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Abstract: The association of two proteins is preceded by a mutual diffusional search in solution. The role
of translational and rotational diffusion in this process has been studied theoretically for many years.
However, systematic experimental verification of theoretical results is still lacking. We report here
measurements of association rates of the proteins f-lactamase (TEM) and S-lactamase inhibitor protein
(BLIP) in solutions of glycerol and poly(ethylene glycol) of increasing viscosity. We also measured
translational and rotational diffusion in the same solutions, using fluorescence correlation spectroscopy
and fluorescence anisotropy, respectively. It is found that in glycerol both translational and rotational diffusion
rates are inversely dependent on viscosity, as predicted by the classical Stokes—Einstein relations, while
the association rate depends nonlinearly on viscosity. In contrast, the association rate depends only weakly
on the viscosity of the polymer solutions, which results in a similar weak dependence of ko, on viscosity.
The data are modeled using the theory of diffusion-limited association. Deviations from the theory are
explained by a short-range solute-induced repulsion between the proteins in glycerol solution and an
attractive depletion interaction generated by the polymers. These results open the way to the creation of
a unified framework for all nonspecific effects involved in the protein association process, as well as to
better theoretical understanding of these effects. Further, they reflect on the complex factors controlling
protein association within the crowded environment of cells and suggest that a high concentration of
macromolecules does not significantly impede protein association.

Introduction typically form small patches on the associating proteins, most
encounters between the two proteins will be unproductive, unless
they can quickly find the correct mutual orientation. Indeed,
considering the time and length scales for translational and
otational Brownian motion of a typical protein, it is reasonable
éo postulate that a pair of proteins which have just encountered

Many aspects of cellular and multicellular activities are
dependent on macromolecular interactions, which are a result
of diffusion and specific recognition. The biochemical under-
standing of such processes has been achieved by extrapolatin

the results obtained from studies of dilute homogeneous

solutions containing purified components. It has been suggesteaeaCh other will have ample time to reorient and associate before

that the association of a pair of proteins can be described as athey separate again. Theories of diffusion-limited association

three-step reaction, which starts with the collision of the two EE_LA) oo attergpted t? proyidel a;_sountt:l physlical d_eschiption f or
proteins through diffusion, and is then followed by the formation q IS pr(_)cess.th Oéml)u er sllmu z |onso,| hyplca tytysln? r?wnlan
of an encounter complex; structural rearrangement and desol- ynamics methodology, a'so showed how rotational motion can
vation promote the creation of the final associated complex. enhance the association réfany attempt to gauge the success

The mutual search of two proteins for each other can be guidedOf theories and simulations in describing the crucial physical

by specific long-range interactions between the active sites, suchf‘speCtS of tthe prok_JIem tShOl:]ld re%’ n pr!n0|ple, (_)nbcl)ur ab'“ti;
as electrostatic forces. Not less important for this search are 0 carry out expenments where the various variables can be

force-free translational and rotational diffusion, as well as separated. Tq the best of our knowledgez such an attempt has
nonspecific solution interactions. not been carried out so far in a systematic fashion.

The role of rotational diffusion in association has been The dependence of the translational and rotational diffusion

appreciated theoretically for many ye&iSince the active sites coefficients on solutiop visposity Is traQitionaIIy described by
i y vy the so-called StokesEinstein (SE) relationD; = kgT/6yR,

5 . .
; Department 0; C.h‘fm'.ca'l ET]VS'QS- (3) Solc, K.; Stockmayer, W. HI. Chem. Phys1971, 54, 29812988,
Department of Biological Chemistry. o (4) Shoup, D;; Lipari, G.; Szabo, /Biophys. J.1981 36, 697-714.
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weizmann.ac.il or gideon.schreiber@weizmann.ac.il. (6) Northrup, S. H.; Erickson, H. FProc. Natl. Acad. Sci. U.S.A.992 89,
(1) Schreiber, GCurr. Opin. Struct. Biol.2002 12, 41—47. 3338-3342.

(2) Berg, O. G.; von Hippel, P. HAnnu. Re. Biophys. Biophys. Cherh985 (7) Elcock, A. H.; Sept, D.; McCammon, J. A. Phys. Chem. R001, 105
14, 131-160. 1504-1518.
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and Stokes Einstein-Debye relationD, = kg T/877R3, respec- state fluorescence anisotropy measurements, carried out on a com-
tively. In these relationsy is the solution viscosityT its mercial spectrofluorimeter (ISS PC1) equipped with rotating calcite
temperature kg is the Boltzmann constant, an@ is the polarizers, and a thermostated bath, which allowed maintaining the

hydrodynamic radius of the diffusing species. The limits of these Sample temperature at 250.2) °C. Each measurement was repeated
relations (both of which will be referred to below as the SE at least three times and averaged. Thg rotanona! correla}non ﬂme.,
relations) have been tested many times. In particular, it is well- was calculated from the fluorescence anisotropy using Perrin’s equation:
known that in polymer solutions translational and rotational
diffusion might have a different functional dependence on bulk —=1 +§ 1)
viscosity. Here we demonstrate how deviations from SE

behavior provide an opportunity to test the relation between \yherer is the fluorescence lifetime,is the measured anisotropy, and
translation, rotation, and the association rate of the protein r, is the limiting anisotropy in a solution of infinite viscosity. This
TEM1-S-lactamase (TEM) and its protein inhibitgilactamase description of rotational dynamics in terms of a single depolarization
indicator protein (BLIP). Kozer and Schreiber recently showed process is valid for a molecule that can be approximated as a spherical
that in solutions of several high molecular weight additives object, in which case the rotational correlation time is related to the
(selected to mimic the effect of crowding on associdtidhe molecular rotational diffusion coefficient by = 1/6D,. To obtain the
association reaction between TEM and BLIP is very weakly rotational cprrelation tin_wes_ of‘proteins, such as T_EM and BLIP, one
dependent on macroscopic viscosig.similar observation was ~ "68ds to either rely on intrinsic fluorescence (typically of tryptophan
reported by Ladurner and Fersht for the interaction of barnase residues) or use extrinsic labeling. Both options present difficulties

ith b 10 W, f Iuti f pol hvl since, in most cases, the rotational motion of intrinsic or extrinsic
with barstar: e now focus on solutions of poly(ethylene fluorophores is dominated by local motions rather than by the overall

glycol) of a molecular weight of 8000 (PEG 8000) and explain  motion of the protein. Thus, even in time-resolved fluorescence
this o.bser\./atloln by th? Wefik dependence of roltatlolnal dIffL!SIOﬂ anisotropy studies, the component due to overall protein rotation can
on viscosity, in conjunction with the depletion interaction be small, limiting the accuracy of the measurement. We therefore chose
operating in these solutions. This behavior is found to be very to measure the fluorescence anisotropy of eGFP molecules, in which
different than that in solutions of the small viscogen glycerol, the chromophore is held rigidly within the protein scaffold, so that the
where a super-linear dependence of the association rate orPnly rotational process is the overall rotation of the protein. Indeed,
viscosity is observed, and is attributed to short-range repulsive the rotational decay of eGFP molecules was shown to be monoexpo-
forces operating between the proteins close to contact oLlrnentlal.12 Since the volume of eGFP is not very different than that of
observations allow us to critically test the predictions of current TEM and BLIP, the rotational dynamics of these proteins are expected

theori d id b h K for furth fi t of th to be similar. The fluorescence lifetime of a molecule also influences
eoriés and provide a benchmark for further rennement 0T the o 0 45yred anisotropy, and we were therefore careful to separately

physical understanding of protein association. determine the relative quantum efficiency of eGFP in each solution.

We found that both glycerol and PEG have a negligible effect on the

quantum efficiency of eGFP. A similar result was reported by Phillips
Chemicals. Glycerol, ultrapure grade, was purchased from ICN. and co-workerd? Great care was taken to accurately deternminef

Poly(ethylene glycol) 8000 (MW 8000) was purchased from Sigma. eGFP (0.393+ 0.002), which was measured in~al00% glycerol

They were used without further purification. solution at 5°C. A limited set of rotational anisotropy measurements
Proteins. A detailed description of the proteins TEM and BLIP, as  With Alexa-labeled BLIP showed a similar trend to the results reported

well their production protocol, can be found in ref 11. TEM has a below with eGFP.

molecular weight of 29 kDa and a hydrodynamic radius of 19.7 A, Fluorescence Correlation Spectroscopylranslation diffusion was

and BLIP has a molecular weight of 17.5 kDa and a hydrodynamic measured using a home-built fluorescence correlation spectrometer (see

radius of 16.4 A (hydrodynamic radii given here are the radii of spheres Supporting Information). The fluorescence correlation function was

of equal volumes to those of the proteins, as calculated from their crystal fitted to the following equation, valid for a single diffusing species

structure). In this study, we used wt-TEM and the following BLIP  moving through a Gaussian-shaped sampling voltine:

analogues: wtt+4 (D163K, N89K, V165K). Proteins were kept in 10

mM Hepes buffer adjusted to pH 7.2, and all measurements were G it -2 )

conducted in the same buffer and pH. For diffusion experiments, we N D wzrD

used the BLIP A1C mutant specifically labeled with the maleimide

derivative of the dye Alexa 488 (Molecular Probes) and shown to be |, this equationzp is the translational correlation time given by =

active after the labeling procedure. w%/4Dy, wherew,y is the lateral dimension of the observation volume.

A pBAD/HisA (invitrogen) plasmid containing pEGFP (Clontech) , is the ratio between the axial and lateral dimensions of the observation
was a kind gift of Johan Hofkens (Leuven). The expression of the yolume, andN is the average number of molecules in this volume,
protein was induced for 12 h ischerichia coliTop10 cells grownto  which is of the order 1 when the molecular concentration is kept at the
an optical density of 0.5 at 600 nm using 0.2% arabinose. The His- nanomolar range. The correlation function computed from experimental
tagged protein was subsequently isolated and purified under native measurements was fitted to eq 2 for timeslO us, to avoid
conditions by Ni-chelation chromatography (Pharmacia). Purity of the complications due to triplet-state dynamics, which we carefully assessed
samples was confirmed by polyacrylamide gel electrophoresis. The tg be negligible at these times. Performance of the instrument was
molecular weight of the protein is 27.7 kDa, and its hydrodynamic checked by measuring the diffusion of rhodamine 6G molecules. Using
radius is 18.8 A. the known diffusion coefficient of this dye, (28 0.7) x 1076 cn?/

Fluorescence Anisotropy MeasurementsThe rotational dynamics  s14we were able to routinely show that the observation volume in our
of proteins in various viscous solutions were obtained from steady- experiment,732w,2w,, is 1.2+ 0.2 fL.

Materials and Methods

(8) Luby-Phelps, Kint. Rev. Cytol. 200Q 192 189-221. (12) Suhling, K.; Davis, D. M.; Phillips, DJ. Fluoresc.2002 12, 91—95.

(9) Kozer, N.; Schreiber, Gl. Mol. Biol. 2004 336, 763-774. (13) Krichevsky, O.; Bonnet, GRep. Prog. Phys2002 65, 251—297.

(10) Ladurner, A. G.; Fersht, A. RNat. Struct. Biol.1999 6, 28—31. (14) Gell, C.; Brockwell, D. J.; Beddard, G. S.; Radford, S. E.; Kalverda, A.
(11) Albeck, S.; Schreiber, iochemistryl999 38, 11—21. P.; Smith, D. A.Single Mol.2001, 2, 177-181.
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relative viscosity (n\n,)

relative viscosity (?}\?}‘w) Figure 2. Dependence of the relative translational correlation time of

Figure 1. Dependence of the relative association titag/ks) of the TEM— Alexa488-BLIP molecules on relative viscosity in glycerol solution (green
BLIP pair on relative viscosity in glycerol solution (green squares) and squares) and PEG 8000 solutions (red circles). The line is the SE prediction.
PEG 8000 solutions (red circles). Association times were measured using Tran_slational correlation times were obtained by fitting FCS correlation
a stopped-flow apparatus. The line is the SE prediction for the relative functions.

association time (see discussion following eq 3). The error bars for the

PEG 8000 measurements are smaller than the symbol size. obtained from the fits as a function of relative viscosity, both
in glycerol solutions (squares) and in PEG 8000 solutions
(circles).

The line in Figure 2 is the linear prediction of the SE relation
(i.e., 7o = 7). The translational correlation times follow this

Association Rate MeasurementsThe association reaction of TEM
and BLIP in various solutions was measured following the methods of
Kozer and Schreibérunder second-order kinetic conditions, with equal

concentrations (0.BM) of both proteins. A thermostated bath allowed L .
maintaining the sample temperature at-28(2) °C. The data were relation in both types of solutions up ® ~ 20. The close

fitted to a standard equation describing association under the (:onditionadherence to the '_'”ef?“ relation in PEG 8000 SOIUt'o_nS is rather
of equal reactant concentrations (see Supporting Information for more Un€xpected, considering that at polymer concentrations greater

details). than 2.5% (w/v), equivalent t§ > 1.5, the solution is in the
semidilute regime, with significant overlap between adjacent
Results polymer molecules. However, we remember that PEG 8000

] ) N molecules, with a radius of gyratid® = 4.2 nm, are not much
Methodology. To obtain a full picture of the nonspecific  |5rger than the protein molecules studied here. It is therefore
dynamic processes affecting the association reaction, we studiedikely that their translational dynamics are still the dominant
the association reaction of TEM and BLIP in water solutions factor in determining the motion of a tracer protein on the time
of the small viscogen glycerol, as well as in water solutions of scale probed in FCS, from10 us to~1 ms. This behavior
the polymer PEG 8000. The concentration of the additives was contrasts with what is usually found for translational diffusion

systematically varied, and the macroscopic viscosity at eachin solutions of (typically larger) polymef§-17 In a recent
concentration was assessed. We then determined in each solutioexample, Koenderink et al. used dynamic light scattering to

the translational and rotational correlation times, as well as the measure translational diffusion in solutions of xanthane, a
association times (inverse rates). We found it convenient to relatepolymer of a molecular weight of 4 10° g/mol 8 and found
measured times to the corresponding values in water. Thus, alla significant deviation from SE behavior. In this case, only local
values given below are relative and unitless. motions of the polymer network were important on the time
Association RatesThe association rates of TEM and BLIP  scale probed by dynamic light scattering, and overall translation
were extracted from fits to stopped-flow measurements in Of the giant polymer molecules was too slow to affect the result.
glycerol and PEG 8000 solutions of increasing viscosity, as It is important to note here that, while some recent studies
described in the Materials and Methods section. We define a suggest attractive interactions between PEG and protein mol-

relative association timeza = Kawka (Where Kauw is the eculest®2 our translational diffusion results overrule such
association rate constant in water), and in Figure 1, we show interactions in the present case. Any association of PEG and
the dependence @f, on relative viscosityj = 7/5w, (7w is the protein molecules would lead to species with higher hydrody-

squares, and PEG 8000, circleg);shows a strong, nonlinear
dependence on viscosity in glycerol. Surprisingly, it is found
P FR ; (16) Ye, X.; Tong, P.; Fetters, L. Macromolecules1998 31, 5785-5793.

to depend only weakly on viscosity in PEG 8000 solutions. (17) Masaro, L.; Zhu, X. XProg. Polym. Sci1999 24, 731775,

Translational Diffusion. Correlation functions calculated — (18) SS?”E"%BZ& H.; Sacanna, S.; Aarts, D. G. A. L.; Philipse, APRys.
from FCS data taken in glycerol and PEG 8000 solutions were (19) Kulkarni, A. M.; Chatterjee, A. P.; Schweizer, K. S.; Zukoski, C.JF.
s ; ; ; ; Chem. Phys200Q 113 9863-9873.
f!tted EO eq 2. Figure 2 shows _the relative transm_tlon"_il correlation (20) Tubio, G.; Nerli, B.; Pico, GJ. Chromatogr. B Anal. Technol. Biomed.
time, 7p = tp/tp.w (Whererp  is the correlation time in water), Life Sci.2004 799, 293-301.

(15) Gold, D.; Onyenemezu, C.; Miller, W. ®lacromolecule4996 29, 5700-
5709.
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context of proteins, in particular, has been studied by many
authors (see, e.g., ref 23 for a compilation of many experimental
A results on protein diffusion) and is not the subject of this work.
2{ a®e® Rather, our main interest in the diffusion results is in using them
to understand association kinetics. We will therefore not attempt
0 20 40 a comparison of our results to the extensive literature on protein
relative viscosity diffusion in polymers. One point is nevertheless worthy of
discussion here. The concurrent measuremebbti transla-
tional and rotational diffusiorwithin the same matrix can, in
principle, pave the way to better understanding of the micro-
scopic structure of a polymer network as it influences various
motions. While several theories of translational diffusion in
polymer matrices exist (see ref 17 for a recent review), it is
oo ®o®e ® ® difficult to find a consistent first-principles theoretical treatment
of both rotational and translational motion of a small probe in
! ) J ) ' ) ! semidilute polymer solutions. One such approach is provided
0 49 ) ?0 120 by the theory of diffusion in a Brinkman flui¢f,?>which was
relative viscosity (n\n,) used successfully to model measurements of translational and
Figure 3. Dependence of relative rotational correlation time of eGFP rotational diffusion of a probe particle in xanthane solutions,
molecules on relative viscosity in glycerol solution (green squares) and PEG already mentioned abov€.The important parameter in the
8000 splutiqns (red circles). The line is the SE predi_ction. Rotational theory is the hydrodynamic screening length of the medium,
correlation times were calculated from fluorescence anisotropy measure- .
ments. Inset: comparison of the experimental relative rotational correlation commonly equgted to thg correlation Iength of the polymer
times in PEG 8000 solutions (red circles) with the relative association times Solution. The Brinkman fluid theory does predict a much weaker
(blue triangles). effect on the rotational motion of a probe in PEG 8000 solutions
SE relation. Our result agrees with the work of Bhat and than on its translational motion, although a quantitative agree-

Timasheff2t who showed that PEG induces preferential hydra- Ment with the experiment is not achieved (see Supporting
tion of proteins. Information). We will leave this important problem to a future

Rotational Diffusion. Rotational correlation times were Study and focus on the main issue of this work, association

calculated from fluorescence anisotropy measurements of eGFFANEtCS. _ o ,
(the rationale behind using eGFP to measure rotation was Understanding Association Kinetics.To interpret the as-
discussed in Materials and Methods and was checked with asociation rate results, we turn to the theory of diffusion-limited
limited set of measurements on Alexa-labeled BLIP). Figure 3 assolmatlon (DL.A)' The 'theory sFarts from t.he complned
shows the relative rotational correlation tinte= 6/6y, (6w is rotat|on—translgt|on.d|ffu3|.on'equatlon for a pair of part.|cles
the correlation time in water) in glycerol solutions (squares) (sphgr(_es) moving in a Ilqmd._ TO. account_for_ nonuniform
and in PEG 8000 solutions (circles), as a function of relative reactivity of the sp_h_eres, the diffusion equatlc_)n is augmented
viscosity, 7. As above, the line is the linear prediction of the by boundary conditions that guarantee reaction at the proper
SE relati,or; (e = L) The rotational correlation times in mutual orientatiorf. Szabo and co-workers showed how this
. - - formalism can be used to obtain an analytic expression for the
glycerol solutions remain close to the SE prediction at least up association reaction rafeUsing the Szabo approach, together
to a relative viscosity of 30. However, the rotational correlation _ . - L X
) . Y . X .~ with a simple approximation due to B hotP wrote down
times in PEG 8000 strongly deviate from this relation, being b'e app etz

h faster th dicted by vi itV In fact their d d an explicit formula for the fully diffusion-controlled rate (which
much fasterthan predicted by viSCosily. Infact, their 0ependence;q o rate in the case that each encounter between the reactive
on viscosity is very similar to the dependence of the relative

N . o X patches leads to association) of two spheres with spherically
association times on viscosity (inset to Figure 3).

) . .. symmetric reactive regions of sizés andd,:
The success of the SE relation to capture the viscosity

dependence of molecular rotational correlation times is well- k, = 47(D,, + D,,)a[F,&, tan 0,/2) + F.& tan 0,/2)] (3)
known. This success can be attributed to the fact that the ' ’

mtel,'lrzctlon. bOdeEIV?th mtglicl;ﬂes (\j/\llth the (ﬁatlng mdo![ec(ljjle.ls whereF; = sir? (6/2), & = \/(1 +D,, azl(Dt,l +D,,)/2, Dy; and
well-described by the stick boundary condition USed 10 derVe ny - 4ra the translational and rotational diffusion coefficients of

the relation. It is likely that rotation in polymer solutions is proteini (i = 1,2), respectively, andx is the sum of the

qualitatively different. It occurs in a “solvent cage” made | qodynamic radii of the two proteins. If we assume that the
essentially of water molecules, into which the bulky polymer 4 proteins have equal-sized reactive patches, we can use eq
molecules cannot penetrate. This is why the macroscopic 3 ¢, cajculate the relative association time. It is easy to see that
viscosity is not a good determinant of the rotational diffusion j, the SE case, when both translational and rotational diffusion
in these solutions, as already shown previodsly. coefficients are inversely proportional to the viscosity, the
Discussion relative assolciat.ion time i§ equal to the rglat?ve visgo?ﬁy,z .

77. As shown in Figure 1, this simple behavior is obtained neither
in solutions of the small viscogen glycerol, where the relative

40

relative time

30+

Diffusion in Polymer Solutions. The effect of polymer
solutions on translation and rotation, in general, and in the

(23) Odijk, T.Biophys. J200Q 79, 2314-2321.

(21) Bhat, R.; Timasheff, S. NProtein Sci.1992 1, 1133-1143. (24) Brinkman, H. CAppl. Sci. Res. A947 1, 27.
(22) Lavalette, D.; Tetreau, C.; Tourbez, M.; Blouquit, Biophys. J.1999 (25) Solomentsev, Y. E.; Anderson, J. Rhys. Fluids1996 8, 1119-1121.
76, 2744-2751. (26) Berg, O. GBiophys. J.1985 47, 1-14.
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effect is well-appreciated in polymer physiésaind was mea-

A sured both indirectly® using scattering techniques, and directly,

' by probing the relative fluctuations of a pair of colloids held in
optical tweezers with a polymer solutihThis effect has also
been extensively discussed by Minton and co-workers in relation

L] to the crowding phenomenon in biological environmefts,

and also using a slightly different terminology by Bhat and

Timasheff! and Parsegian and co-workéfs.

We can use the experimental data together with the DLA

: theory calculation to obtain the energy involved in the depletion

[ ] _ interaction. For that purpose, we model the effect of depletion

' on the association rate in the following manner:

10

relative association time
[e)]
L

— = U/ksT
Ta,measured_ Ta,DLAe (4)

— In this relation, we ignore the spatial dependence of the depletion
5 10 15 20 25 energy,U. It was shown that when the reactive regions on the
relative viscosity (n\n ) two protein§ are small and the in.teraction potential is cen-
w trosymmetric its effect on the association rate can be calculated
T e e S s oo o vamiona 59 5 alue atcontactor.This approximation was used
and rotational diffusign timeg using diffusion-limited association (DLA) SUCCESS“}”Y to predict thg effect OT ar! elegtrostatlc potential
theory (eq 3, red squares). The line is the SE prediction. on association rate’ Equation 4, which is written in the same
spirit, can therefore be used directly calculate the depletion
association times are much larger than the relative viscosities,energy U from the experimental resul&he depletion energy
nor in polymer solutions, where they are much smaller. Can is found to depend linearly on polymer concentration, as shown
we understand the sources of deviation from the SE behavior?in Figure 5A (see Supporting Information for the parameters
Association in PEG Solutions and the Depletion Interac-  ©f the linear fit). At the highest concentration of PEG 806Q2%
tion. In PEG 8000 solutions, translational diffusion obeys the 97%). the depletion energy is0.8keT. _
SE relation, but rotational motion strongly deviates from this | "€ analytical treatment of the depletion potential goes back

relation and depends only weakly on viscosity. A deviation from 10 Asakura and Oosaw#é,who modeled the macromolecular
the predictiorta = 7 is expected in this case. Figure 4 compares Solution as a solution of hard spheres. The Asak@asawa
the values calculated from eq 3, using the measured translationaf"€0rY is valid only in the limit of small polymer concentrations,
and rotational diffusion coefficients (red symbols), with the P€low the semidilute regime, as well as wter> R, (the so-

experimentally measured relative association times (greenCc@lled “colloid limit’). Interestingly, this theory, in which the
symbols). Since only the translational diffusion coefficients of dePletion potential depends on the “ideal gas” osmotic pressure

BLIP and the rotational diffusion coefficients of eGFP were ©f the solution and a geometric factor, predicts a linear depends
measured, the other required values were obtained by scaling®? Polymer concentration, similar to our experimental result.
the measured values with the ratios of volumes or radii obtained HHOWever, we found that the geometric coefficient in this theory
from the crystal structures of the proteins. The DLA values S Much too large to properly fit the experimental results, which
reasonably match the measured values at low viscosities, but'S N0t surprising considering that most PEG 8000 association
clearly deviate from them at higher viscosities, where the Measurements are within the semidilute regime, and that the
experimental relative association time plateaus, similar to the protein and poly3n71er molecules are of similar size. Sc_hwe|zer
behavior of the rotational correlation time with viscosity (see and C?‘Worke@‘ hgve devel_oped In recent years an _mtegral
inset to Figure 3), while the calculated time continues to grow. €duation theory, which takes into account the polymeric nature

It is obvious that some of the mismatch between the calculation of 1gh concentration solutions and is also valid wifes R,
and the measurement is due to the rathévexassumptions The theory was applied to measurements of the second virial

made in deriving and using eq 3, mainly that the reactive patchescoeﬁ'c'em_S OT PEG solutions of protel_ns and was shown to
are symmetric and of equal size. Observation of the crystal semiquantitatively reproduce the experimental reséfSThe

structure_ of the TEM-BLIP complex shows, though, that thes_e (27) Shaw, M. R.: Thirumalai, DPhys. Re. A 1991, 44, R4797-RA4800.
assumptions are not grossly incorrect, and we therefore believe(28) Ye, X.; Narayanan, T.; Tong, P.; Huang, J. S.; Lin, M. Y.; Carvalho, B.

that they explain only a small fraction of the deviation observed. (yg) Virea i Gracker 1 .. Lubonshy, 1 o Yomn. A RBys. Re. Lett

i ieh i 1998 81, 4004-4007.
Ong Important factp ' .Wh'Ch Is absent f“’”.‘ Fhe abOYe 30) Minton, A. P.J. Biol. Chem2001, 276, 10577-10580.
description and might significantly affect the association reaction (31) Rivas, G.; Fernandez, J. A.; Minton, A. Proc. Natl. Acad. Sci. U.S.A.
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Figure 5. (A) The depletion energy in PEG solutions calculated from the experimental data and eq 4, and shown as a function of polymer concentration.
The red line is a linear fit. (B) The repulsion energy in glycerol solutions calculated from the experimental data and eq 4, and shown as a funatien of pol
concentration. The red line is a fit to a second-order polynomial.

10 - dependence ol on concentration in Schweizer's theory, as
opposed to the linear dependence found from the experimental
values. Nevertheless, the combination of the DLA theory with
Schweizer's theory for the depletion interaction accounts for
the experimental results at least semiquantitatively. We hope
our work will encourage further theoretical efforts that will make

the agreement more quantitative.

Association in Glycerol Solutions A nonlinear dependence
of the relative association time on viscosity was found in
glycerol solutions (Figure 1). Willson and co-work&rsnea-
sured the association rates of lysozyme with monoclonal
antibodies in glycerol solutions, and their results also deviated
from the SE prediction, although the small range of viscosities
they tested precludes an accurate determination of the observed
functional dependence. Schreiber observed a nonlinear depen-

relative association time
(4]
1

0 _. S — dence of association rates of the proteins barnase and barstar in
0 5 10 15 20 25 both glycerol and sucrose solutions (unpublished data). The
deviation from the SE result found here is therefore not specific
Mass% to the protein pair studied in the current work. This deviation

Figure 6. Comparison of the experimental relative association times, plotted May be linked to a short-range repulsive force between the

as a function of the polymer concentration, to the times calculated from proteins, induced by glycerol,

DLA theory (blue line) and further corrected by Schweizer’s theory of the : .

depletion interaction (red line). Th(_a occurrence of a glycerol-induced repulsive _force between
proteins is well-documented. Farnum and Zuké'skind Blanch

depletion potentiaht contactis given in Schweizer's theory  and co-worker¥ measured the second virial coefficient in water/

by: glycerol solutions of proteins and showed that it increases with
the concentration of glycerol, indicative of increasing repulsion
U=—kTIn(1+ nnpRgza/Z) 5) between protein molecules. The effect was attributed to the
preferential hydration of proteins in glycerol solutions, which
wheren, is the number density of the polymer, aRglis the is due to the exclusion of glycerol from the hydration laffer.

dilute solution value of the radius of gyration adjusted according we suggest that the increased repulsion can also be understood
to the polymer concentratioll.We corrected the DLA relative i reference to lubrication theoffwhich calculates a repulsive
association times using eq 5 together with eq 4. The result of force between two approaching surfaces in a liquid due to the
this calculation is shown in Figure 6, in which the experimental removal of the solvent from the gap between the surfaces.

results, plotted as a function of the polymer concentratior_l N \We used eq 4 together with the experimental data to extract
mass % (w/v), are compared to the DLA theory relative ho repyisive energy as a function of glycerol concentration,
association times, shown here as a continuous curve (obtainedyp, i in Figure 5B. In this case, the dependence on concentra-

from F_igure 4 using a polynomia_l ﬁt’_ blue Iine),_and 0 tion deviates somewhat from linearity (see Supporting Informa-
Schweizer's theory-corrected relative times (red line). The

numerical values are rather close to the measured ones, but th?‘w) Xavier. K. A.- McDonald. S. M.- McCammon. J. A.- Willson. R. Brotein
functional form is clearly not quite correett continues growing Eng.1999 12, 79-83. T '

P ; FP— ; P (41) Farnum, M.; Zukoski, CBiophys. J.1999 76, 2716-2726.
instead of leveling off. This is because of the logarithmic (42) Liu, W.- Braiko, D.: Prausnitz. J. M.: Blanch. H. \Biophys. Chen2004

107, 289-298.
(39) de Gennes, P.-Gcaling Concepts in Polymer Physi€ornell University (43) Timasheff, S. NAnnu. Re. Biophys. Biomedl993 22, 67—97.
Press: Ithaca, New York, 1979. (44) Klein, J.Annu. Re. Mater. Sci.1996 26, 581—612.
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tion). At a glycerol concentration of 35 mass %, the repulsive
energy is~1 kgT, but at 70 mass %, it is already larger than
2.5ksT. From the second virial coefficient data of Liu et 4.,

it is possible to deduce a similar value for the repulsive energy
in glycerol.

Conclusions

We presented in this work a combined measurement of
protein association rate and protein translational and rotational
diffusion in two different types of solutions. In solutions of the
small viscogen glycerol, both translation and rotation follow
the predicted SE behavior at least up to a relative viscosity of
20. The association time grows nonlinearly with viscosity. This
was attributed to the effect of glycerol on the specific stage of
the association reaction, inducing short-range repulsion due to
preferential hydration of the interface and perhaps also due to
a lubrication force.

In PEG 8000 solutions, there is a dramatic difference between
the dependence of translational and rotational diffusion on the
bulk viscosity. While the former still presents the SE behavior,
the latter depends only weakly on viscosity, a phenomenon
which is akin to the rotational dynamics of colloidal particles
in colloid solutions. We found that this difference in behavior
has a profound effect on the rate of protein association, which
also shows very weak dependence on macroviscosity. However,
association times calculated from the DLA theory, taking into
account the measured values of the diffusion coefficients, Figure 7. Scheme of the association reaction in glyceret¢pand PEG
systematically deviate from the measured association times.(d—f) soIl_Jtions._In b(_)th solu_tions,_ association mus_t in\_/olve both translational
These deviations are attibuted 1o the depleton teraction, Lo ifsion, which g h o porens o e corct il
which induces effective attraction between protein molecules repuisive forces (b). In PEG solutions, the proteins, once close together,
in polymer solutions. are “trapped” in a cage of polymer molecules (e) which, in addition to

Both association stalling repulsion in glycerol solutions and E‘"O""ing tT]em ar']mOSthf“;e rgtatlior." induces a short-range attractive force
associatiorrenhancing attraction in PEG 8000 solutions can etween them through the depletion mteracuon' .
be seen as manifestations of a similar phenomenon, namely'concentrated macromplecular solutlor)s resembling the c.rowded
preferential hydratioA® We were able to extract the energies cytoplasm of cells (Figure 7). The first and foremost is the

: . . dynamic effect, due to relative changes in translational and
involved mthe two processes from the expgr_lmen_tal teiline rotational diffusion of macromolecules. The second is the
results of this paper therefore offer a unified picture for all

ific effects involved in th tei iati effective interaction between the two proteins induced by the
nonspecilic etfects involvea In e protein association process. o), sy at short distance. This interaction could be attractive,
In principle, they should allow the calculation of association

t f oth teins i . luti ith onlv the rat as in PEG solutions, or repulsive, as in glycerol solutions.
rates ot other proteins in various solutions, with only the rate Particularly interesting is the finding that the bulk viscosity of
in water solution measured, by using a combination of DLA

. ) . a macromolecular solution is not a good predictor of the
theory and the preferential hydration energies. association rate. The important implication of this finding is

In addition to the fundamental importance of our results as a that, contrary to rize thought, the crowded cellular environment
means to validate theoretical concepts, they also shed new lightyoes not significantly hinder protein association.

on the possible influence of the high concentration of macro-
molecules within the so-callectowdedenvironment of living
system& and on the interactions between them. Indeed, a major
criticism of in vitro studies of protein association is that, in vivo
the conditions are very different from the ones in the test tube;
20—30% of the cell mass and volume is occupied by macro-
molecules, such as membranes, proteins, ribosomes, an
RNA 846470Qur experiments show that two types of effects are
important in determining the protein association rates in
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