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Abstract

Translational (or self-diffusion) coefficient in dilute solution is inversely proportional to
the size of a diffusing molecule, and hence self-diffusion coefficient measurements have
been applied to determine the effective hydrodynamic radii for a range of native and
nonnative protein conformations. In particular, translational diffusion coefficient mea-
surements are useful to estimate the hydrodynamic radius of natively (or intrinsically)
disordered proteins in solution, and, thereby, probe the compactness of a protein as
well as its change when environmental parameters such as temperature, solution
pH, or protein concentration are varied. The situation becomes more complicated
in concentrated solutions. In this review, we discuss the translational diffusion of
disordered proteins in dilute and crowded solutions, focusing primarily on the infor-
mation provided by pulsed-field gradient NMR technique, and draw analogies to
well-structured globular proteins and synthetic polymers.
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1. Introduction

“The three-dimensional structure of a native protein in its normal
physiological milieu (solvent, pH, ionic strength, presence of other compo-
nents such as metal ions or prosthetic groups, temperature, and other) is the
one in which the Gibbs free energy of the whole system is lowest; that is, that
the native conformation is determined by the totality of interatomic inter-
actions and hence by the amino acid sequence, in a given environment.”’
Water, the primary solvent for proteins in native environments, is a poor
solvent for protein backbone, and, until not that long ago, the prevailing
view has been that a protein adopts a stable, well-structured conformation
stabilized by hydrogen, ionic, and disulfide bonds and by hydrophobic
interactions.' ~ This view was strongly supported by theoretical predictions
of the two main secondary structure elements in proteins, the a-helix and
B-sheet, made by Pauling et al.” and by first crystallographic and NMR
structures of proteins.” °

However, the Anfinsen’s “thermodynamic hypothesis,”' quoted above,
clearly suggests the conformational plasticity of a protein in response to its
environment. Indeed, the protein is formed as a linear polymer of monomer
building blocks—amino acids, each of which has distinct physico-chemical
properties due to the unique structure of a side-chain that can be neutral,
polar, or charged. Accordingly, the protein can be considered as a charged
heteropolymer, or a polyampholyte,” with keeping in mind two important
distinctions of synthetic polymer polyampholytes, typically a much longer
chain and the disorder of the charge distribution along the sequence. The
conformation of flexible polyampholytes is controlled by electrostatic inter-
actions between charged groups, and the composition and the placement
of various amino acids in the protein sequence determine whether the
intra-protein interactions are more favorable than the side-chain interactions
with solvent (see reviews’” and references therein). For example, in water,
protein sequences with low hydrophobicity and high net charge have a
preference to adopt disordered, extended conformations, rather than to form

8-10
a compact well-ordered structure.

The abundance and functional signif-
icance of intrinsically disordered proteins (IDPs) is now broadly recog-
nized.'" > Within the human proteome, approximately 50% of all proteins
are predicted to contain long disordered segments (>30 residues).””* The
addition of small molecule solutes (osmolytes) modulates solvent quality

. . 25 .
and, consequently, protein conformation.”” Denaturing osmolytes such as
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urea and guanidine hydrochloride (GuHCI) promote the formation of

2

26,2

2 . . .
“" In contrast, trimethylamine N-oxide
28,29

extended protein conformations.
(TMAO) bias the protein structure toward the folded conformation.

In attempt to classify the extent of conformations that a protein can
adopt, four different thermodynamically stable states (ordered, molten glob-
ule, pre-molten globule, and unfolded) are proposed.”’ >’ Transitions
between molten globule and pre-molten globule might represent different
phase states of the protein, as they are separated by the first-order phase tran-
sition.”*”? Despite such classification is useful, it is important to realize that,
in principle, any protein can adopt a continuum of conformational states that
may gradually change depending on the solution conditions. Therefore, it
becomes important to know the overall size of the protein in a given
environment.

Unlike well-structured folded proteins that can be successfully character-
ized by X-ray crystallography or NMR_ spectroscopy,’ the characterization
of intrinsically disordered or partially unfolded proteins remains challenging
as they sample an ensemble of rapidly interconverting alternative conforma-
tions ranging from random coils to more structured conformations with
secondary structure and residual tertiary structure elements. Typically,
such conformational exchange occurs on a much faster time scale than
most experimental biophysical methods can access. Therefore, a quantitative
measure of an average dimension of the conformational ensemble, e.g., an
ensemble-averaged hydrodynamic radius (Rp), becomes an important char-
acteristic as it provides the information about the nature of the structures
adopted by a protein.”*®

Despite the long-sustained interest to protein folding and exponentially
growing number of publications on IDPs, experimental values of Ry for
partially/fully unfolded or intrinsically disordered proteins are rather sparse
in literature. In this review, we focus primarily on the information provided
by pulsed-field gradient NMR technique, and draw analogies to well-
structured globular proteins and synthetic polymers.

2. Dilute solutions

Our view on the shape and size of a protein is largely based on exper-
imental data obtained in dilute solutions primarily because of experimental
requirements of utilized biophysical methods and the relative simplicity
of theoretical treatment that avoids the need to take into account inter-
molecular interactions. In dilute solution, the overall shape and size of a
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protein can be experimentally assessed by the variety of experimental

3941 . .
size-exclusion

methods, including small-angle X-ray scattering (SAXS),
chromatography (SEC),"*"’ fluorescence correlation spectroscopy and
dynamic light scattering (DLS),"”* or pulsed-field gradient NMR_ diffusion
measurements (PFG NMR)."” While SAXS experiments provide the esti-
mate of the radius of gyration (R,), SEC, fluorescence correlation spectros-
copy, and PFG NMR probe the hydrodynamic radius Ry of the protein
chain. The non-invasive NMR approach has particular appeal as the mea-
surements of the hydrodynamic radius can be carried out under the variety
of experimental conditions and over the broad range of protein concentra-
tions that are not accessible to other methods, from dilute to extremely
concentrated solutions. In this review, we focus only on PFG NMR
studies.

PFG NMR measures the self-diffusion diffusion coefficient of a protein
D (turther referred simply as the diffusion coefficient), which depends on
protein size. To establish this dependence, a model of protein molecule is
required. Two extreme cases, approximating the protein by a solid sphere
(gives the upper limit for the diffusion coefficient) or by a random coil (gives
the lower limit for the diffusion coefficient), can be considered.

The diftusion coefficient of a protein modeled by a solid sphere is given

46

by the Stokes-Einstein formula™ that relates it to the hydrodynamic radius

of a sphere Ry

kT
D= ,
671'7’]RH

M

where 7 is the viscosity of pure solvent, k is the Boltzmann constant, and T'is
the temperature. The hydrodynamic radius of the protein is understood as
the hydrodynamic radius of a sphere with the same diffusion coefficient. It is
worth mentioning that the accurate estimate of Ry using Eq. (1) is not
expected as the Stokes-Einstein formula was derived under several simpli-
fying assumptions. First, the Stokes-Einstein formula only holds for infinite
dilution, because it was derived for a single particle. Second, it was derived
for a large solid sphere, whose size is much greater than the size of solvent
molecules. Third, it was derived for a sphere with smooth surface, moving in
a continuous fluid under no-slip conditions, even though this fluid consists
of molecules at the microscopic scale. In general, the protein molecule has a
non-spherical shape, rough surface (with amino acid side-chains sticking
out), high degree of flexibility (where the degree of flexibility varies
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dependent on the conformational state of the protein with disordered state
possessing the highest flexibility), and the interactions with water (solvent)
molecules cannot be ignored. Given the simplifying assumptions of Eq. (1),
it is remarkable that simple Stokes-Einstein model satisfactory describes the
large number of systems, including unfolded proteins,”” and the agreement
with experimental data can be further improved by taking into account
the hydration layer around the protein*’ and by approximating the protein
by the ellipsoid™® or by describing its shape more accurately, using bead
models. """

The major discrepancy of using Eq. (1) for describing the translational
diffusion of proteins (and polymers in general) is related to how the viscosity
is determined. Unlike in the case of a solid sphere with smooth surface, for
proteins the viscosity must depend on the length and time scales of the
experiment, which are determined by the size of diffusing molecule and
by the diffusion time, at the very least over the distance of the protein’s linear
dimensions. Furthermore, in the case of flexible molecules, it is necessary
to account for the local molecular dynamics, which can be found for
homopolymers consisting of identical monomers.”’ However, the protein
molecule consists of amino acids with different physicochemical properties.
Thus, even if the local dynamics for each amino acid is known, the question
on how to determine its mean value for the whole molecule in order to
introduce a correcting coefficient for the viscosity in the Stokes-Einstein
equation still remains. Consequently, despite some recent work in this
direction,”” there is no better alternative to Eq. (1) for proteins at present.

The application of the Stokes-Einstein approximation is particularly
powerful for the comparative analysis of protein sizes, for example, for
elucidating the magnitude of size changes due to unfolding in response
to the change of environmental conditions. Calculated directly by using
Eq. (1), the 37% increase of the hydrodynamic radius was found for
the P-subunit of salt-mediated killer toxin from Pichia farinose due to
the loss of compact structure upon dissociation of the heterodimer
formed by o- and B-subunits.”” Alternatively, Jones et al.”* proposed
to use a reference molecule to estimate the size change of a protein.
If a reference molecule is used as an internal radius standard, then the
following relationship for protein and reference molecules in the same
solution follows from Eq. (1):

Dy
D

Ry = X R,gf (2)
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where D,.,sand R,rare the diffusion coefficient and the hydrodynamic radius
of the reference molecule, respectively. In order to obtain the accurate esti-
mate of Ryyusing Eq. (2), the hydrodynamic radius of the reference molecule
has to be known. Wilkins et al.** have calibrated their measurements using
the radius of gyration of lysozyme in the folded state measured by SAXS and
the hydrodynamic radius measured by PFG NMR. Any calibration though
cannot be precise as the same simplifying assumptions as those that are used
in the derivation of Stokes-Einstein equation (Eq. 1) would be applicable.
However, the relative change in the hydrodynamic radius can be deter-
mined with high accuracy. Jones et al.”* determined that the hydrodynamic
radius of lysozyme increases by 38+ 1% due to unfolding in urea, using
dioxane as a reference molecule, and observed a good agreement with SAXS
data®. They chose dioxane because the radius of dioxane did not change by
the addition of urea. Using similar approach, the change of hydrodynamic
radius of proteins, ranging from about 11% to 57%, due to unfolding under
denaturing conditions (urea, GuHCI, extreme pH values, or disulfide bond

45,5662 - - 241 163 -
7777 or associated with Ca™" binding, ™ or, alternatively, upon

1(»4

reduction)
folding in 40% trifluoroethanol™ was determined.

In general, when the relative change of protein size is in question, using a
reference molecule is not necessary. For example, in the case of temperature-
induced unfolding, the estimate of protein size changes according to Eq. (2)
can be done without using a reference molecule. Indeed, as it follows from
Eq. (1), in the absence of processes that could lead to the change of protein
size with temperature, i.e., protein aggregation or unfolding, the tempera-
ture dependence of D is determined only by the temperature dependence of
solvent viscosity and has the slope of T/#. Thus, if the temperature depen-
dence of protein diffusion coefficient is extrapolated to temperatures above
the unfolding transition according to 17/, it represents the diffusion coeffi-
cient D, of a protein with unperturbed structure and unchanged hydrody-
namic radius. Note that this analysis is done under the assumption of the
independence of protein diffusion coefficient on the local dynamics. For
flexible polymers, the diffusion coefficient was shown to change with chang-
ing local segmental dynamics.”' It is likely though that the influence of local
dynamics on the diftfusion coefficient will be minimal in dilute solutions.

The relative size change caused by the temperature-induced protein
expansion can be estimated from the ratio of experimentally measured
diffusion coefticient and extrapolated D, taken at the same temperature.
Using this approach, approximately the 22% change in Ry for lysozyme
and ribonuclease A was detected,”” whereas the average size of conformers
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within the unfolded state ensemble for the HIV-1 nucleocapsid NCp7
protein was found to be 30-40% larger than the folded state structure.”®

The Stokes-Einstein approximation was also applied to estimate the
size of intrinsically disordered proteins.”"*””* For a 130-residue fragment
(D1-D4) taken from a fibronectin-binding protein of Staphylococcus aureus,
containing four fibronectin-binding repeats and unfolded but biologically
active at neutral pH, the comparison to well-structured proteins showed
on average a 75% larger hydrodynamic radius than would be expected for
a compact fold,”® while an 80% and a twofold increase of the hydrodynamic
radius has been observed for the primary DNA-recognition subdomain of
the Sleeping Beauty transposase’” and for N-terminal domain of p53
protein,”’ respectively. A smaller increase of Ry as compared to an equiv-
alent well-structured, folded protein was measured for the intrinsically
disordered malaria surface protein MSP2 (about 48—70% depending on
experimental conditions)’* and for a-synuclein (about 50%).”"

The important conclusion that follows from diffusion measurements
in dilute solutions mentioned above is that the protein molecule remains
compact’” when it is unfolded under denaturing conditions or intrinsically
disordered, with the largest increase of the hydrodynamic radius to the best
of our knowledge being twofold, reported for N-terminal domain of p53

70

protein.”” When comparison was done, all reported Ry values were found

60,61,66,69—71,74 In relation to

to be smaller than estimated for random coils.
this conclusion, the important question arises about the extent of validity
of approximating the unfolded or IDP by Stokes-Einstein model assuming
that the protein behaves as a solid sphere. Indeed, the disordered protein is
highly flexible, exists as an ensemble of rapidly changing conformations, and,
thus, can be expected to be easily penetrable for solvent (water) molecules.
A few studies provided initial clues that the Stokes-Einstein model is a good
approximation for describing the translational diffusion of unfolded and
intrinsically disordered proteins in dilute solution.

For example, the evidence comes from the analysis of temperature depen-
dences of protein diffusion coefficients acquired above the temperature-
induced unfolding transition or for disordered proteins.®”*%’%7%7¢77
According to Eq. (1), the temperature dependence T/n of D is expected
to follow the Arrhenius relation with the slope reflecting the activation
78,79

energy of the self-diffusion of water (5.0 kcal/mol). Fig. 1A exem-
plifies the temperature dependence of the diffusion coefficient of ribonu-
clease A acquired in the 3.2% D,O solution at pH 2.5 (wt%).”” Fig. 1B

shows the temperature dependence of the diffusion coefficient of the
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Fig. 1 Temperature dependencies of diffusion coefficients of ribonuclease A®® and the
primary DNA-recognition subdomain of the Sleeping Beauty transposase PAL’' Dashed
lines in panels A and B and solid line in panel A show the slope of the temperature
dependence T/, calculated from water viscosity and shifted vertically for easier
comparison.

primary DNA-recognition domain of the Sleeping Beauty transposase,
PAI, acquired in 25 mM sodium phosphate buffer prepared using 100%
D,0 at pH 5.0,”” where the protein is unfolded at all temperatures. Lines
represent the slope of the temperature dependence T/#, calculated from
water viscosity. The slope of the temperature dependence of the diffusion
coefficient is close (5.8 kcal/mol), albeit not exactly the same, to that of the
temperature dependence T/x, suggesting that hydrodynamically the
behavior of these proteins is close to a solid particle and justifying the
use of the Stokes-Einstein model to describe unfolded and disordered
proteins in dilute solutions. Similar data (not shown) were obtained for

66
*® Furthermore,

lysozyme®” and for the HIV-1 nucleocapsid NCp7 protein.
the comparison of experimental diffusion coefficients of the antifreeze
glycoprotein AFGP8 with the hydrodynamic calculations using the viscosity
of water showed good agreement, also suggesting that it behaves like a well-
structured globular protein despite that it does not assume a particular secondary
structure and is segmentally flexible.””

Additionally, in dilute solution, the diffusion coefficient of a-casein
shows the same trend as the theoretically-derived concentration dependence

of the diffusion coefficient of rigid Brownian spheres,” suggesting that the
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molecule of a-casein remains in compact state, which is hydrodynamically
comparable to that of the rigid Brownian particle, even though the molecule
of a-casein does not form a stable structure.”’ Although fibrinogen is not a
fully intrinsically disordered molecule, it has highly flexible and largely
unstructured ~ 390 amino acid residue long extensions.”” The comparison
of experimental data to the theoretical curve for rigid Brownian particles
shows that in fibrinogen solution the regime of dilute solution is observed
only up to ~0.2% (wt%).”®

While the Stokes-Einstein approximation seems to describe the transla-
tional diftfusion of unfolded or IDPs in dilute solutions quite satisfactory, the
protein can be viewed as a charged heteropolymer. The unfolded or disor-
dered protein represent an extreme case, where the “polymer” (e.g., flexi-
ble) nature of a protein is likely to manifest itself the most. In fact, Tanford
et al.*” measured the intrinsic viscosities and sedimentation coefficients of
various protein polypeptide chains in concentrated GuHCI solutions and
demonstrated that both properties depend on molecular weight exactly as
predicted for randomly coiled linear polymer chains. The dimensions of ran-
domly coiled polymers are strongly affected by polymer-solvent interac-
tions, and random coils are typically attained when polymer molecules
are dissolved in a good or indifferent solvent, in which the attractive forces
between the polymer segments and the solvent are stronger than, or at least
as strong as, the attractive forces between one polymer segment and another.
It is inherently difficult to find such a solvent for protein molecules con-
sisting of amino acids with a diverse variety of physicochemical properties.™
However, the hydrodynamic radius estimate for a protein represented by
a random coil would provide an upper limit boundary for protein size.

In the theory developed by Kirkwood and Riseman,”" the flexible
polymer is approximated as a linear chain of N segments. The center of
gravity of the polymer molecule moves relative to the solvent in which it
1s immersed. The mean force exerted by the fluid on the molecular center
of gravity is the sum of the mean forces exerted by individual monomers, cal-
culated by using the Oseen tensor averaged over all internal configurations of
the molecule. The friction coefficient of the polymer molecule is given by:

_ Ne 1
f_CN[lJFWTJ 3)

where the hydrodynamic radius of the polymer molecule calculated

according to Ry' =35>, 4 <r;1> with the mean separation (r;) between
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monomers i and j, and { is the friction coefficient of monomer. The diffusion
coefticient can be calculated in accordance to the following equation:

D

—kT[1+ Ne ] (4)

TNC| 6mpRy

It follows from the Eq. (4) that for N>>1 the diffusion of a polymer in
dilute solutions is determined by hydrodynamic interactions, because
Ry~ N* where o changes from 0.5 to 0.6 when the quality of solvent
changes from theta (indifferent) to good.

For random coiled ideal polymer chains, the end-to-end distance obeys a
Gaussian distribution to a good approximation. The size of an ideal random

coil can be characterized by the Flory® radius Rp=bN 12, Here, the
idealized polymer chain of N freely-joined Kuhn segments is considered,
where each Kuhn segment consists of several (typically 6—8) monomers and
the length of the Kuhn segment b typically ranges from 0.5 to 2. For the real
polymer chain, when the excluded volume effect is taken into account, the
end-to-end distance scales with the number of monomers as N*, where v is
the Flory exponent that depends on the solvent quality.” In good, theta (indif-
terent), and poor solvents the values of v for long (N> 1) homopolymers are
3/5, 1/2, and 1/3, respectively. In human proteins, the median number of

% 50 that the deviation from long chain behavior

amino acid residues is 375,
may be expected.”” Several empirical expressions relating the hydrodynamic
radius of a protein to the number of amino acid residues comprising it were
proposed based on the analysis of experimental data.”**”' They are summa-
rized in Table 1. Several trends can be noticed. First, the difference between
well-folded, globular and unfolded or intrinsically disordered proteins is
revealed in the scaling factor v. For well-structured globular proteins, it ranges
from 0.285 (Ref. 89) to 0.382 (Ref. 91), and is close to the value 0.333
expected for a homopolymer in a poor solvent, whereas for unfolded proteins
or IDPs the value of v is greater. Second, there is a difference between protein
unfolded by adding denaturing agents (urea or GuHCI) and IDPs.

The value of v reported for chemically denatured proteins is the
largest and ranges from 0.543 (Ref. 90) to 0.57 (Ref. 45), close to the
predicted value of 0.6 for homopolymers in good solvents. In the case of
IDPs, reported v values range from 0.492 (Ref. 91) to 0.509 (Ref. 89),
and correspond to the value of v for homopolymers in theta (indifferent)
solvents. Although the experimental dataset is limited, empirically established
relations suggest that polymer theory can be applied to predict the hydro-
dynamic radius of chemically unfolded proteins and IDPs.
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Table 1 Empirical expressions relating the hydrodynamic radius of a protein Ry, to the
number of amino acid residues N for different states.
Empirical relation® Method References

R, =4.92N0285 PFG NMR, SEC Marsh et al.®
RD =2.33N05%
RP =2.49N>"

90

RE = (3.3541.04) NO-358£0.005 Viscometry, SEC, DLS  Uversky et al.
R} = (2.43£1.03)NO5#3+0007

RII? — (284 +1 .04)N0A493i0.0()8

R%G — (426 +1. 12)N().334i().()21

RZ;\/IG — (386 + 1.06)1\]0'402:‘:0‘012

RE =4.75N"% PFG NMR Wilkins et al.*
RE=221N"%7
RE =3.405N-382 PFG NMR Dudis et al.”’

RIP =3.128 N4

Ry =357N"*> PFG NMR (short Danielsson et al.*”
unstructured peptides)

*F—folded, D—chemically denatured, ID—intrinsically disordered, MG—molten globule, and
PMG—pre-molten globule.

3. Concentrated solutions

Even though studies in dilute solutions contribute to our general
understanding of the translational diftusion of proteins, many proteins func-
tion inside cells and tissues, e.g., in extremely crowded environments, where
they have to move to the site of action (the primary mechanism is the trans-
lational diftusion). In particular, IDPs are of interest because they are com-
monly found in cellular compartments and regions with very high local
concentrations of proteins, DNA, and RNA.”* "> A few studies highlighted
the difterence of translational diffusion of disordered and globular pro-

54,60,68,70

teins. > However, a qualitative and quantitative description of

the translational diffusion of unfolded proteins and IDPs in crowded envi-

96,97 . . C
7/ In the discussion below, we distinguish

ronments is far from complete.
self-crowding conditions, e.g., a concentrated solution of a single type of
protein (self-crowding), and crowding conditions created by the addition
of different type of molecules (crowders). In the latter case, the concentra-
tion of the protein of interest may be low, however, the approximation of
the dilute solution and laminar flow around the protein molecule is

not valid because the size of the protein may be comparable to the size
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of a crowder molecule and the interactions with the crowder are not neg-
ligible. We further note that below we discuss only IDPs, because to the
best of our knowledge, there is no data in the literature on the diffusion of
proteins unfolded under denaturing conditions at high protein
concentrations.

3.1 Self-crowding

While in dilute solutions, the translational diffusion of an unfolded or
intrinsically disordered protein and the pervaded solvent can be modeled
by approximating the protein by a compact solid particle, it is not evident
that it should retain this similarity in the crowded milieu, where, in contrast
to globular proteins, the shape and compactness of unfolded or intrinsically
disordered proteins may change more readily. Furthermore, because the
amino acid composition of IDPs is deficient in hydrophobic residues and
rich in charged and polar residues, they may have similarities to
polyampholytes,"’ for which, due to the long-range of the electrostatic
potential, the electrostatic interactions between macromolecules may signif-
icantly affect their translational diffusion.” In particular, polyampholytes
demonstrate a strong tendency for self-association driven by the reduction
of electrostatic energy of individual chains.””

The conditions of self-crowding are the simplest conditions for studying
the diffusion of proteins in concentrated solutions. At such conditions, the
experiments were carried out for a few intrinsically disordered proteins or
proteins with extended disordered regions. These experiments showed that
the diffusion coetlicient significantly decreases with increasing protein

: 76,81,100-102
concentration.

Interestingly, the comparison of the concentra-
tion dependence of the diffusion coefficient of an intrinsically disordered
protein o-casein to master curves describing the concentration dependence
of the diffusion coeflicient of globular proteins' " (black symbols) and flex-
ible polymers’' (cyan line), and to the theoretically-derived concentration
dependence for the diffusion coefficient of rigid Brownian spheres”’ (blue
line) (Fig. 2) revealed that it differs from all of them.”' To enable the com-
parison, the diffusion coefficients of ®-casein shown in Fig. 2 were normal-
ized at each concentration by the diffusion coefficient Dy extrapolated to
zero protein concentration to exclude the dependence on temperature
and by the critical volume fraction @, determined from the intersection
of the asymptote ()" (infinite dilution, no interactions) and the tangent
(@) > drawn to experimental dependence.”"®' Note that the division of
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D/D,

A
ole
Fig. 2 Concentration dependence of the diffusion coefficient of o-casein (red
squares),”® the master curve representing the concentration dependence of the diffu-
sion coefficient for globular proteins (black symbols)'®" and for flexible polymers (light-
blue line),*® and the theoretical concentration dependence for Brownian rigid spheres
(blue line).”® The asymptote with zero slope is shown by black dashed line. All curves are
normalized by the procedure that merely leads to the shift of the concentration depen-
dence along the horizontal and vertical axes.**”°

each value of D by Dy and of the volume fraction ¢ by the factor ¢
merely shifts the whole curve, without altering its shape, along vertical or
horizontal axes.

In stark contrast to globular proteins, for which the high concentration
region of the concentration dependence of the diffusion coefficient is
described by the tangent with the slope of (), the concentration depen-
dence of the diffusion coefficient of ®-casein can be approximated by the

12

straight line with the slope of (@) = at the protein concentrations >5%
(wt%). In the case of globular proteins, the master curve'”” describing the
concentration dependence of their diftusion coefficients coincides in the
range of volume fractions from 0.015 to 0.4 (the measurements at higher
concentrations were limited by protein solubility) with the theoretically-
derived concentration dependence of the diffusion coefficient of rigid

- 80,104
Brownian spheres and shows the same sharp crossover between the
concentration-independent regime of dilute solution, where the interac-

tions between protein molecules are negligible, to the regime of the
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concentrated solution where protein molecules interact (Fig. 2). Thus, com-
mon dynamic characteristics of globular proteins remain close to rigid
Brownian particles in concentrated solution (at least, up to the volume frac-
tion of 0.4)."">'"* The diffusion coefficient of a-casein shows the same trend
as globular proteins or rigid Brownian spheres up to the volume fraction of
about 0.05, but deviates from both dependences at higher concentrations,
demonstrating a stronger concentration dependence than globular proteins,
a weaker dependence than rigid Brownian spheres, and, thus, a qualitatively
different behavior than globular proteins or rigid Brownian spheres. Fur-
thermore, the concentration dependence of a-casein diffusion coefficient
differs from the master curve established for flexible polymers, except for
the asymptotic behavior ()" in dilute solution. The universal concentration
dependence for polymers shows a gradual transition from dilute to concen-

trated solution, where the asymptote (¢/ @)73 corresponds to a qualitatively
different diffusion regime of entangled polymer chains, and the movement
of the polymer chain as a whole results from the movement of its individual
segments.' > "% In contrast, the diffusion coefficient of a-casein shows a
weaker dependence on concentration in the transition region of the curve
and a significantly stronger dependence on concentration beyond that, indi-
cating that the diffusion of a-casein is also qualitatively different from that of
a flexible polymer. Note that as with flexible polymers, averaged diffusion
coefficients of a-casein are discussed after normalizing them for the local
dynamics determined from spin-spin and spin-lattice relaxation.

The strong dependence of a-casein or fibrinogen diffusion coefficient
51 Based on the

analysis of the dependence of the shape of the diffusion attenuation on

on concentration was attributed to their self-association.’

the diftusion time ¢, it was established that at the concentration of a-casein
15% (wt%) only 10% of a-casein molecules diftused freely in solution with
t-independent diffusion coefficient.”’ Remaining 90% of a-casein mole-
cules showed anomalous diffusion with D~ ;" typically observed for phys-

. . 109-111
ical or chemical gels.

Furthermore, from the f;~dependence of the
shape of the diftusion attenuation the life time of a-casein molecules in
gel was estimated. Thus, at the concentration of a-casein 15%, ~90% of
o-casein molecules formed a labile gel-like network stabilized by
noncovalent intermolecular interactions with the lifetime of a-casein mol-
ecules within the network of ~3.55.%" Similarly, fibrinogen molecules
formed noncovalent linkages through highly extendable unstructured aC
regions and coupled into a dynamic network.”® Given the limited informa-

tion on the translational diffusion of IDPs in concentrated solutions and the
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. . e 8,31,33,112,113
amino acid sequence variability between them,

it is premature
to draw unifying conclusions for all IDPs. However, based on three cases
discussed here, we propose that self~association of IDPs into some kind of
supramolecular structures may be a common dominant feature affecting
their translational diffusion in the concentrated solution at self-crowding
conditions. First, it follows from the similarity of IDPs to polyampholytes
that tend to self-associate to neutralize the charge and to decrease the
electrostatic energy of individual molecules and demonstrate various

(() Vi . . . .
799114 Second, it would be in line with a

phase-separation behaviors.
well-documented strong tendency of IDPs to self-associate or to engage
in polyvalent binding events (for review, see Refs. 115, 116 and references

therein).

3.2 Diffusion in the presence of crowders

As with self-crowding, the diftusion of an IDP significantly slows down in

117,118 -
The diffusion measure-

the presence of other type crowder molecules.
ments carried out on intracellular o-synuclein expressed in E. coli cells
or purified and added separately to the extracellular medium showed the
reduction of the diffusion coefficient by almost three orders of magnitude
due to both the crowding effect and the effect of restricted diffusion
inside the cell.'"®

The diftusion of intrinsically disordered proteins in crowded environ-
ment depends on the type of crowder and may demonstrate a non-trivial
behavior. For example, Wang et al.''” discovered that a-synuclein, an
IDP with molecular weight of 14 kDa, diftuses slower than a globular pro-
tein of a smaller size, chymotrypsin inhibitor 2 (CI2, 7.4 kDa) in simple sol-
vents or glycerol, as expected in accordance with the Stoke-Einstein formula
(Eq. 1). However, when the crowding is created by the addition of large-size
molecules such as polyvinylpyrrolidone (PVP, 40 kDa), Ficoll (70 kDa),
lysozyme (15 kDa), and bovine serum albumin (BSA, 67 kDa), unexpect-
edly, a-synuclein diffuses faster than CI2 despite the fact that a-synuclein
has a larger molecular weight. The result did not arise from a struc-
tural change under crowded conditions because CI2 remained compact
and a-synuclein remained collapsed, hence, the authors proposed that
o-synuclein adopted a different diffusion strategy related to the inherent
internal motion of disordered proteins.''” A crossover behavior of diffusion
coeflicient was also experimentally observed for IDPs MAP2¢ and p21<®!
relative to a globular protein RNase T'1 by using fluorescence correlation
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spectroscopy (FCS).'"” However, their relatively faster diffusion was associ-
ated with a gradual shift of the conformational ensemble toward more com-
pact states without actual cooperative structural transition to a well-folded
globule.

Wang et al.'* proposed a disorder plus collapse model to analyze
the diffusion coefficient of an IDP in semi-dilute polymer solution. In this
model, the IDP is represented by an ensemble of interchanging conforma-
tions with a broad range of gyration radii. The mean gyration radius,
describing the conformational ensemble, decreases due to compaction in
the presence of crowding. The average diffusion coefficient is then calcu-
lated using scaling relation obtained for the diffusion coefficient of the probe

- .21
molecule in polymer solution:

p
R ¢
D= Doexp —% (Tﬁ>

1 s
R =1 +R;7: (R = <R§> <W)

Here D, is given by Eq. (1); f, 7, and A are parameters depending on the

®)

system (polymer and protein), 1, ~ is the hydrodynamic radius of the polymer
molecules, ¢ is the correlation length of the polymer solution, (Rg> is the
mean gyration radius of the IDP in pure solvent in the absence of crowding,
and ¢* is the overlap concentration for polymer molecules at the crossover
from the dilute to semi-dilute regime. Applying the disorder plus collapse
model, Wang et al."”’ were able to show the crossover behavior with
IDP diffusing slower than the globular protein of smaller size in simple solu-
tions and faster under crowded conditions, and to achieve a good agreement
with experimental data.

Several other factors contribute to the change of the diftusion coefficient
of a protein in the crowded environment, including the excluded volume,
interactions between crowder and protein molecules, interactions (associa-
tion) of protein molecules, and steric obstruction from crowders (e.g., cell or
1227127 While the effect of excluded volume is the
128129 1o

organelle membranes).
simplest to account for and, hence, is the most studied effect,
of other factors becomes increasingly recognized as reviewed by Kuznetsova

130
et al.

This area remains largely unexplored by PFG NMR, however, the
diffusion measurements are likely to provide a novel insight into the behav-

ior of proteins in crowded conditions.
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4. Conclusions and future directions

Given the abundance of intrinsically disordered proteins, the broad
assortment of their physicochemical properties, and the limited literature
on their translational diffusion, it is currently difficult to deduce a unifying
theme. Therefore, translational diffusion data on IDPs in general are still in
high demand. For the development of theoretical models, the diffusion data
on IDPs in dilute solutions would be useful. For example, the investigation
of the temperature dependence of protein diffusion coefficient would be
necessary to verify whether the translational diffusion of an IDP can be sat-
isfactory described by the Arrhenius dependence with the slope reflecting
the activation energy of the self-diffusion of solvent (water). In this regard,
the diffusion of a protein unfolded using denaturing agents (urea, GuHCI)
can provide an additional insight.

For understanding biologically relevant conditions, the translational dif-
fusion of IDPs (and proteins in general) requires thorough investigation both
under the conditions of self~crowding and crowding by dissimilar mole-
cules. The Stokes-Einstein equation is derived for a sphere diffusing in a
continuum fluid of wviscosity #. In crowded solutions, diffusing
proteins experience different micro viscosities, dependent on the concentra-

: 131
tion of molecules

132,133

and the size ratio of protein and macromolecular
co-solute. Furthermore, it is likely that the mean square displacement
does not follow the simple relation (r”)=6Dt,.">" Interestingly, the
crowding may affect the translational and rotational diffusion of proteins
differently. For a set of globular proteins, it was shown that translational
diffusion scales with macroviscosity, whereas the rotational diffusion
depends on microviscosity and reveals protein-specific behavior.'”

The conditions of self-crowding provide a simplified model for studying
the effect of protein-protein interactions on their translational diftusion. At
self-crowding, it is interesting to establish whether a common law exists that

can describe the translational diffusion of IDPs as with globular proteins'*

or flexible polymers.”" If found, the practical significance of the result will be
the possibility to predict the behavior of any IDP protein in dilute or con-
centrated solution when the direct measurement of the diffusion coefficient
is not possible and to facilitate the development of theoretical models. It
would also be interesting to establish the extent of similarities between syn-

thetic polymer polyampholytes and intrinsically disordered proteins. When
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established, some concepts developed for translational diffusion in solutions
of synthetic polyampholytes might find applicability in the field of IDPs.

In the case of crowding created by dissimilar molecules, the investigation
of translational diffusion of an IDP using different types of crowders (size,
charge, etc.) as model systems could improve our understanding of protein
behavior inside the cell'*’ and the complex relation between reaction rates,
diffusion coefficients, and protein concentrations.

Finally, PFG NMR is particularly useful for studying the translational
diffusion of proteins, including IDPs, under crowding conditions. How-
ever, it 1s desirable to use large pulse-filed gradients to observe the whole
spectrum of diffusion coefficients that are significantly slowed down in
crowded milieu, to utilize specific labeling of the protein of interest to
discriminate its signal from other molecules in solution; and to analyze
the diffusion coefhicient as a function of diffusion time. The latter will pro-
vide the information on the supramolecular organization in the solution,
on whether the protein undergoes the restricted diffusion, and on possible
exchange processes related to conformational changes of the protein or fluc-
tuations in its surroundings.
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