
tracer; (iv) g values corresponding to translational diffusion of
apoMb in RNase A and HSA solutions are quite similar, whereas
those for aldolase in RNase A and HSA solutions are very
different [32]. Interestingly, taking together the ¢ values deter-
mined in this work from translational diffusion data and the
estimated ones from Muramatsu and Minton data [32] (excluding
the aldolase/RNase A system which presents a totally different
behavior), we found that they depend linearly on the excluded
volume of the tracer protein molecule per unit crowder molecule
volume (or reduced covolume, o):

g=F+ (1-F)o (6)

with F=0.090+0.003. For moderately concentrated solutions o
may be approximated by o =(Rg+Rr)’/(Rg)’, where R and Ry
the hydrodynamic radii of the crowder and tracer molecules,
respectively (see Table 2). In principle, this approach would
provide a simple means of estimating ¢ parameters and transla-
tional local apparent viscosities for protein diffusion in mod-
erately concentrated protein solutions, where subdiffusion effects
are not observed.

Finally, we have quantified the departure of the rotational and
translational viscosities from the bulk viscosity by the ratio (1,/
Nm)=H,(1o/ Nm), and these values are presented in Fig. 3 as a

function of the crowder mass concentration. The translational
diffusion data shows that the ratio (1,/ %) is different for the two
crowders, being higher for RNase A solutions than for HSA
solutions for the same mass concentration (¢>150 mg ml™').
However, (1,/ 1) for the overall rotation of apoMb-d in RNase
A solutions and apoMb-m in HSA solutions [14,15] seems to
follow the same linear dependence with c:

(1:/1m) = (1-S¢) ()

with §=(1.7+£0.1)x10 ~* ml mg~'. Thus, 5, can easily be
estimated simply by measuring the bulk viscosity of the protein
crowded solution (7). The observed insensitivity of the apoMb-
m and apoMb-d rotating species to the crowder characteristics
may be explained by the short time-range character of the ro-
tational diffusion of the tracers, since the rotational correlation
times determined for apoMb (9-54 ns) are smaller than the
crowder structural relaxation time s (= 120 ns for both RNase A
and HSA solutions) [54]. As a result of this, apoMb global
rotational diffusion times would be expected to be less sensitive
to the relatively long-term rearrangements of crowder molecule
structure than translational diffusion times would be. It is clear,
though, that further exploration of a greater variety of tracer/
crowder systems is needed in order to establish the size limits of
validity of the simple empirical relations proposed in this work,
to estimate #, and %, from the bulk viscosities (#,,) measured
with an Ostwald micro-viscometer.
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