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Most biologically relevant environments involve highly concentrated macromolecular solutions and most
biological processes involve macromolecules that diffuse and interact with other macromolecules. Macro-
molecular crowding is a general phenomenon that strongly affects the transport properties of macro-
molecules (rotational and translational diffusion) as well as the position of their equilibria. NMR methods
can provide information on molecular interactions, as well as on translational and rotational diffusion. In
fact, rotational diffusion, through its determinant role in NMR relaxation, places a practical limit on the
systems that can be studied by NMR. While in dilute solutions of non-aggregating macromolecules this limit
is set by macromolecular size, in crowded solutions excluded volume effects can have a strong effect on the
observed diffusion rates. Hydrodynamic theory offers some insight into the magnitude of crowding effects
on NMR observable parameters. Copyright © 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Macromolecular crowding effects change the solution prop-
erties of a molecule by virtue of the volume excluded by
high concentrations of macromolecular co-solutes. High
concentrations of macromolecules are found in the cell
cytoplasm, extracellular matrix and even in some physiolo-
gical fluids. For example, the concentration of protein and
RNA molecules in the cytoplasm of Escherichia coli is 300—
400g1™" (Zimmerman and Minton, 1991) and they occupy
20-30% of the total cellular volume; blood plasma contains
80 g1~ " of protein. Crowding effects have been known for a
long time but their relevance to biological systems is often
overlooked. General reviews include those by Zimmerman
and Minton (1993) and Ellis (2001a,b).

The fraction of volume available to macromolecular
solutes, as defined by the possible locations of its centre
of mass that are not forbidden by steric overlap with co-
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solutes, decreases with increasing molecular size. Excluded
volume effects depend on the size, shape and concentration
of co-solutes and on the size and shape of the molecule of
interest.

Excluded volume effects are, by definition, universal and
non-specific and will be present in addition to specific
interactions, attractive or repulsive, between particular sets
of molecules in solution. In the °‘moderately crowded
region’, where collisions between macromolecules are not
very frequent, the predominant effect should be solvent-
mediated interaction between particles, rather than direct
particle-particle or excluded volume interaction. The usual
approach to represent the former interaction is by means of
the hydrodynamic theory of particles immersed in a con-
tinuous solvent, in which motion of particles is coupled by
hydrodynamic interactions.

When the molecular weight of the macromolecular co-
solutes increases to the point that they can be considered
effective immobile obstacles forming a lattice with pores
that can be occupied by the molecular species of interest,
molecular crowding is referred to as molecular confinement.
The background lattice may or may have not some long-
range order. In an ordered lattice, excluded volume effects
may result in partial orientation of the solute molecules.

Major qualitative effects of macromolecular crowding
include:

(1) Shifts in the position of equilibrium processes that lead
to more compact species. This includes macromolecular
association (e.g. oligomerization, protein—protein or
protein—DNA interactions) and conformational changes
(e.g. protein folding or DNA compaction).
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(2) Decreases in molecular diffusion (rotational and, most
specially, translational diffusion), transport properties
and diffusion limited reaction rates.

(3) Compartmentalization and supramolecular organization
derived from confinement by cellular structures. The
resulting spatial organization may have a strong influ-
ence on the establishment of intermolecular order and in
the efficiency and regulation of metabolic processes.

NMR spectroscopy has repeatedly demonstrated its
power to study structure and dynamics of macromolecules
in solution. The non-invasive character of NMR and the
transparency of biological materials to the radio frequency
fields used have led to a spectacular development of NMR
methods for the spectroscopic study of living organisms, in
addition to its well-known capabilities as an imaging
method.

In this article we shall discuss some general principles
relevant to the use of NMR to study crowding effects in the
three major areas mentioned above.

IN CELL NMR

Macromolecular structure determination by NMR has made
isotopic labelling widely available. In the context of macro-
molecular crowding, isotopic labelling allows the observa-
tion of a particular species in the presence of an arbitrary
number of other, unlabelled, species without the need of
chemical labelling, e.g. by fluorescent tags. In combination
with protein overexpression, '°N labelling has allowed the
observation of "H-'"N HSQC spectra of several proteins in
living E. coli cells (Serber and Détsch, 2001). The quality of
the spectra obtained bear witness to the relatively high
mobility of these proteins in the E. coli cytoplasm.

Specific effects related to macromolecular crowding have
been detected by comparing spectra of the protein FIgM, an
‘intrinsically disordered’ protein in E. coli cytoplasm, di-
luted solutions and artificially crowded samples in which the
protein was studied in the presence of high concentrations
(400 g1 ") of glucose, ovoalbumin or bovine seroalbumin
(BSA). HSQC spectra indicative of a folded form were
obtained in the artificially crowded systems and in E. coli
cells, while the spectra obtained in diluted solution corre-
sponded to a disordered protein (Dedmon et al., 2002).

Not all overexpressed proteins of comparable size give
good quality in cell NMR spectra. Interaction with cell
structures or with high molecular weight components, such
as chaperones or DNA can increase the effective correlation
time for rotational diffusion and the transverse relaxation
rate, leading to broadening of the NMR signals beyond
detection.

Additional factors potentially leading to broad NMR
lines include local field inhomogeneities and chemical
exchange processes. Local field inhomogeneities arise
from magnetic susceptibility gradients within the sample
affecting specially compartment boundaries. These effects
can be reduced by spinning the sample at the magic angle
even at relatively low speed. This approach has been applied
in the in vivo observation of '*C labelled periplasmic glucan
of Ralstonia solanacearum (Wieruszeski et al., 2001).

Copyright © 2004 John Wiley & Sons, Ltd.

HYDRODYNAMIC MOTION
OF PARTICLES UNDER
CROWDED CONDITIONS

Hydrodynamic theory has been successfully used to model
numerically the rigid body motion of macromolecules of
arbitrary shape (Garcia de la Torre et al., 2000; Bernado
et al., 2002b) and to derive the expected heteronuclear
NMR relaxation rates. In addition to Brownian interactions
with the solvent particles, at high concentrations, the motion
of a particle can include interactions with neighbouring
macromolecules, via solvent-mediated interactions (hydro-
dynamic interactions, HI) or by direct interactions. The
relative motion of the particles in the system defines a
time scale separating the two regimes

(1) At short times, much smaller than the typical time
between collisions (See the Appendix), the particle
moves in a typical Brownian fashion, with a diffusivity
that differs from the free (infinite dilution) Brownian
motion due to the HI effect: the particle feels the
presence of other nearby particles even if they are at
some distance, but does not collide with them in this
time scale. Quantitatively, this effect may be important,
but does not introduce qualitative differences from the
free-particle diffusion. The relative configuration of
neighbouring particles defines the instantaneous envir-
onment that determines the motion of a particle. At
times shorter than the time needed for a molecule to
diffuse a distance comparable to the square of its radius,
this configuration can be considered static.

(2) In a longer time scale, the distribution of neighbouring
particles is not constant and the trajectory of the particle
will be determined by collision with other particles, or
caging effects. The classical microscopic description of
Brownian motion is not valid. The diffusion still can be
macroscopically Fickian, but the validity of micro-
scopic laws is suspect. The diffusion coefficients will
be mainly determined by non-hydrodynamic effects.

The characteristic times that separate the two regimes
depend on the size of the particle under study, other co-
solutes and the occupied volume.

The shortest time is given by the characteristic times of
(free) translational and rotational Brownian motion of
the test particles. For translation, the characteristic time
can be defined as the time for which the root-mean-
square displacement is the same as the particle size, re-
presented by the spherical radius r,. The relationship
is 73 = 6(kpT /6TN7P) Tirans S0 that Tians = 7013 /kpT, where
kg is the Boltzmann constant, T is the temperature and 7 is
the solvent viscosity. For rotation, the characteristic time is
the Debye rotational (correlation) time of the spherical
particle, Tyt = 47mr;/3kBT. It is evident that these two
times are quite similar. However, for a system formed by
particles of different sizes, rotational diffusion of a small
particle in the presence of much larger co-solutes may
take place under conditions in which the larger molecules
may be effectively considered static. This situation is likely
to be applicable to the rotational reorientation of molecules
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that can be studied by NMR in natural crowded systems, like
the cytoplasm of the cell.

The kinetics of encounters can be described in terms of
the Smoluchowski theory of diffusion controlled reactions
(see the Appendix). The collision time is given by:

Teol = [B(ksT/6mn) (re + 1) (1/rp + 1/rc) @] "' (1)

where r, and r, are the radii of the protein of interest and the
cosolute, respectively, ¢ is the fraction of occupied volume,
7 is the solvent viscosity, kg is the Boltzmann constant and 7
is the temperature.

The time scale at which the effects of collision between
macromolecules become important can be estimated by
comparing the interval between collisions with the charac-
teristic time of translational free Brownian motion
(Tpart = Tirans)- In @ monodisperse solution, Tisqn 18 also the
characteristic time for changes in particle distribution.

The short time regime occurs when the collision time is
much longer than the particle’s characteristic time,
Teol > Tpart, OF When Tpan/ Teol K 1. Interestingly, the ratio
is proportional to the occupied volume fraction, and the
proportionality constant is a simple function of the ratio of
radii, A = rp/rc:

7_part/'rcol ~ QSF()‘) (2)
where
FO) = (1/2)(1+ X1+ A HN (3)

This result can be used for an elementary discussion of the
effect of the size ratio on the crowding effect, and employed
to determine the limit between the two regimes. For an
spherical particle with a radius of 2nm in a background
BSA (MW 66 000; rc=2.75nm) particles occupying 30%
of the solution volume, the ratio Ty /Teol takes a value of
0.23, probably in the frontier between the two regimes. For a
particle of 1 nm of radius, Ty /Teol 1 0.036, indicating that
rotational diffusion is governed by hydrodynamic para-
meters. For a particle of r=4nm, 7y /Teol = 1.9, indicat-
ing that its dynamics would be dictated by collisions with
background molecules.

TRANSLATIONAL DIFFUSION
AND CROWDING

Translational self-diffusion, or tracer diffusion, is related to
the mean square displacement of a single particle per unit
time. This is the quantity that is measured by pulse field
gradient NMR techniques, as well as with optical techniques
such as fluorescence recovery after photobleaching or fluor-
escence correlation spectroscopy. In a uniform medium the
translational self-diffusion coefficient is inversely propor-
tional to the medium viscosity and, for a spherical particle,
to the particle radius. The presence of co-solutes occupying
a non-negligible amount of the solution volume results in a
decrease in the observed diffusion.

For small molecules diffusing in a crowded medium
formed by uniform, inert, hard spheres, the observed diffu-
sion coefficient is reduced because of the obstruction effect
of the spherical obstacles that force the molecule to diffuse
along complicated trajectories. The observed diffusion

Copyright © 2004 John Wiley & Sons, Ltd.

coefficient, D', is related to the one observed in pure solvent,
D',, by:

D' =Di(1/1+0.5¢) (4)

where ¢ is the fraction of excluded volume. The limiting
value for spherical particles is 0.667 D,. For elongated
crowding particles, obstruction effects are more pro-
nounced. Additional reduction in the observed translational
diffusion coefficients can be related to binding effects
between the diffusing molecule and its co-solutes.

Diffusion of macromolecules is further hindered because
of the volume excluded by the diffusing species, by direct
interaction between this species and the crowder, and by
hydrodynamic interactions. One particular simple case is
when the diffusing species and the crowder are the same
species and can be considered as hard, inert, spheres.

Translational diffusion coefficients both in the short and
the long time regimes have been calculated theoretically
and, truncated to the first order in ¢, follow eqs (5) and (6)
(Dhont, 1996).

D;hort = Di)(l - CIshortQ/)) Gshort = 1.83 (5)
D{ong = Dg(] - q10ng¢) Jlong = 2.11 (6)

Experimental evidence provides a value of giong =~ 2.3 in
good agreement with the theoretical results (Imhof and
Dhont, 1995; van Blaaderen et al., 1992; van Megen and
Underwood, 1989). The validity of equations (5) and (6)
extends up to values of ¢ close to 0.5. For random packed
identical spheres ¢ is 0.64.

From a practical point of view it is interesting that the
coefficients of ¢ in the two equations are not very different
and close to the value expected for diffusion in the long time
regime in the absence of hydrodynamic interaction (Hanna
et al., 1982):

Dfong = Dg(l - qNH¢) 4gNH = 2.0 (7)

The similarity of the coefficients confirms that, in the long
time regime, translational diffusion is dominated by direct
particle interactions. On the other hand, in the short time
regime, hydrodynamic interactions are totally responsible
for the observed dependency of the diffusion coefficient on
the fraction of excluded volume.

Alternative expressions for the calculation of transla-
tional diffusion both in the short and long time regimes
are given by Tokuyama and Oppenheimer (1994) and Han
and Herfeld (1993). Figure 2 compares the predicted de-
pendency of D'/D', with the fraction of occupied volume
according to different models. While different models for
short time diffusion give comparable results the agreement
between the different models for long time diffusion is
lower.

PULSE FIELD GRADIENTS TO
MEASURE TRANSLATIONAL
DIFFUSION BY NMR

Pulsed field gradient NMR techniques are used extensively
to measure translational diffusion. In the presence of a
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Figure 1. The C-terminal domain of FIgM gains structure in
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crowded media. In (A) the HN-HSQC spectra of FIgM in diluted
solution (left) and in living E. coli (right) are compared. A number
of signals from the C-terminal part of the protein disappear
under crowding conditions. A similar effect is observed when
spectra are measured at high concentrations of glucose. In (B)
spectra recorded at the same concentration of protein in the
presence or absence of 450 gL~ " glucose are superimposed. The
N-terminal domain is mostly unchanged and serves as an inter-
nal control. Selective broadening of the C-terminal domain has
been interpreted as the result of chemical exchange associated
with a folded form that is formed only under crowding condi-
tions. Reproduced with permission from Dedmon et al. 2002.
Copyright 2002 National Academy of Sciences USA.

spatially inhomogeneous field (a field gradient), transverse
magnetization from nuclei located in different points of the
sample acquire different phases. As a result, the signal from
the complete sample is effectively averaged to zero. How-
ever, the spatial phase encoding induced by a field gradient
can be reversed by the application of a second field gradient
with exactly the same spatial distribution and intensity but
opposite sign. (An equivalent experiment involves the
application of identical gradients before and after a 180°
pulse that causes the appearance of an echo). The full signal
is recovered, except for relaxation effects, provided that the
spatial localization of each nucleus does not change be-
tween the two gradients. The general experiment is referred
to as a pulsed gradient spin echo (PGSE). A number of
variations incorporating improvements for known technical
problems in the practical implementation of the experiment
have been described. For comprehensive reviews see, for
example, Johnson (1999) and Price (2000). Diffusion causes
an attenuation of the signal that can be described, assuming
linear gradients and rectangular gradient pulses, by the
Stejskal-Tanner (1965) equation:

I(g7 A) =1Io exp[—ryz gthramséz(A - 6/3)] (8)

where v is the magnetogyric ratio of the nucleus considered,
g and ¢ are the gradient intensity and duration, respectively,
A is the time delay between the beginning of the two
gradients and Dy, is the translational diffusion coefficient.

Copyright © 2004 John Wiley & Sons, Ltd.

Figure 2. Dependency of reduced translational diffusion coeffi-
cients with the fraction of occupied volume according to differ-
ent models. T&O refers to the model of Tokuyama and
Oppenheimer and H&H to the Han and Herzfeld models. T&O
short and eq. (5) refer to short time diffusion. T&O long, eq. (6),
and H&H are for long time diffusion.

Limitations on the use of PGSE techniques to measure
diffusion coefficients in crowded systems are related to the
lower limit for the diffusion coefficients that can be mea-
sured that depend on the maximum gradient strength and the
maximum delay between gradients. Maximum gradient
strengths in commercial dedicated instruments are of the
order of 20Tm™'. However, typical gradient strengths
available in conventional spectrometers are much weaker,
less than 0.2 Tm~'. Heteronuclear multiple quantum coher-
ences (HMQC) that can be generated easily in isotopically
labelled molecules are more sensitive to field gradients, and
provide an alternative for the measurement of slow diffusion
typical of large molecules or crowded systems (Tillett et al.
1999; Kuchel and Chapman, 1993).

The longest value of A is determined by attenuation of
the signal due to relaxation during the echo time. For
molecules with long correlation times, spin-spin relaxations
is very effective, thus A must be kept as short as possible.
Strategies to measure slow diffusion involve the ‘storage’ of
magnetization as long-lived coherences. The most widely
used sequences contain variations of the stimulated echo
(SE) experiment (Tanner, 1970) in which proton magnetiza-
tion is stored along the direction of the external field so that
the usually slower spin—lattice relaxation is operative for
most of the delay. Recently, the X-SE experiment, in which
the magnetization is stored as heteronuclear longitudinal
magnetization, has been suggested (Ferrage et al., 2003).
Spin lattice relaxation of '°N is much longer than for pro-
tons allowing an increase in the effective delay between
gradients by as much as an order of magnitude. A diffusion
coefficient of (4.99 & 0.07) 10" m?s™ " has been measured
for the complex tOmpA/C8E4 with a molecular mass of
45 kDa and a rotational correlation time of 20 ns. Spin—spin
relaxation during the periods in which gradients are applied

J. Mol. Recognit. 2004; 17: 397-407
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or coherence is transferred will eventually set an upper limit
to the measurement of diffusion coefficients of large mole-
cules, although the use of extensive deuteration and trans-
verse relaxation optimized (TROSY) approaches can extend
the limit considerably (Pervushin et al., 1997; Pervushin,
2000; Tugarinov et al., 2003).

The presence of intrinsic field gradients in the sample
complicates the measurement of diffusion coefficients by
NMR (von Meerwall and Kamat, 1989). Nonlinearity in the
applied gradients can also give rise to systematic deviations
from the Stejskal-Tanner equation similar to those arising
from the coexistence of two components with different
diffusion coefficients (Hakansson et al., 1977). Intrinsic
field gradients, in addition to poor homogeneity of the
external field, arise from local differences in magnetic
susceptibility in inhomogeneous samples, as for example
living cells or other biological samples.

Diffusion in static field gradients can be used as an
alternative to the PGSE methods. The main advantage is
that static field gradients can be much larger than the pulsed
ones. Diffusion in the fringe field of a superconducting
magnet allows measurements of diffusion coefficients as
small as 10~ '*m?s™". The use of very strong gradients also
reduces the relative contribution of local gradients (Demco
et al., 1994).

ROTATIONAL DIFFUSION

Rotational diffusion can be described by the decay of the
autocorrelation function C(¢) that relates the orientation of a
molecule-fixed vector after a certain time delay. For a
spherical molecule in a continuous medium or for diffusion
in the short time regime, the decay follows a single ex-
ponential that defines the rotational diffusion coefficient. In
the long time regime the decay has been shown theoretically
(Jones, 1989) to be non-exponential and this has been
confirmed experimentally in some cases (Degiorgio and

Piazza, 1995) but not in others (Koenderink et al., 2003).
Short time rotational diffusion in concentrated suspen-
sions of uncharged identical hard spherical particles is
related to free rotational diffusion in solution by (Cichocki

et al., 1999)
Dl’

short

= DI (1 —0.6310¢ — 0.7264%) (9)

Compared with the effect of crowding on translational
diffusion, rotational diffusion is slowed by a factor around
three times smaller.

Average long time rotational diffusion seems to be only
slightly slower than D'y, to first order in ¢ (Koenderink
et al., 2003)

Dr

e DL(1 = 0.670) (10)

As previously observed for translational diffusion, in spite
of the fundamental differences between the two time re-
gimes, the relevant diffusion coefficients are similar in both
cases.

When spheres of different sizes are considered the theo-
retical predictions are much less accurate. In binary systems
rotational diffusion depends on ¢ and on the ratio A between

Copyright © 2004 John Wiley & Sons, Ltd.

the radii of the particle consired 7, and the host crowder
spheres r. (Koenderink et al., 2003):

A=r1p/re (11)

Do = D1+ 1(N)¢] (12)
With the theoretical values of () described parametrically
by Zhang and Nagele (2002)

h(\) = —2.5/(1 +3.0A71) (13)

Rotational diffusion is strongly slowed with increasing
tracer/crowder size ratio A. In the limit of very large rotating
particles it approaches diffusion in a continuous medium
with an effective viscosity described by eq. (14):

1n="1(1+25¢) (14)

Identically charged spheres are less affected by crowding in
the short time regime. Electrostatic repulsion increases the
distance between the nearest neighbour particles that are
responsible for most of the hydrodynamic interaction
effects. The effective size of the rotating particle is larger
than the hydrodynamic radius and is concentration depen-
dent. As a consequence, rotational diffusion of charged
spheres show a non linear dependency on ¢ (Watzlawek
and Nigele, 1997). For monodisperse suspensions

Dihort :Df)(l - 13¢2) (15)
This equation is only valid for relatively dilute solutions as
long range electrostatic interactions cause a strong correla-
tion between particles. As expected, increasing the ionic
strength of the solution shields the electrostatic interaction
and causes slower rotational diffusion.

Non-spherical crowders cause, at the same fraction of
occupied volume, a larger decrease in rotational diffusion
(Koenderink et al., 2003). Hydrodynamic interaction intro-
duces correlation in the orientation of anisotropic particles
and favours mutually perpendicular orientations of neigh-
bour elongated particles (Antosiewicz and McCammon,
1995). Hydrodynamic interaction is relatively long range
and is comparable to electrostatic interaction (Brune and
Kim, 1994). In general, crowding effects are expected to
result in higher apparent anisotropy of the diffusing particle
as compared with a continuous medium.

ROTATIONAL DIFFUSION
AND NMR RELAXATION

Heteronuclear NMR relaxation depends on the modulation
of interactions by molecular motion. Excellent reviews
provide the reader with the necessary background (Dayie
et al., 1996; Korzhnev et al., 2001; Palmer, 2001). For
protonated carbon-13 and nitrogen-15 nuclei, the dominant
term is usually dipole—dipole interaction with directly
bound protons. Modulation of chemical shift anisotropy is
also an important relaxation mechanism. Relaxation is
effective when modulation takes place at frequencies corre-
sponding to the possible transitions between energy levels in
the spin system. These include the resonant frequencies of
the nuclei involved and their sum and difference, as well as

J. Mol. Recognit. 2004; 17: 397-407
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the contribution to zero frequency. NMR relaxation mea-
surements are sensitive to reorientation processes taking
place in the nanosecond time scale, i.e. in the short time
scale for rotational diffusion.

Modulation of molecular motion is a random process
with contributions at different frequencies described by the
spectral density function J(w). The spectral density function
is the Fourier transform of the autocorrelation function C(¢)
that describes the persistence of the orientation of a relevant
interaction vector. The orientation of the interaction vector
for each resolved spin pair, e.g. the N-H bond vector in a
peptide bond in a protein, can often be considered fixed in
the molecular frame and the ensemble of N—H bonds senses
the motion of the complete molecule in different orienta-
tions. For isotropic motion all N-H bonds will sense
identical J(w). Anisotropic motion can be characterized if
the structure of the protein is known. Local motion of the
N-H bond introduce an additional modulation which, in
general is faster that global reorientation. Fast local motions
are often introduced in the form of an order parameter that
describes the amplitude of the motion (Lipari and Szabo,
1982a,b). Additional modulation in a slower time scale can
take place due to chemical exchange processes (Palmer
et al., 2001).

For relatively rigid molecules of known structures the
global contribution to relaxation of individual nuclei can be
derived from hydrodynamic calculations (Garcia de la Torre
et al., 2000). This provides a simple way of detecting fast
local motions or exchange processes (Bernad6 et al.,
2002b).

Slowly reorienting molecules show fast transverse relaxa-
tion that results in broad lines and reduced sensitivity. Slow
rotational diffusion sets a limit to the systems that can be
studied by NMR solution techniques. This limit has been
extended recently by the use of extensive deuteration, which
decreases dipolar interactions because deuterium has a
lower magnetogyric ratio than protons, and by the use of
transverse relaxation optimized techniques that make use of
destructive interference between different relaxation pro-
cesses and reduce the transverse relaxation rate, and the
linewidths, for certain transitions (Pervushin et al., 1997,
Pervushin, 2000; Tugarinov et al., 2003).

Ultraslow rotational diffusion, as occurs in very large
colloidal suspensions, can be measured using deuterium
NMR. The magnitude of quadrupolar splitting of spin 1
deuterium depends on the orientation of the X-D bond with
respect to the magnetic field. Reorientation of the molecule
can be measured in an echo experiment in a way formally
similar to the measurement of slow chemical exchange.
Basically, one measures the probability that an X-D bond
changes its orientation by a certain angle during the time
between two radiofrequency pulses (Spiess, 1991). The time
scale for these experiments exceeds milliseconds and is
applicable, for example, to the reorientation of large colloi-
dal particles (r, > 100 nm) in low viscosity solvents.

Rotational diffusion of proteins in the cytoplasm is an
important parameter, e.g. for the direct in-cell NMR ob-
servation of proteins. Experimental data characterizing
rotational diffusion of proteins in the cytoplasm by NMR
(Williams et al., 1997; Endre et al., 1983; Livingston et al.,
1983) are in agreement with those obtained by other
techniques such as electron paramagnetic resonance

Copyright © 2004 John Wiley & Sons, Ltd.

(Mastro et al., 1984) or fluorescence depolarization (Fush-
imi and Verkman, 1991; Bicknese et al., 1993; Dayel et al.,
1999; Luby-Phelbs et al., 1993; Luby-Phelbs, 1994) These
data indicate that the apparent viscosity of the cytoplasm, as
measured through rotational correlation times, is increased
by a factor of at most 2 with respect to the value obtained in
dilute solutions. This fact allows the direct NMR observa-
tion of proteins in the cytoplasm (Serber and Détsch, 2001).

Taking the fraction of occupied volume in the cytoplasm
as ¢ =0.3, the decrease in rotational diffusion for identical
spherical hard particles would be around 25%. The experi-
mentally accessible proteins tend to be smaller than the
average macromolecular size in the cell. According to the
behaviour in binary systems with A < 1, rotational diffusion
of spheres smaller than the (average) crowder should be
faster. The observed decrease in rotational diffusion for a
number of systems suggests that anisotropy of both the
diffusing particles and the crowders probably plays an
important role. This anisotropy could involve, in addition
to shape anisotropy, anisotropic charge distributions and
correlated motions of anisotropic particles coupled through
long-range hydrodynamic interactions.

DIFFUSION IN CONFINED SYSTEMS

Measurement of translational diffusion in confined spaces
provides apparent diffusion coefficients that can contain
contributions from multiple components with different dif-
fusion rates, transport rates between different compartments
and boundary effects.

Boundary effects become important when the size of the
compartments is comparable to the root-mean square dis-
placement of the diffusing species given by

< >72=(2Dn)"? (16)

For water at 25°C and a typical diffusion time of 100 ms, the
distance is of the order of 20 um. For macromolecules of the
size that can be measured by NMR methods this distance
can be reduced by at most two orders of magnitude and
remain comparable to the size of subcellular structures.
Restricted diffusion can be investigated by comparing the
apparent diffusion coefficient measured with different va-
lues of the diffusion time (Tanner, 1983).

Cerdan and coworkers (Garcia-Pérez ef al., 1999) have
measured the apparent diffusion coefficients of several
metabolites in rat erythrocytes, chicken erythrocytes and
rat liver mitochondria. For lactate and ergothioneine they
found a diffusional barrier of 2.5-3 um, close to the trans-
verse section across rat erythrocytes, but no apparent barrier
was found for water or externally supplied imidazol-1-
ylacetic acid. Cell membranes are highly permeable to
both compounds. A quantitative interpretation of signal
attenuation in PGSE experiments of complex systems is
complicated by the fact that a number of different combina-
tions of relevant parameters (compartment lengths, barrier
permeabilities, diffusion and relaxation rates in each com-
partment are predicted to give very similar attenuation
curves (Novikov et al., 1998).

One of the consequences of confinement in anisotropic
matrices is anisotropic diffusion. In general, diffusion in
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biological tissues is anisotropic and the full diffusion tensor
has to be determined. This is possible with the use of
orthogonal field gradients (Basser et al., 1994). This fact
is used in MRI studies, for example to locate axon-fiber
tracks (Baser et al., 2000). Anisotropic water diffusion also
been detected in tendons (Klein et al., 2003).

Anisotropic diffusion can also be relevant when studying
matrices that are oriented by the spectrometer magnetic field
(Kuchel et al., 2000) measured water diffusion anisotropy in
human erythrocytes that, due to their biconcave shape,
become aligned in magnetic fields. Anisotropic diffusion
of small molecules has been used to study the morphology
of liquid crystalline phases used to orient biological mole-
cules (Gaemers and Bax, 2001).

CROWDING AND MOLECULAR
ORDER DETECTED BY NMR

Interaction with oriented particles results in non-isotropic
equilibrium distribution of molecular orientations that can
be detected by the non-complete average of tensorial inter-
actions, such as dipole—dipole interactions. Residual dipolar
couplings have become a widely used tool for macromole-
cular structure refinement. For reviews see, for example,
Prestegard et al. (2000); Bax et al. (2001); De Alba and
Tjandra (2002).

Orientation induced by steric interactions is directly
related to excluded volume effects and can be calculated
successfully from the known three-dimensional structure of
the molecule of interest (Zweckstetter and Bax, 2000;
Fernandes et al., 2001; Azurmendi and Bush, 2002, Almond
and Axelsen, 2002). Residual orientation can also be deter-
mined by electrostatic interactions with the alignment
medium (Hansen et al., 1998; Clore et al., 1998; Sass et al.,
1999), a situation which also occurs in crowded systems.

An explicit linkage between crowding and molecular
orientation is provided by stretched or compressed poly-
acrilamide gels in which proteins become oriented (Tycko
et al., 2000). Diffusional properties of proteins in polyacry-
lamide gels have been determined. As in other crowded
systems, a substantial decrease in the translational diffusion
coefficient is observed (around 5-fold for ubiquitin in 10%
polyacrylamide). However, the isotropic rotational correla-
tion time is only increased from 5 to 7-8ns. (Sass et al.,
2000). Electrostatic interactions with oriented systems can
result in anisotropic rotation that can be detected by chan-
ging the overall orientation of the aligning system with
respect to the magnetic field (Bernado et al., 2002a).

MACROMOLECULAR
ASSOCIATION AND NMR

For sensitivity reasons, NMR studies are usually carried out
at concentrations in the millimolar range, often much larger
than the physiological concentration of the molecule of
interest. The need for high concentrations sometimes intro-
duces solubility or aggregation problems and is seen, in
general, as a caveat for the assessment of the biological
relevance of functional data derived from NMR. On the

Copyright © 2004 John Wiley & Sons, Ltd.

other hand, the total macromolecular concentration in the
cell is still much higher than the one used in NMR samples
and, when excluded volume effects are important, they are
more likely to be detected by NMR than by other techniques
that use much lower concentrations.

Several NMR parameters are sensitive to macromolecular
association (Zuiderweg, 2002). One of the most extensively
used methods is chemical shift perturbation mapping in
which the H-'"N-HSQC spectrum of a labelled protein is
monitored during a titration with an unlabelled species. For
short-lived complexes, a single set of signals is observed
along the titration and the average chemical shift changes
reflect the relative populations of free and bound forms. For
long-lived complexes, different sets of signals are observed
for free and bound species and the relative intensities of the
two sets reflect the relative populations. Intermediate ex-
change rates result is broadened signals. Shift perturbations
are often localized in the interface, unless complexation has
an effect on the conformation of the complete protein.
Quantification of changes and structural interpretation be-
yond the identification of the interaction region is difficult.

Macromolecular association has a strong effect in the
rotational correlation time. Heteronuclear NMR relaxation
times of well structured regions are a sensitive measure of
global molecular tumbling. The power of relaxation mea-
surements is enhanced by the fact that macromolecular
association is sensed by the complete molecule, not just
the interface region. The combination of the two factors
makes relaxation measurements a very promising tool to
study weak association in dilute solutions, which probably
reflect strong association under crowding conditions.

A recent example from our group, in collaboration with
M. Akke (University of Lund), illustrates this idea (Bernad6
et al., 2003). Low molecular weight bovine protein tyrosin
phosphatase (BPTP, MW 18 kDa) was known to be present
in solution as an equilibrium mixture of a monomer and a
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Figure 3. Reduced rotational diffusion coefficients according to
the models discussed in the text. Equations (9) (10) and (15) are
for monodisperse suspensions of spheres. Equation (15) as-
sumes strongly charged spheres. Equations 12 is plotted for a
sphere much larger (A = 10) or smaller than the crowder (A = 0.1).
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Figure 4. Calculated concentration dependence of different NMR observables for the BPTP system, assuming the monomer—dimer—
tetramer model (continuous lines) and a simpler monomer—dimer model (dashed lines). (A) Backbone nitrogen R,/R; for residues 141
and C148. Uncertainties are indicated at four different concentrations for C148. These are average experimental errors considering all
used residues and are also applicable to 141. (B) Average chemical shift, assuming a chemical shift difference of 1 ppm between
monomer and dimer sites but no chemical shift difference between dimer and tetramer. The dot-dash curve has been calculated,
assuming a monomer—dimer-tetramer model with a 1 ppm difference between dimer and tetramer sites but no difference between
monomer and dimer. (C) Translational diffusion coefficient. Error bars represent a relative uncertainty of 5%. Reprinted with permission
from Bernado et al. 2003. Copyright 2003 American Chemical Society.

dimer. Concentration-dependent relaxation time measure- tetramerization equilibrium of a 40kD protein between
ments showed a substantial amount of a previously un- the E. coli cytoplasm and a diluted solution can be as high
known tetramer, formed by interaction between two dimers. as 10°-10° (Ellis, 2001b).

Identification of individual residues forming a well defined

interface was taken as evidence for the formation of a

specific oligomer, rather than non-specific aggregation.

Based on structural data we have suggested a regulatory CONCLUDING REMARKS
role for BPTP tetramers analogous to the one played by
inactive proenzymes, except for its reversibility. For such a
regulatory mechanism to be effective, the association con-
stant should be comparable to the effective concentration,
i.e. the thermodynamic activity, of BPTP in its natural
medium. Excluded volume effects result in effective con-
centrations in the cytoplasm that are much larger than the
nominal ones. When the same process is studied in dilute
solution, the apparent association constant may be much
lower and would be detected as a weak association by
NMR but could go undetected by other techniques that
require lower concentrations. The effect of crowding on X - )
the modulation of the activity of a different enzyme affected by crowding conditions. This has opened the
(elyceraldehyde-3-phosphate dehydrogenase) by tetramer- possibility of studying proteins overexpressed in living

ization has been described (Minton and Wilf, 1981) cells. NMR relaxation is a sensitive monitor of macromo-
Figure 4 compares the ability of differer;t NMR—based lecular association. Weak specific oligomerization detected

techniques to differentiate between alternative association by NMR relaxz.ltlo.n m dilute solutlpns _maY be b}ologlc?ﬂly
mechanisms in the BPTP example: relaxation time measure- relevant as an indication of extensive in vivo oligomeriza-
ments, chemical shift perturbation and translational diffu- tion promoted by cellular crowding.

sion. In the particular example studied, where at the highest
BPTP concentration studied the mole fraction of protein in
the tetramer form is around 0.3, only relaxation time

Macromolecular crowding is a general phenomenon in
biological systems and has strong thermodynamic and
kinetic consequences. NMR is a versatile tool that can be
used to monitor several parameters affected by macro-
molecular crowding. Rotational diffusion is the main
determinant of NMR relaxation rates and line widths.
Hydrodynamic models of crowded systems provide working
models for the simplest case of macromolecular crowding,
involving hard spheres. In particular, hydrodynamic models
explain the different effects of crowding on translational and
rotational diffusion. Rotational diffusion is only weakly
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APPENDIX: TWO TIME REGIMES IN
THE HYDRODYNAMICS OF DENSE
(CROWDED) SYSTEMS

Here we estimate the characteristic time between collisions,
Teol- We consider only the simple but significant case in
which all particles are spherical. An easy approach is
feasible neglecting HI interaction effects; then, the kinetics
of the encounters between particles can be described in
terms of the Smoluchowski theory of diffusion controlled
reactions. Let us restrict the description to the case in
which there are only two types of particles: the ‘test’
particles, P, and the ‘crowder’, C. As we learn from standard
textbooks, the rate law of a reaction which is solely
controlled by diffusion (i.e. when in addition to absence
of HI, there is no energetic—electrostatic, etc. interaction):

P+C—X (A1)
is given by

V = d[X]/dt = k[P][C] (42)
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Smoluchowski showed that, under those assumptions, the
second-order (molar) rate constant K is:

k= 47TODchA (A3)

where N, is the Avogadro number. o is the interparticle
distance at which reaction occurs, that is assimilated to the
collision distance between the hard spheres, equal to the
sum of the two radii, 0 = rp + rc. Dpc is the diffusion
coefficient of one particle with respect to the other one,
which in the absence of HI is just the sum of the individual
diffusion coefficient, given by the Stokes—Einstein equation
for spheres:

DPC = Dp +DC - (kBT/67TT])(1/rp + l/rc) (A4)

where 7 is the solvent viscosity. Thus, the final expression
for the molar rate constant is:

k = 4nNa (kT /6mn)(rp + rc)(1/rp + 1/rc)  (AS)

Similary, the rate can be expressed in terms of the number
concentrations, instead of molar concentration:
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V' = dnx/dt = k/npnc (A6)

where nc = [C]N, and therefore k' = k/Nj.

V’ is equivalent to the number of collisions of C mole-
cules with P molecules per unit volume and unit time. There
are np test particles per unit volume, so that the number of
collisions of one P particle with C particles, or in other
words, the frequency of P-C collisions, is feo = V'/np.
Finally, the characteristic time between collision is ex-
pressed (as they would occur at equal intervals) as
Teol = 1 /feo1 and therefore we have

Teol = [4m(kgT /670)(rp + rc)(1/rp + l/rc)nc]_l (A7)

The amount of the crowding effect is usually expressed as
the volume fraction occupied for the P and C particles, ¢;
the remainder is free volume. We assume that the test
particles are diluted and the volume that they all occupy is
much smaller than that of the crowder particles. Then the
number concentration and the occupied volume fraction are
related through nc = ¢/vc, where ve = 47rr% /3 is the
volume of the spherical crowders. Thus the characteristic
collision time is finally given by:

Teol = [3(kgT /67 (rp + rc) (1/rp + 1/rc)p] " 're. (A8)

Copyright © 2004 John Wiley & Sons, Ltd.

This time can be compared with characteristic times of
(free) translational and rotational Brownian motion of
the test particles. For translation, the characteristic time
can be defined as the time for which the root-mean-square
displacement is the same as the particle size, represented by
the spherical radius. The relationship is 73 = 6(kgT/
6TP) Tirans SO that Tigns = mrp /kgT. For rotation, the
characteristic time is the Debye rotational (correlation)
time of the spherical particle, Ty = 47r77r]§ /3kpT. Tt
is evident that these two times are quite similar. We
will take for reference the translational one, which is here-
after denoted as the P particle’s characteristic time, Tpax =
mnra/ksT.

As mentioned above, the first regime takes place when the
collision time is much larger than the particle’s own time,
Teol > Tpart, OF When Tpay /Teol < 1. Interestingly, the ratio is
proportional to the occupied volume fraction, and the
proportionality constant is a simple function of the ratio of
radii, A = rp/rc:

7-part/T(:ol ~ ¢F(A)
where

FO\) = (1/2)(1+ )1+ X HN
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