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Measurement of the local translational diffusion rates of proteins
by saturation transfer EPR spectroscopy
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The concentration dependence of the normalized integral of the saturation-transfer EPR spectrum of human serum
albumin spin-labelled on amino groups is found to be sensitive to viscosity and to temperature in aqueous solution
and in 60% glycerol. The dependence on protein concentration is consistent with theoretical predictions for a
diffusion-controlled Heisenberg spin-exchange interaction and the experimentally derived bimolecular collision rate
constants are in reasonable agreement with those calculated theoretically for a diffusion-controlled process. The
method is therefore applicable to the determination of translational diffusion coefficients of proteins in solution
and, because of the nature of the saturation transfer EPR method, should be ideally suited to the study of local

translational diffusion of proteins in membranes,

The long-range translational diffusion of integral
proteins in membranes has been studied extensively by
photobleaching techniques (for a review see, for exam-
ple, Ref, 1). In cells, the long-range diffusion has been
found, in many cases, to be highly restricted (see, for
example, Ref. 2). This result is not entirely surprising
in view of the heterogeneous nature of biological mem-
branes, and points to the interesting possibility of the
existence of functionally differentiated membrane do-
mains [3,4. This spatial microheterogeneity is best
studied by techniques sensitive to local or short-range
translational diffusion. For t.chnical reasons, photo-
bleaching techniques are limited in the lower distance
scale to which they may be applied, but techniques that
are based on the measurement of bimolecular collision
rates would seem to be ideal for such studies. Methods
employing the determination of Heisenberg spin ex-
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change frequencies are well established for studying
the short-range translational diffusion of spin-labelled
lipid molecules in membranes by EPR spectroscopy
(for a review see, for example, Ref. 5). However, con-
ventional EPR techniques are not sufficiently sensitive
to low exchange frequencies to be applicable to the
slower translational diffusion of integral proteins.
Recently, saturation transfer EPR spectroscopy has
been shown to be sensitive to weak spin-exchange
interactions {6,7] and this new application of 2 method
which is normally used for the determination of slow
rotational diffusion rates has considerable promise also
for the study of slow translational diffusion. In the
present paper we explore the possibility of using satu-
ration transfer EPR for the determination of protein
translational diffusion rates. To demonstrate feasibil-
ity, the experiments are performed in homogeneous
solution, since it is then better able to control the
protein contentration which is the essential parameter.
Additionally, this also allows a direct comparison of
the experimental diffusion rates with theoretical pre-
dictions because, unlike in the membrane case, the
viscosity of the medium is known with certainty. In all
other respects, experiments on membranes are likely to
be more favourable, since the greater restriction of the
rotational diffusion will give rise to higher spectral
intensities [8} and hence improve sensitivity. In addi-
tion, segmental motion of the label is likely to be more
restricted for integral membrane proteins, which will
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Fig. 1. Second harmonic. phase-quadrature STEPR spectra (Vi-dis-
play} of maleimide (5-MSL) spin-labelled human serum albumin at
different concentrations in 6% aqueous glycerol (buffer 0.1 M
NaCi /50 mM Hepes (pH 7.0)). {HSA] in mM: {(a) 1.52; (b) 0.74; (c)
0.41; (d) 0.22; {e) 0.11; () 0.076. Total scan range = 100 G: T = 1§°C,

have a similar consequence. However, it should be
noted that, unlike the situation for rotational diffusion
measurements [6,9], the absence of segmental mobility
is not essential to the method; it simply enhances
sensitivity.

The saturation transfer EPR spectra (V,-display) of
spin-labelled human serum albumin (HSA, Sigma, St.
Louis, MO) at various concentrations in 60% aqueous
glycerol (buffer: 0.1 M NaCl/50 mM Hepes (pH 7.0))
are given in Fig. 1. A high degree of labelling of
surface residues was achieved (about 7.5 spin labels/
protein as determined by the double integrated inten-
sity of the conventional ¥/, EPR spectrum) by reacting
with the maleimide spin label (5-MSL, Syva, Palo Alto,
CA) at high pH to modify amino groups (cf. Ref. 10).
This was done in order to maximize the likelihood of
spin-exchange on collision of the protein molecules.
STEPR spectra were recorded under the standardized
conditions and spectrometer set-up described in Refs.
11 and 12. The spectral lineshapes in Fig. 1 are not
particularly sensitive to protein concentration, as is to
be expected, since the concentrations used are below
those giving rise to protein aggregation [13) and
Heisenberg spin-exchange interactions do not cause
much change in STEPR lineshape, only in the STEPR

TABLE 1
Rotational correlation times

Rotational correlation times {us) deduced from the low-field (L" /L),
central (C’/C) and high-field (H”/H) diagnostic STEPR line-
height ratios (JJ-display) of spin-labelled stearic acid (5-SASL. see
Ref. 14} bound to human serum albumin at different protein concen-
trations. ¢. in 60% aqueous glycerol (buffer: 0.1 M NaCl/50 mM
Hepes (pH 7.0)) at 18°C. Rotational correlation times are obtained
from the calibrations given in Refs. 8 and 15.

¢ {mM} g (1s)
LU/L C'/C H"/H i

0.252 0.31 0.28 <01
0.51t (.30 0.30 <0.1
0.746 0.30 0.31 0.13
L.10 0.27 (.27 =01
1.46 029 0.28 0.11
2.27 0.37 0.29 0.10
4.55 14 0.83 0.42

* Values for H”/H are somewhat uncertain because of low signal
strength in this spectral region.

intensity {7]. The lack of an appreciable effect of in-
creasing viscosity of the solution with increasing pro-
tein concentration is seen further from the STEPR
spectra of spin-labelled stearic acid (5-SASL) bound to
HSA. This label exhibits little segmental motion rela-
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Fig. 2. Dependence of the normalized integral intensity, Igp., of the
STEPR spectra (V;-display) of maleimide (5-MSL) spin-labelled
human serum albumin on protein concentration, ¢. ©. in water at
18°C; 0O, in 60% aqueous glycerol at 18°C: a, in 60% aqueous
glycerol at 35°C. In each case, the aqueous component of the
solution contains 0.1 M NaCl/50 mM Hepes (pH 7.0). The solid
lines are non-iinear least-squares fits of the data to Eqn. I, with the
following optimized fitting parameters: 7%k, =2.7-10° M~), 1§ =
23-107% Z =0.36 in water at 18°C; Tk, = 0.18-10° M~ 1§ =
661074, Z = 0.33 (fixed) in 60% aqueous glycerol at 18°C; T,°k,, =
0.38-10° M™', /& =6.1-10"*, Z=0.33 (fixed) in 60% aqueous
glycerol at 35°C.



tive to the protein as compared to the labelled surface
amino groups and the corresponding rotational corre-
lation times are given as a function of protein concen-
tration in Table 1. The rotationa! correlation time
hardly varies up to protein concentrations of 2 mM in
60% aqueous glycerol.

The normalized saturation transfer integral intensi-
ties, [y, calculated according to Ref. 8 are given as a
function of protein concentration in Fig. 2 for
maleimide spin-labelled HSA in water and in 60%
aqueous glycerol (buffer: 0.1 M NaCl/50 mM Hepes
(pH 7.0)) at temperatures of 18 and 35°C. In cach case,
the integral intensity decreases with increasing protein
congentration, i.e., with increasing spin label concen-
tration. It should be noted that an increase in rota-
tional correiation time due to protein aggregation or to
protein concentration dependent changes in viscosity
would have just the opposite effect (cf. Ref. 8). The
steepness of the concentration dependence decreases
with increasing viscosity of the medium and increases
with increasing temperature, as would be expected if it
were determined by translational diffusion of the pro-
tein.

The theoretical dependence of the saturation trans-
fer integral on spin concentration, ¢, assuming that the
former is linearly proportional to the effective spin
lattice relaxation time [16], is given by (Ref. 7):

Ig=Ig3(1+Z TPky ) /(1 + Tk ) (1)

where 1& and T\° are the saturation transfer integral
and intrinsic spin-lattice relaxation time in the absence
of spin exchange, 1/Z is the redistribution factor for
saturation transfer throughout the spectral lineshape,
and k, is the rate constant for spin-exchange. Non-
linear least-squares fits of this expression to the experi-
mental data are given in Fig. 2 and are seen to describe
the concentration dependences rcasonably well. The
fitted value of the redistribution factor for the protein
in water is 1/Z = 3, which is what would be expected
simply for redistribution between the three "*N hyper-
fine lines [17]. This result is consistent with the rela-
tively high mobility of the protein-attached labels in
water, whose conventional V|, EPR spectrum contains
a relatively high proportion of a near-isotropic three-
line component (data not shown). For the protein in
60% glycerol, the experimental scatter contbined with
the smaller concentration dependence precluded an
accurate determination of Z. Therefore, this was main-
tained constant at a value of Z = 1/3 (i.e,, close to that
obtained in water) for fitting the concentration depen-
dence. If Z is small, an approximately linear depen-
dence of 1 /15 on c is predicted from Eqn. 1. This was
found also to approximate the smaller concentration
dependence of the protein in 60% glycerol reasonably
well, but not that in water. In the former case, values
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of T\°k,, =0.1 and 0.2-10* M~ were obtained from
lincar regression at 18 and 35°C, respectively,

The second-order rate constant for spin-exchange is
related to the bimolecular collision rate constant, &,
by the intrinsic probability of exchange on collision,
Pex» and the normalized cross-section for collision be-
tween the spin-labelled groups on the protein, o

kux =pcxakcoﬂ (2)

where p,, =1 for strong exchange [18] and ¢<1.
Assuming a value of T,° =1 us in the STEPR regime
{cf. Ref. 16), the collision rate constants are therefore
given by: ko = 5.4+ 10% 036 10° and 0.75 - 10° M~}
s”! for the protein in water at 18°C, and in 60%
glycerol at 18 and 35°C, respectively.

The theoretical expression for the second-order dif-
fusion-controlled rate constant for collision is [19]:

k9T = 167N, 103y D 3)

where D is the translational diffusion coefficient of
the protein, ryy is the effective collision radius for the
spin label groups on the protein and N, is Avogadro’s
number. The translational diffusion coefficient is re-
lated to the viscosity, 7, of the medium by the Stokes-
Einstein relation:

D;=kT/(67mFR,) (49)

where k is Boltzmann’s constant, R, is the radius of a
sphere of volume equal to that of the protein and Fy is
the frictional ratio for translational diffusion [20]. Since
the shape of the protein is prolate with an axial ratio of
close to 3.5 [10], the frictional ratio is Fy = 1.15 [201
Combining Eqns. 3 and 4 vyields values of
kSR, /run) = 5.8 10% 0.47+10° and 0.96-10° M~!
s~} for the protein in water at 18°C, and in 60%
glycerol at 18 and 35°C; respectively.

By comparison with the results of the STEPR mea-
surements, it is seen that the experimental and theoret-
ical values for the collision rate constant are in quite
good agreement if it is assumed that o= 1 = Ry /ryy,
as might be expected because of the high degree of
protein modification. The comparison of the two sets
of estimates involves some uncertainties, particularly
with respect to the exact value of 7,°. However, since
the experimental determinations clearly provide the
correct order of magnitude and more importantly, also
yield the expected dependence on solvent viscosity and
temperature, there is little doubt that the concentra-
tion dependence of the experimental data is faithfully
reflecting the translational motion of the protein.

Taking ryy=Ry o=1 and k§"=%k_, from the
above results allows an estimation of the experimental
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diffusion coefficients from Eqn. 3. The equivalent
spherical radius of the protein is given by:

Ry= (:"m/‘l‘ﬂ'NA)V3 (5)

where 7= 0.733 ml g~ is the partial specific volume of
the protein and M = 66.5 kDa is its molecular mass.
This then yields values of Dy =6.6-10"7, 0.44- 1077
and 0.93:1077 em? s~! for the protein in water at
18°C, and in 60% glycerol at 18 and 35°C, respectively.
For comparison, a value of Dr=65-10"7 cm? s~!
has previously been obtained for HSA in water at 20°C
by intensity fluctuation spectroscopy [13].

The translational diffusion coefficients of integral
proteins in fluid lipid bilayers are typically in the range
of (0.2-0.4):-10"7 cm® s~!' {1], suggesting that the
method should be applicable also to these systems and
to the study of local translational diffusion in biological
membranes. In fact, because of the reduction in dimen-
sionality, both the collision rate constants and effective
protein concentrations will be higher than in homoge-
neous solutions. This will therefore give rise to higher
observable exchange rates in membrane systems, for
the same values of the diffusion coefficient.

V.V.K. was the recipient of a long-term fellowship
from the Alexander von Humboldt-Stiftung.
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