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terize the details of a cycle of another oscillatory reaction. 
Some of the above studies could be done easily, while 

others would require additional apparatus. Any study of 
a system as complex as this will always leave loose ends 
and suggest further tests. We believe that the work re- 
ported here provides a sufficient extension of under- 
standing to justify publication at  this time. 
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Dynamic effects of a model pair correlation function and Oseen’s tensor hydrodynamic interactions are included 
in the study of the kinetics of protein domain coalescence using the numerical approach of Zientara, Nagy, 
and Freed [J. Chem. Phys., 73,5092 (1980)l. Modifications to the previously reported results due to hydrodynamic 
drag and either Debye-Huckel or Coulombic electrostatic forces are presented. A model domain pair correlation 
function is also incorporated to more accurately simulate the spatial and energetic aspects of hydrophobic bonding. 
Applying this extended model, the variation of coalescence lifetimes with ionic strength and temperature is 
then calculated and discussed with reference to published experimental data. A frequently observed but 
anomalous temperature variation in a renaturation rate constant is explained by our results. 

I. Introduction 
An analysis of the kinetics of protein domain coales- 

cence, an elementary step in the complex protein folding 
process, has previously been introduced by Karplus and 
Weaver’ in terms of a diffusion-reaction model. The 
analytic results of their model for the mean lifetime of 
uncoalesced domains in the limit of low coalescence 
probabilitylb (Le., reactivity) complement the study of 
Adam and Delbruck,2 who discussed the mean lifetime of 
reactive species confined to finite spatial domains in the 
limit of infinite reactivity. Recently, the first passage time 
approach of Szabo et al.3r4 has unified previous theories 
by consideration of the complete range of reactivities. 
These studies provide an excellent mathematical basis for 
the study of protein domain coalescence assuming simple 
domain interactions. The restriction to simple interactions 
is due to the analytical mathematical difficulties in solving 
the Smoluchowski equation with a general interaction 
potential, V ( r ) .  

Model systems of protein dynamics, however, must in- 
clude protein-solvent, protein-ion, and protein-protein 
interactions so that model results can be useful in pre- 
dicting and interpreting experimental data. In order to 
present a method which allows an unrestricted choice of 
domain-domain and domain-olvent interactions, Zientara 
et (hereafter referred to as I) have employed numerical 
solutions of the Smoluchowski equation to calculate the 
mean lifetime of coalesced domains. The model utilized 
in I is based upon that of Karplus andd Weaver’ modified 
to include the orientation dependence of domain reactiv- 
ities, interdomain electrostatic forces mediated by a solu- 
tion with a finite ionic strength, and the effects of domain 
hydration shells. 

In this study we first discuss hydrodynamic effects on 
the simple Brownian diffusive motion of the protein do- 

+ Supported by NIH Grant GM-25862 and NSF Grant CHE 80- 
24124. 

mains. This modification is included through Oseen’s 
tensor ,corrections to the diffusion tensor and is applied 
in the study of domains interacting through Debye-Huckel 
or Coulombic potentials. Also, the hydration shell struc- 
ture that provides the energy barrier involved in hydro- 
phobic bonding in protein systems is simulated by em- 
ploying a model domain-domain pair correlation function 
within the mathematical framework of I. The ionic 
strength dependence of the coalescence lifetimes is then 
described by a Debye-Huckel interaction including hy- 
drodynamic effects. Finally, the variation in the rate of 
coalescence with temperature is examined for different 
cases of electrostatic interactions. 

The discussion of the theoretical and numerical aspects 
of the calculations is contained in section 11. The general 
effects upon predicted values of mean coalescence lifetimes 
of hydrodynamic terms and a pair correlation function are 
presented in section 111. In section IV the ionic strength 
and temperature dependence of coalescence rates are 
discussed and compared with experiments. A summary 
of the results of this study appears in section V. 

11. Theory 
Hydrodynamics. The calculation of the mean lifetime 

of uncoalesced protein domains has been developed in I 
through numerical solutions of the Smoluchowski equation 

(1) (a) M. Karplus and D. L. Weaver, Nature (London), 260, 404 
(1976); (b) M. Karplus and D. L. Weaver, Biopolymers, 18,1421 (1979); 
(c) D. L. Weaver, Biophys. Chem., IO, 245 (1979); (d) D. L. Weaver, J. 
Chem. Phys., 72,3483 (1980). 

( 2 )  G. Adam and M. Delbrtick, in “Structural Chemistry and Molec- 
ular Biology”, A. Rich and W. Davidson, Ed., Freeman, San Francisco, 
1968. 

(3) A. Szabo, K. Schulten, and Z. Schulten, J .  Chem. Phys., 72, 4350 
(1980). 

(4) The fiist passage time approach is reviewed by N. S. Goel and N. 
Richter-Dyn, “Stochastic Models in Biology”, Academic Press, New York, 
1974. 

( 5 )  G. P. Zientara, J. A. Nagy, and J. H. Freed, J. Chem. Phys., 73, 
5092 (1980). 
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with a “sink” or reaction term 
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unconnected domain centers at infinite separation, which 
is equal to the sum of their individual Stokes-Einstein 
values assuming stick boundary conditions at the domain 
 surface^.^ TJ is the solvent viscosity, kB is the Boltzmann 
constant, and T is the absolute temperature. 

Earlier studies8s9 of diffusion-controlled reaction dy- 
namics in infinite spatial domains have discussed the 
adequacy of Oseen’s tensor as an approximation to the 
general Stokes’ tensor. Also, others’O have studied the 
appropriateness of a slip rather than stick boundary con- 
dition in an analysis of macromolecular diffusion and a 
hydrodynamic description which accounts for the struc- 
tural nature of protein which are idealized 
as impenetrable hard spheres in the derivation of eq 3, yet 
are known to be flexing structures, in some cases penetr- 
able by solvent molecules. After considering these anal- 
y s e ~ , ~ ’ ~  we have employed Oseen’s tensor with stick 
boundary conditions; however, we recognize that these 
assumptions can overemphasize the effect of the hydro- 
dynamic interactionlo by a factor of -1-1.5. 

In I and this work we explain the diffusion-reaction 
approach to domain coalescence through the motion of two 
spherical domains which are assumed to be connected by 
a flexible, noninteracting chain. This simplifying as- 
sumption neglects the various dynamical (including ex- 
cluded volume) and electrostatic contributions to domain 
motion due to the intervening chain and solvent-chain 
interactions. 

To include chain effects in segmental motion without 
direct modeling of chain dynamics, one may utilize the 
approximation of an “internal viscosity”16 applicable to 
chain elements. An internal viscosity is employed to de- 
scribe the motion of a particular chain element inde- 
pendent of all individual intrachain interactions. The 
concept of an internal viscosity was used recently to 
qualitatively explain fluorescence decay experimental data 
by Haas et a1.l’ Their experimental observations are also 
supported by the polymer chain molecular dynamics sim- 
ulations of Gottlib et al.18 The internal viscosity, Tint, is 
taken to vary as tint = A + BqWlv where q,,lv is the solvent 
viscosity and A and B are functions of temperature, ionic 
strength, and molecular properties of the chain and solvent. 
The effects of qint have been considered in this study with 
reference to the temperature dependence of the mean 
coalescence lifetime, through an ad hoc modification of TJ 
appearing in eq 3b. 

Pair Correlation Functions. The use of Oseen’s tensor 
to describe deviations from simple Brownian diffusion is 
clearly more appropriate for dynamical modeling in the 
cases of large separation of domains. The short range 

c 1 1 
V g ( r , t )  + -P(r,t)V,U(r) + K(r)P(r,t) (1) 

kBT 

where P(r,t) is the probability distribution of domain pairs 
at separation r at time t influenced by a potential U(r). 
The spatial dependence of irreversible domain reaction is 
described through K(r). Complete details of the theo- 
retical treatment can be found in I. The probability dis- 
tribution of uncoalesced domains can be calculated using 
finite difference methods BS applied earlier by Zientara and 
Freed! The spatial integral of the probability distribution 
can be related directly to a dimensionless mean lifetime, 
7*, as follows. One first Laplace transforms P(r,t) 

then we obtain 

P(u) = I&,.) d r  (2b) 

T* P(U)/[l - U P ( U ) ]  (2C) 

which then yields 

where t’ = tD/d2 and uP(u) is the probability the domains 
have not coalesced irreversibly for given u. The distance 
of closest approach of the domains is d = r, + rb, with r, 
and rb the domain radii. (The constant D is discussed 
below.) For u << 1, eq 2c yields a a-independent 7* value, 
consistent with the first passage time, i.e., single mode, 
approximation. 

In the absence of interdomain forces, i.e., V(y) = 0, the 
integral formulas of Szabo3 may be solved exactly for T* 

even with the spatially dependent diffusion coefficient, 
D(r) = kT[Gr~~d]-l [l - 3d/4r], that arises from Oseen’s 
tensor. The method of I enables us to extend this hy- 
drodynamic treatment in the presence of interdomain 
forces. 

Using the general form of the Smoluchowski equation, 
eq 1, which retains the full properties of the diffusion 
tensor D ,  we can include the effects of hydrodynamic drag 
in our calculation. A hydrodynamic treatment of the 
motion of solute particles includes the consideration of 
either a slip, stick, or mixed boundary condition at the 
surface of an impenetrable sphere considered to be moving 
in an imcompressible fluid which is a t  rest a t  in fin it^.^ 
The motion of the solute particles sets up a velocity gra- 
dient in the surrounding fluid medium so as to oppose their 
relative diffusion, and this velocity gradient does depend 
on the boundary conditions between solute and solvent 
medium. As in the analysis of diffusion-controlled reac- 
tions by Deutch and Felderhof? we will study the hydro- 
dynamic effects on the dynamics of our system by the use 
of a spatially dependent diffusion tensor 

D(r) = DI - 2(kBT)T(r) ( 3 4  

T(r) = (Brqr)-l[I + rr(r2)] (3b) 

Here D = D, + Db is the relative diffusion coefficient of 

where Oseen’s tensor is introduced 
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(1976); (c) 0. R. Bauer, J. I. Brauman, and R. Pecora, J. Am. Chem. SOC., 
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Systems”, Springer-Verlag, Berlin, 1980. 
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(17) E. Haas, E. Katchalski-Katir, and I. Z. Steinberg, Biopolymers, 
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enters the Smoluchowski e q ~ a t i o n , ~  we rewrite eq 4 as 
Um(y) = -In g’(y) + U(y)  (5) 

In order to attempt to model the domain pair correlation 
function, we will concentrate on the empirical form given 
by the damped oscillatory function 

1 + go cos[A~Cy - 111 exp[-X,b - 01 (64  g’(y) 
for 1 < y C YN 

with 
g’(y) = 0 if y C 1 or y > YN (6b) 

The boundary conditions of eq 6b are a restatement of the 
domain hard-sphere assumption5 and the extent of the 
finite spatial domain. Since protein domains are not 
uniformly hydrophobic, their interactions with the solvent 
will be nonneglible. Therefore, g‘(y) does not exactly 
represent the pair correlation arising solely from repulsive 
interactions, g(O)(y), as in the theory of Pratt and Chan- 
dler,27 yet the approximation is consistent within our ap- 
proach which considers an orientational average of re- 
activity or hydrophobicity. Thus, the hydrophobic patches 
on the surface of a domain that eventually will compose 
the reactive site in coalescence will necessarily have a 
solvation character closely resembling the results of the 
recent computational An alternate description 
of solvation effects on the coalescence process would be 
necessary if it were completely dominated by the inter- 
actions of ionizable groups. 

We can relate the thermodynamic quantities discussed 
in I to the modeling parameters using eq 5 and 6. First 
we have the coalescence energy5 

U, Um(l) = -In [l + go] + U(1) ( 7 4  
and next the magnitude of the activation barrier encoun- 
tered prior to domain contact 

u a c t  E maxlUmb)J = um(Y,) 

U, is equal to the difference in the standard molar Gibbs 
free energies of coalesced and uncoalesced domains 
through eq 50-52 of I. Explicitly, Uact is the activation 
energy for the primary hydration shell (located a t  (r-d) 
N 1.4 A) penetration process while Uact - U, is the acti- 
vation energy of domain dissociation. 

The radial distance from a domain center to the primary 
solvation shell, yH, is just the location of the global min- 
imum in g(y) and is a constraint on the choice of the 
modeling parameters Xo and XI. Likewise, calculated 
spatial correlations for hydrophobic spheres in water damp 
significantly beyond a distance equal to -2-3 times the 
diameter of a water molecule. This limits the range of 
suitable choices of X1 (with XI-’ playing the role of a cor- 
relation length). Also, the location of the second maximum 
in g(y) farthest from y = 1 is strongly dependent on the 
choice of Xo and X1. For the calculations of section IIIB 
we have used these constraints to determine the parame- 
ters go, Xo, and XI. The decay of spatial correlations by 
(r-d) = 1.4 b, then requires Xo = 15. This produces a 
second maximum in g(y) a t  separation (r-d) = 3 b, as 
desired. We have also studied the case where the mini- 
mum of g(y) occurs at  a greater separation, (r-d) = 2.5 A, 
because of the uncertainty in values to be used when the 
spatial coordinates of domain structures have been aver- 
aged over orientations. Equation 7a was used to set the 
value of go based on the coalescence energy studied. The 
activation energy, Uact, is then regarded as a function of 

(7b) 
1 5 y 5 y N  

go, lo, and A,. 

dynamical characteristics of two reacting particles in so- 
lution are included employing a reactant pair correlation 
function which, theoretically, contains statistical infor- 
mation about all solvent-reactant interactions, solvent- 
solvent interactions, and reactant and solvent molecular 
structure that will possibly moderate ideal Brownian dy- 

We have shown in I that the pair correlation function 
is related to an effective interdomain potential of inter- 
action. The extreme importance of solvation effects in 
hydrophobic bonding2lP2’ necessitates the incorporation of 
either an interaction potential or pair correlation function 
in modeling. In I we chose an approximate radially de- 
pendent gaussian form of the domain pair mean potential 
energy due to solvent-domain interactions. To a first 
approximation this simulated a single solvent shell or 
solvent cage barrier to diffusion with facilitated motion 
upon penetration of the solvent cage (see also ref 23). 

Within our approach, we assume spherical hydrody- 
namic qualities of globular domains whose equilibrium 
properties are sufficiently described through the use of a 
single radial pair correlation function.24 This assumption 
will not be valid when considering proteins in solutions 
containing denaturing solutes at concentrations which may 
appreciably alter the domain structure, or at  very high 
temperatures. Within the bounds of the assumption of 
spherically symmetric domain properties, information 
re;mding the solvation of macromolecules can be extracted 
frcm published of solutes in water and applied 
to protein domains existing during intermediate protein 
folding stages. 

In this study we employ a model domain pair correlation 
function in the Smoluchowski equation. The domain pair 
correlation function written in terms of y, the dimen- 
sionless radial domain separation, is g(y) (cf. I), which is 
related to the dimensionless interdomain potential, UmCy) 
= Um(r)/kT, by 

gcY) = ex~[-UmCy)l (4a) 

gb) = g’b) exp[-UCy)l (4b) 
where g’Cy) represents the effects on the pair correlation 
function from domain-solvent and solvent-solvent inter- 
a c t i o n ~ ~ ~ . ~ ’  and U(y) is the separable portion of the do- 
main-pair potential (assuming pairwise interactions) used 
to express the shielded electrostatic interaction between 
the domains. Since the potential of mean force Um(y) 

namics,9>15,19,20 

which can be rewritten as 

(19) (a) S. H. Northrup and J. T. Hynes, J. Chem. Phys., 71,871,884 
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261 (1980). 

(20) L.-P. Hwang and J. H. Freed, J.  Chem. Phys., 63, 4017 (1975). 
(21) (a) Y. Paterson, G .  Nemethy, and H. A. Scheraga, Ann. N.Y. 

Acad. Sci., 367, 132 (1981); (b) G. Nemethy, W. J. Peer, and H. A. 
Scheraga, Ann. Rev. Biophys. Bioeng., in press. (c) R. Wolfenden, L. 
Andersson, P. M. Cullis, and C. C. B. Southgate, Biochemistry, 20, 849 
(1981); (d) H. A. Scheraga, Ace. Chem. Res., 12, 7 (1979). 

(22) G. Nemethy and H. A. Scheraga, J. Phys. Chem., 66,1773 (1962). 
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(23) E. Clementi, “Computational Aspects for Large Chemical 
Systems”, Springer-Verlag, Berlin, 1980, p 91. 
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domain hydrophobic, hydrophilic, and electrostatic properties. 

(25) C. Pangali, M. Rao, and B. J. Berne, J .  Chem. Phys., 71, 2975, 
2982 (1979). 

(26) J. C. Owicki and H. A. Scheraga, J .  Am. Chem. SOC., 99, 7413 
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(28) A. Geiger, Ber. Bunsenges. Phys. Chem. 85, 52 (1981). 
(29) G. Corongiu and E. Clementi, Biopolymers, 20, 551 (1981). 
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Application to Experimental Observations. The use of 
a pair correlation function to explicitly include solvent 
effects in diffusion-reaction models permits the numerical 
study of both domain association (Le., coalescence) and 
dissociation processes. This follows from the application 
of the standard treatment of kinetics of reactions in li- 
q u i d ~ ~ ~  to our consideration of domain coalescence. 
Phenomenologically, the overall observed rate of formation 
of a folded protein can be described by considering the 
mechanism 

.... + domain(A) + domain(B) 2 k 

kr 

(AB)domain-pair .... 
where nucleation steps form the spatially separated do- 
mains, prior to the coalescence step. Following coalescence, 
further folding steps add to the structure of a coalesced 
domain-pair till final formation of the native protein. 

For k >> k', this simple picture allows us to relate the 
calculated coalescence lifetime to the kinetic parametersN 

[~*d ' /Dl - '  = 7-l = k f / ( l  + k , / k )  (8) 
where T has the units of seconds and kf and k ,  are the 
specific rate constants of domain association and disso- 
ciation, respectively. Also, k 5 KA$/d2 is the rate constant 
describing the depletion of domain pairs in contact, so its 
value is an adjustable parameter in our calculations from 
which we consider the time dependence of the coalescence 
step only. Once the physical quantities that characterize 
the domain-pair system have been specified and inserted 
in the model, the predicted values for kf and k, can be 
determined numerically by two calculations. Using the two 
limiting cases of eq 8, we obtain 

i' N kf for k >> 1 ( 9 4  

T-' N ( k f / k , ) k  for k << 1 (9b) 
It is important to note that since few experimental protein 
studies conclusively distinguish both the kinetic and 
structural features of folding intermediates, the assignment 
of kinetic constants to a particular folding step, whether 
a fast step or slow step, is often based only on qualitative 
arguments. Thus, assignment of experimentally measured 
reaction rates to domain association and dissociation is 
most frequently conjecture. Yet, the mechanism of the 
rate-limiting step in protein folding remains particularly 
important in protein studies. There exists no clear evi- 
dence that domain coalescence is the event which generally 
constitutes the slowest step in protein folding. For exam- 
ple, in an investigation of ribonuclease A folding in solvents 
of varying composition, Tsong and B a l d ~ i n ~ l s ~ ~  did not 
observe changes in the rate of the slow step of folding, as 
would be predicted from a mechanism described by dif- 
fusion-controlled domain coalescence. The ionic strength 
and temperature dependence of folding rates from other 
published experimental works are, however, correlated with 
the predictions of our model calculations in section IV. 

In the limit that folding steps prior to and following 
coalescence occur on a shorter time scale than coalescence, 

and 
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(30) G. G. Hammes, 'Principles of Chemical Kinetics", Academic 
Press, New York, 1978). 

(31) T. Y. Tsong and R. L. Baldwin, Biopolymers, 17, 1669 (1978). 
(32) Tsong and Baldwin (ref 31) studied the viscosity dependence of 

ribonuclease A folding using sucrose and glycerol viscanta. However, the 
effects of sucrose and glycerol on protein structure stabilization have 
recently been examined by J. C. Lee and S. N. Timasheff, J. Bid.  Chem., 
256,7193 (1981), and K. Gekko and S. N. Timascheff, Biochemistry, 20, 
4667, 4677 (1981), respectively. 

I 

Flgure 1. T * ~ ~ , ~ / T " ~ ~ ,  the ratio of the mean coalescence lifetime 
including hydrodynamic effects and the nonhydrodynamic value, vs. 
Z,Z,, the product of the domains' electronic charges. Input includes 
K = 5 X lo5, y N  = 11, r a  = rb ,  AI = 0.01, N = 100, and an isotropic 
uniform initial condition. Also, the protein is assumed to be in a 0.15 
M unlvalent salt solution, d = 10 A, t = 80, and T = 293 K, so K& 

= 1.272. 

other relevant quantities can be obtained from the model. 
Equation 9 can be related to protein denaturation or 
melting curve data through the percent of denatured 
protein 

1 

x 100 p(T) = 1 + K(T)  (10) 

where K(7') = k f / k ,  is the ratio of native to denatured 
protein concentrations at  equilibrium. 

Numerical Considerations. The computational details 
of applying Oseen's tensor within the domain coalescence 
algorithm of I concern the use of the modified finite dif- 
ference transition matrix, W ,  whose elements have been 
derived previously by Pedersen and Freedg and Hwang15 
and are amended as in I due to our use of an outer re- 
flecting wall boundary condition, which mathematically 
imposes the finite extent of the accessible diffusive range 
of the domains. 

It is an assumption of this work that the introduction 
of hydrodynamic interactions and the use of model pair 
correlation functions still permits the approximation of the 
mean coalescence lifetime arising from a single exponential 
decay p r o ~ e s s . ' - ~ ~ ~  Each calculation of T* by our method 
involves a single matrix inversion readily accomplished on 
a small core computer taking advantage of the banded 
structure of the transition matrix (cf. eq 26-28 of I). 
Unlike I, the results discussed in this paper have been 
calculated assuming an isotropic orientational distribution 
of domains. Further, a uniform orientation dependence 
of domain interactions and motion is assumed. 

Since coalescence lifetime calculations involving a pair 
correlation function have been found to require smaller 
finite difference nodal separations (as compared to the 
values noted in I) for reduction of error, a discretization 
of 800 (= N) nodes was used in the pair correlation portion 
of this study. Our tests of convergence showed that the 
numerical results changed by less than 1% when an ad- 
ditional 100 spatial increments were used, confirming the 
good level of numerical accuracy. Effects of hydrodynamic 
corrections in the absence of any interdomain forces (i.e., 
U,(y) = 0) were calculated and found to correspond to the 
analytical results of Szabo et al.3 with negligible (<1%) 
error. 

111. Results of the Extended Model 
A.  Hydrodynamic Effects with Forces Present. Figure 

1 displays the deviation in the mean coalescence lifetime 
when electrostatic forces and hydrodynamic interactions 
are present ( T * ~ , % ) ,  as compared to the nonhydrodynamic 
case ( 7 ~ * ~ ) .  These results correspond to kf' (since K >> 1) 
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TABLE I :  
Effects of a Model Pair Correlation Funct ion and 
Hydrodynamic Interaction' 

Mean Coalescence Lifetimes Including t h e  

7 * F P . O S X  10 __ -.__I_ - - __ - Uact, 
kcali U ,  = -1.0 U ,  = - 1 . 5  11, = - 2.0 U, = .  2.5 
mol kcal/mol kcal/mol kcal/mol kcalimol 

2.5 25.4 (26 .1)b  25.5 (26 .2 )  24.1 (23 .4)  1 8 . 6  (22 .8)  
2.0 16 .2  (17 .9)  15 .5  (17 .3 )  14 .6  (15 .5)  13 .1  (14 .9 )  
1.5 12 .0  (12 .8)  1 1 . 5  (12 .1)  10.7 (11 .2 )  10.0 (10 .4)  
1.0 9.4 (9 .7)  9.0 (9.1) 8 .6  (8 .6)  8.2 (7 .9 )  
0.5 7.8 (7 .4)  7 .5  (6 .9 )  7.2 (6 .5)  7.0 (6 .1 )  
0.1 7.0 (5 .9 )  6.7 (5 .5 )  6.6 ( 5 . 2 )  6.5 (5.0) 

a Constant input  includes Y N  = 11 ,  T = 2 9 3  K, K = lo'', 
A I = 0.01, ra = rb, N = 8 0 0 .  The pair correlation funct ion 
used is given by eq 6 with ( y ~  - l ) d  2 1 . 4  A for  d = 10 A .  
Modeling parameters lie in t h e  ranges 14 .5  < h,, < 18 and 
9 . 5  < A ,  d 38.2. The value of g ,  for each U ,  can be ob- 
tained from e q  7a,  noting U(1)  = 0 in this example.  An 
isotropic initial condition with y I  = 11 was used for  each 
calculation. No electrostatic forces were included. For 
the input  given, the  corresponding force free result is 
T * ~ ~ =  7.6  X l o 2 .  The results in parentheses were cal- 
culated with input  identical with tha t  in footnote  a except 
that  the primary activation barrier was moved outward,  
(.vH - 1)d  : 2.8 .4 for d = 10 A .  Modeling parameters 
then ranged from 4.6 G A , ,  sc 1 1 . 3 a n d  6 < A ,  G 12.  

and are presented for the cases of Debye-Huckel and 
Coulombic interactions. The Coulombic case is, of course, 
the limit of the Debye-Huckel calculations for zero ionic 
strength. In the range of electrostatic repulsions between 
domains 0 5 z,zb S 20 it is observed from Figure 1 that 
hydrodynamic interactions cause an increase by a factor 
of -1.5-2.75 in the coalescence lifetimes compared to those 
predicted in I. Domains experiencing attractive electro- 
static forces are found to be generally unaffected by hy- 
drodynamic effects. This corresponds to the results for 
solute attraction obtained in studies of diffusion in infinite 
spatial  region^.^^^*'^ The results in Figure 1 may be re- 
garded as an upper bound for hydrodynamic effects since 
we have used stick boundary conditions (see previous 
section), while the results for T * ~ ~  give the lower bound. 
The ratios of Figure 1 can be used to obtain numerical 
values of 7*Fp,Os by reference to Figure 5 of I. 

Deutch and Felderhofs observed that hydrodynamic 
effects become most significant in the case of equal reac- 
tant size, causing a decrease in the reaction rate by a factor 
of - 1-2 depending on reactant electrostatic charge. 
Therefore, in this study we have restricted our calculations 
to the case ra = rb = d / 2 ,  where ra and rb are the domain 
pair radii. The importance of hydrodynamic terms in 
diffusive dynamics including Debye-Huckel electrostatic 
reactant interactions has also been studied numerically by 
Pedersen and Freede and Hwang,I5 who found similar 
decreases in predicted reaction rates. 

Our numerical studies show the insensitivity of T*FP to 
hydrodynamic interactions in the slow reaction limit that 
may also be seen from Szabo's first-passage time ap- 
p r ~ a c h . ~  In the diffusion-controlled limit Szabo's formulas 
assert the importance of hydrodynamic corrections and 
interdomain interactions, since T* is highly dependent on 
the reactant dynamics, also in agreement with our results. 

B. Model Domain Pair Correlation Function. Table 
I contains results for coalescence lifetimes obtained when 
a model pair correlation function and hydrodynamic effects 
are included. The values in Table I were obtained for the 
K - 03 limit where T * F P , O ~  = kf l  (cf. eq 8 and 9a). As 
expected, the mean coalescence lifetimes reflect the pri- 
mary activation barrier height, but the rate of coalescence 
assumes a partial diffusion-controlled character. In the 

Flgure 2. g 'v ) ,  the model pair correlation function vs. interdomain 
separation, y .  The solid curve corresponds to a case in which U ,  = 
-1 kcal/mol and U,, = 1 kcal/mol, modeled with input go = 4.6, h, 
= 10 and A, = 6. The broken curve corresponds to a case in which 
U, = -0.5 kcal/mol and U,, = 0.2 kcallmol, modeled with input g o  
= 1.4, A, = 10, and A, = 6. The location of the primary activation 
barrier is CyH - 1)d 2.5 A as shown, if d = 10 A. 
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Figure 3. U,(y), the domain-domain potential of mean force vs. 
interdomain separation, y .  Both the solid and broken curves refer to 
the respective curves of g v )  seen in Figure 2: (solid curve) U ,  = -1 
kcal/mol and Uaa = 0.2 kcal/mol; (broken curve) U,  = -0.5 kcal/mol 
and U,,, = 0.2kcallmol. 

range of Uact between 1 and 2 kcal/mol, T * ~ ~ , ~ ~  varies 
approximately linearly with U,,, for constant U,. In con- 
trast, T * ~ ~ , O ~  is slowly varying as U, is progressively made 
large and negative, indicating that the effective domain 
attraction experienced after penetration of the hydration 
shell does not significantly increase the forward rate of 
coalescence, although it is important. 

Figure 2 shows the form of g'(y) used in this study, with 
the corresponding potential of mean force, U,(y), illus- 
trated in Figure 3. Recall that the pair correlation 
function includes the effects of solvent-solvent and sol- 
vent-domain interactions. The thermodynamically rele- 
vant quantities from eq 7, U, and Uact, therefore are 
measures of the solvent structure surrounding a hydro- 
phobic solute or, here, a domain with an averaged hydro- 
phobic character. Values for the thermodynamic quan- 
tities describing the formation of hydrophobic bonds be- 
tween amino acid side chains have been given by Nemethy 
and ScheragaZ2 and others.21 Values of molar AGO for 
amino acids reported for 25 "C range from -0.3 to -1.6 kcal. 
The total hydrophobic bonding energy of domain coales- 
cence, U,, is then a s u m  of the contributions of side chains 
participating in bonding. The value of Uact includes the 
effects of possible hydrogen bonding between protein 
segments and water and between individual water mole- 
cules in the surrounding hydration shell. Restructuring 
of the hydrogen bonds that exist in the solvent cage sur- 
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Flgure 4. Plots of In [ T ' ~ , , , , , J T + ~ ]  vs. p112 for different values of the 
product of domain charges. 7*FP,Lh/7*ocl Is the ratb of the coalescence 
lifetime including the effects of Debye-Huckel electrostatic interactions 
to that obtalned for uncharged domains. p1I2 is displayed in units of 
MI'*. Input includes T = 310 K, d = 10 A, c = 80, K = lolo, ra = 
rb,  N = 100, A, = 0.01, and an isotropic, uniform initial conditlon. 
T*-(K--) = 6.7 X l o 2  is the force free result. 

rounding the domains can produce a marked variation in 
U& Though the rate of domain coalescence and the rate 
of dissociation are functions of U,(y), the rate of disso- 
ciation exhibits the stronger dependence with k ,  0: 
exp[-(Uact - Uc)] .  (Note: U,, and Uc are dimensionless 
here.) 

Experimental studies of protein denaturation commonly 
take advantage of solvent structure perturbation tech- 
niques. An important solvent effect of a denaturant is the 
disruption or reformation of the hydrogen bonding net- 
works in which influences the clathrate structure 
around protein side chains.34 Denaturants generally re- 
d ~ ~ e ~ ~ i ~  the magnitude of AGO of folding (thus reducing 
Uc in our analysis), although exceptions exist in certain 
concentration ranges and temperatures. noted in 
a study of trypsin folding that alcohol denaturant effects 
included a decrease in the apparent activating energy 
governing renaturation (i.e., Uact). Additional solution 
components that hydrogen bond with protein segments can 
also sterically interfere with folding events, a different 
mechanism than solvent structure perturbation. 

The sensitivity of the rate constant of coalescence to the 
hydration shell parameters is shown in the results of Table 
I, through the change in T * ~ , &  as the magnitudes of both 
U,, and Uc vary. Though the dependence of T * ~ ~ , ~ ~  on 
Uact and Uc differs, a net decrease in 7*Fp,Os is observed 
as the magnitudes of both Uc and U,, decrease. In cases 
of IUcl > U, and U,, < 1 kcal/mol the predicted lifetime 
is actually shorter than the result in the absence of any 
activation barrier, where Uact = U, = 0 (cf. footnote a, 
Table I). The results of Table I demonstrate that r*Fp,b 
is dependent on the energetics of coalescence such that 
0.5-1.0 kcal/mol variations in the thermodynamic quan- 
tities associated with hydrophobic bonding, Uc and Uact, 
would produce experimentally observable variations in the 
time dependence of coalescence. From the data of ref 21 
and 22 we note that a variation in Uc of 0.5-1.0 kcal/mol 
could be attributed to the formation or lack of formation 
of as few as - 1-3 hydrophobic bonds between amino acid 
side chains. 

IV. Comparison with Experimental Results 
A. Dependence of k f  on Ionic Strength. In Figure 4 we 

exhibit the ionic strength (Le., p )  dependence of 7*m,& for 
several cases of charged domains including both electro- 

(33) F. Franks and D. Eagland, CRC Crit. Rev. Biochem., 3,165 (1975). 
(34) J. F. Brandta, J. Am. Chem. SOC., 86,4291 (1964); 89,4826 (1967). 
(35) F. M. Pohl, Eur. J. Biochem., 7, 146 (1968). 
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Flgure 5. Plots of In [k , (p) /k lo]  vs. pl'* for different positive values 
of Z,Z,. kI0 is the predicted rate constant for coalescence at p = 
lo-' M, specific to the value of Z,Zb. Circles are temperature-jump 
data of Pohl (ref 40) for the ionic strength (LiCI) depencence of trypsin 
folding at pH 2.2. Numerical results were calculated using the input 
K = loe, N = 100, y N  = 11, d =  10 A, T =  37 OC, A, = 0.01, ra = 
r b ,  and a uniform isotropic condition. Hydrodynamic effects are in- 
cluded in these results. 

static and hydrodynamic interactions. We have used T*& 

to represent the coalescence lifetime for uncharged do- 
mains including Oseen's tensor hydrodynamic interactions. 
Computed in the limit K - 03,  our calculations yield values 
of 7*Fp,Os = k f l .  The results for p 2 0.01 reveal an ionic 
strength variation similar to that of freely diffusing charged 
reactants in solution,30 i.e., In [ k f / k &  = O)] a ZaZbKDHd/(1 
+ KDHd), with the inverse of the Debye length KDH a p1I2. 
All results in Figures 1 and 4 were obtained within the 
range of validity of Debye-Huckel ionic strength,36 i.e., 
KDHd 5 3. In our calculations we assumed that the di- 
electric constant of water is independent of the ionic 
strength. This is known to be a good a p p r o x i m a t i ~ n ~ ~ ~ ~ ~  
even for the maximum mole fraction of ions considered 
N 0.02) which corresponds to p = 0.4 M to p = 0.15 M. 

For charged domains with IZazbl 2 10, Figure 4 shows 
a strong ionic strength dependence of 7*Fp,os displaying 
approximately an order of magnitude variation as p de- 
creases from 0.15 M to 0.001 M. A weaker ionic strength 
dependence is obtained for domains where the magnitude 
of the net charge product is 5 10. 

Strongly acidic (or basic) experimental conditions will 
generally protonate (or deprotonate) all solvent-exposed 
ionizable protein groups. In both these pH limits domains 
will typically carry like charges and Z,zb will be positive. 
Predictions for the ionic strength dependence of the coa- 
lescence rate constant, k f ,  are shown in Figure 5 for several 
values of zazb > 0. The variation in k f ( p )  is shown relative 
to the low ionic strength ( p  = M) limiting value. The 
predicted rate of coalescence increases significantly, for 
fixed z,&, reflecting the effect of ionic shielding of the 
repelling domains. Temperature-jump data of trypsin 
folding from Poh13 recorded under strongly acid conditions 
are compared to the predictions in Figure 5. However, the 
trypsin results of Pohl refer to a single rate-limiting folding 
step whose mechanism has not yet been determined ex- 
perimentally. 

A complication in the analysis of experimental data is 
encountered when attempting to use the results shown in 
Figure 4 for predictive purposes due to the variation of 
protein charge with the solvent ionic strength.40 Hammes 

(36) G. Bell, S. Levine, and L. McCartney, J .  Colloid Interface Sci., 

(37) H. S. Harned and B. B. Owen, "The Physical Chemistry of 

(38) (a) G. Scatchard, Chem. Reu., 19, 309 (1936); (b) J. Wyman, J .  

(39) F. M. Pohl, FEBS Lett., 3, 60 (1969). 

33, 335 (1970). 

Electrolyte Solutions", 3rd ed., Reinhold, New York, 1958. 

Am. Chem. Soc., 58, 1482 (1936). 
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and AlbertqP' hve discussed the use of an average protein 
charge to simplify this problem, recognizing that the av- 
erage value represents an approximation appropriate over 
a small range of both pH and ionic strength. The results 
of our calculations can be used to analyze experimental 
observations if the protein charge (Le., value of ZaZb) is 
changed as p is changed. We first note that each curve 
in Figure 4 was calculated for a specific value of z a z b .  As 
p is increased, the mean coalescence time for domains with 
fixed charge will increase (for z a z b  < 0) or decrease (for 
z a z b  > O) ,  to the limit T * F ~ , o ~ ( ~  >> 1 M) = r*os. The 
opposite variation of 'T*Fp,os with p can be predicted, 
however, in cases where the magnitude of z a z b  increases 
with p. An example of this effect is demonstrated by 
comparing the values of 7*Fp,0s (ZaZb = 4, p = 0.1 M) and 
7*Fp,0s (ZaZb = 16, p = 0.4 M) from Figure 4 .  Therefore, 
it is possible to predict a constancy in T or k f  with ionic 
strength under certain conditions which, however, are in 
the regime where the time dependence of domain coales- 
cence is strongly affected by electrostatic interactions. 
Unfortunately, a folding step proceeding through an en- 
tirely different mechanism can also display insensitivity 
to ionic strength variation. 

Several processes can account for the variation in do- 
main charges as p is increased: (1 )  the binding of ions by 
a protein40 and (2) intradomain conformational changes 
which expose or "bury" charged groups, or allow side 
chains to orient forming salt bridges. As a further com- 
plication, a variation in T with p can also be produced by 
the effects of ions in solution on chain segment motion. 
The moderation of intrachain electrostatic interactions due 
to ionic shielding can: (1) increase the domains' available 
diffusive space, which alone would tend to lengthen the 
mean coalescence lifetime (cf. eq 45 of I, where T* yN3), 
and (2) change the chain segment diffusivity described 
through the ionic strength dependence of an apparent 
internal viscosity. 

Because of these analytical difficulties, we conclude that 
the information obtained in ionic strength dependent 
measurements of protein folding times need not always 
disclose the diffusive nature of folding steps nor alone 
reveal unambiguously the electrostatic effects on folding. 

B. Dependence of k f  on Temperature. Predictions. 
The temperature dependence of the mean coalescence 
lifetime r (= r*d2 /D)  enters implicitly through the diffu- 
sion coefficient (via vint = A + BvHzO), the dielectric con- 
stant of water e ( T ) ,  and the pair correlation function g(y). 
The dependence of vH 042 and c43 on temperature has been 
taken from published formulas based on experimental 
data. At present, the temperature variation of A ( T )  and 
B(T) is not adequately understood,16 complicating any 
attempt to describe vint(T) rigorously. Similarly, an em- 
pirical description of the change of got) is lacking. How- 
ever, the graphical results of Pratt and Chandler27 for free 
nonpolar particles in water reveal a variation in g(y) as 
temperature increases from 4 "C to 50 "C. This change 
corresponds to an increase in the primary activation barrier 
at high temperatures as water takes on the characteristics 
of a hard-sphere solvent. A much weaker increase in the 
magnitude of U, is noted over this temperature range. 

Zientara et al. 

(40) (a) C. Tanford, "Physical Chemistry of Macromolecules", Wiley, 
New York, 1961; (b) J. Steinhardt and J. A. Reynolds, 'Multiple 
Equilibria in Proteins", Academic Press, New York, 1969. 

(41) G. G. Hammes and R. A. Alberty, J. Phys. Chem., 62,274 (1959). 
(42) 'Handbook of Chemistry and Physics", R. C. Weast, Ed., 51st ed., 

Chemical Rubber Co., Cleveland, 1970. 
(43) (a) A. A. Maryott and E. R. Smith, NBS Circular 514, Washing 

ton, DC, 1951; (b) C. G. Malmberg and A. A. Maryott, J.  Res. Natl. Bur. 
Stand., 56, 1 (1956). 
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Figure 6. Plots of In ( l / ~ ) ,  the logarithm of the coalescence rate 
constant, vs. inverse temperature for Z,Zb = -16, 0, 16, as shown. 
Results correspond to (curve a) U, = -1.7kT, UaM = 3.4kT, yn  = 
1.25; (curve b) U, = -1.7kT, Uad = 1.7kT. y H  = 1.25; and (curve 
c) no correlation function employed. Other modeling input includes N 
= 800, yN = 11, yI = 11, K = lo6, AI = 0.01, and an isotropic initiil 
condition. Included are hydrodynamic effects and Debye-Huckel 
electrostatic interactions assuming = 0.15 M, fa = rb, and d = 10 
A 

In Figure 6 we show the predicted Arrhenius plots of In 
( l / ~ )  [or In k,] for a negative, zero, and positive value of 
z a z b .  In order to obtain these results it was necessary to 
make the simplifying assumptions for the reasons noted 
above: (1 )  vint = vH20, and ( 2 )  U m ( r ) / k T  = f ( r ) .  Curves 
a, b, and c represent cases modeled with activation energy 
barriers of (a) 3.4kT, (b) 1.7kT, and (c) no barrier. These 
results then form the bounds on results that would be 
obtained employing Um(r) /kT = f(r,T). This more realistic 
use of a temperature dependent U , ( r ) / k T  is discussed 
below. These approximate results, however, simplify the 
discussion of the effects of bulk solvent properties on 
coalescence. From Figure 6 we observe that the various 
fixed z a z b  cases predict approximately an inverse tem- 
perature dependence of the log of the forward coalescence 
rate constant, common to an Arrhenius description. The 
slope of a linear fit of the results in Figure 6 yields an 
apparent activation energy of -4.5 kcal/mol in all cases 
of z a z b ,  although no activation barrier of this magnitude 
was included in the model, as is evidenced most clearly 
from the results obtained without use of a pair correlation 
function (curves c in Figure 6) .  The temperature depen- 
dence of the predictions therefore is a measure of the 
viscous and energetic aspects of the diffusive dynamics 
governed particularly by solvent properties. In our com- 
putations we have concentrated on the range of tempera- 
ture from 20 to 70 "C, common to thermal denaturation- 
renaturation experiments. As the temperature is increased 
from 20 to 70 "C the dielectric constant of water de- 
c r e a s e ~ ~ ~  -20%, and the viscosity of water decreases42 
-60%. The change in the dielectric properties of water 
is effective in slightly increasing the electrostatic force of 
repulsion between domains with like charges. In I (cf. 
Figure 5 of I) computed predictions for T * F ~  or k,  revealed 
a significant dependence on electrostatic forces, particu- 
larly for charged domains where z a z b  > 4. From the re- 
sults in 1 for zazb > 4 we conclude that interdomain re- 
pulsion is able to measurably reduce k ,  compared to the 
cases of uncharged or oppositely charge domains. Hy- 
drodynamic interactions also enchance the dependence of 
kf on electrostatic interactions for cases of positive zazb, 
as seen in Figure 1 .  

The corrections due to the change in the primary acti- 
vation energy barrier of the mean domain interaction at 
higher  temperature^^^ can be determined qualitatively 
from Figure 6.  If, for example, the primary activation 
barrier energy approximately doubled as the temperature 
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predictions of this section therefore reveal clearly that an 
Arrhenius analysis is inappropriate when applied to the 
results of such a diffusive process as we have modeled. 

The results shown in Figure 7 found using Zazb k -4 and 
p = 0.15 M indicate a temperature at  which there is pre- 
dicted a maximum coalescence rate within the range 20 
"C I T I 70 "C. Similarly, this maximum rate is predicted 
for slightly higher values of Z,zb when p increases, since 
ionic shielding has diminished domain interactions com- 
pared to the example of p = 0.15 M. For large values of 
ZaZb and p - 0, one approaches the limit where d In k f /  
d ( l / r )  is always negative for 20 "C I T I 7 0  "C. 

Corrections to the results found in Figures 6 and 7 are 
necessary due to the internal viscosity approximation 
utilized, qht = qH 0. The form qht i= C exp[ U/RT] + BqH@ 
as suggested by beterlin16a was employed in the recalcu- 
lation of the results in Figure 7 .  Within this approximation 
of qint, C ,  B ,  and U are constants, independent of tem- 
perature and calculated from chain properties. A uniform 
and temperature-independent reduction in k f  of an order 
of magnitude resulted from these computations. This 
result is consistent with the experimental data for a seg- 
mental diffusion coefficient obtained by Haas et al.17 

Experimental Comparison. The predicted temperature 
dependence of the rate of coalescence can be easily com- 
pared to temperature-jump experiment results and results 
from several other techniques. The temperature-jump 
technique is most suitable, since it does not depend on the 
use of additional chemical components to perturb the 
equilibrium between the folded and unfolded protein 
states. Therefore, it is a useful kinetic probe of a reaction 
process such as domain coalescence, which is expected to 
proceed at  a rate that is highly sensitive to many solvent 
and protein interactions. Due to the complex multistep 
kinetics of the entire protein folding process, experiments 
may resolve information about a single kinetically domi- 
nant folding ~ t e p ~ ~ - ~ ~  or several folding The 
interpretation of these data is nontrivial when one at- 
tempts to recreate a folding scenario and to apply findings 
to a specific folding event. To apply such data to domain 
association is, then, supported only by qualitative argu- 
ments and comparison with model predictions. 

The results seen in Figure 7 for zazb k -4 indeed dem- 
onstrate the qualitative behavior observed in many protein 
folding s t ~ d i e s . ~ ~ - ~ ~  The experimental data referred to 
describe the temperature dependence of a rate constant, 
kFp,  of a single folding step. The predicted temperature 
dependence of k f  (the domain coalescence rate constant) 
for z,zb 2 -4 reveals a marked deviation from an Ar- 
rhenius description with a temperature dependent maxi- 
mum in k f  obtained for intermediate values of zazb and 
a change in the sign of the slope [a In k f / d ( l / T ) ]  at large 
values of ZJ,. Examples of proteins which exhibit one 
of these types of temperature dependence are (tempera- 
ture-jump results unless noted): chymotrypsinogen AMa 
and B,39 chymotrypsinogen,44b a-chymotrypsin,44b trypsin,% 
e l a ~ t a s e , ~ ~  ribonuclease A,44d,45 cu-la~talbumin,~~, lyso- 
~yme,4~ deoxyribonuclease (difference spectroscopy),& and 
ferricytochrome c.49 This observed temperature depen- 

(44) (a) F. M. Pohl, FEES Lett . ,  65,293 (1976); (b) F. M. Pohl, Eur. 
J. Biochem., 4,373 (1968); (c) F. M. Pohl, Angew. Chem., 11, 894 (1972). 

(45) P. McPhie, Biochemistry, 11, 879 (1972). 
(46) K. Kuwajima and S. Sugai, Biophys. Chem., 8, 247 (1978). 
(47) %-I. Segawa, Y. Husimi, and A. Wada, Biopolymers, 12, 2521 

(48) S. B. Zimmerman and N. F. Coleman, J .  Bid.  Chem., 246, 309 
(1973). 
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Figure 7. Plots of In [k,/kX20 "C)] vs. inverse temperature for dif- 
ferent values of ZaZb at ionic strength p = 0.15 M. Note, kX20 "C), 
the coalescence rate constant at 20 "C, differs with I.L and Z,Z,. 
Results were obtained using input N = 800, y N  = 1 1, y ,  = 11, AI = 
0.01, K = loe, d = 10 A, fa = rb, and isotropic initial condition with 
hydrodynamic and Debye-Huckel electrostatic interactions. The model 
pair correlation function parameters used are go = 4.57, A, = 6.0. 
A, is allowed to vary linearly with temperature from 10.0 at 20 "C to 
11.5 at 70 "C; thus y H  N 1.25. 

increased from 20 "C, then the predictions of In k f  would 
be best approximated by the results in curve b at  T = 20 
"C and the results in curve a at  higher temperatures. This 
qualitative argument demonstrates two different effects: 
(1) for Z,Z, negative, i.e., oppositely charged domains, the 
temperature dependent results would be relatively insen- 
sitive to short range solvent cage factors; (2) for domains 
of zero or like charges, zazb k 0, changes in the solvent 
cage characteristics would emphasize the decrease in k f  at 
higher temperatures. 

Figure 7 shows the relative variation in k f  when we ex- 
plicitly include the change in the primary activation energy 
barrier of the mean domain interaction at  temperatures 
above 4 "C. The increase in the barrier energy is based 
upon the results of Pratt and Chandler27 for nonpolar 
(spherical) solute pair correlation functions which vary due 
to the tendency of water to assume hard-sphere solvent 
qualities with increasing temperature. Hard-sphere 
molecules can be more closely packed about the surface 
of a nonpolar solute compared to the packing of water in 
a hydrogen bonded clathrate structure. Thus, the exact 
magnitude and description of the variation of U,,, is a 
function of solute (i.e., domain) composition and dimen- 
sions. To calculate the results in Figure 7 we have chosen 
a linear temperature variation in Uact, from 1.7kT a t  20 
"C to 3.4kT at 70 "C. The weak variation and magnitude 
of U,, are used only to approximately include the changing 
solvent properties of water. From Figure 7 we observe the 
temperature-dependent competition between the effects 
of the reduced viscous forces, and the electrostatic forces 
and solvation shell barrier variation. This competition is 
most manifest in cases of large, positive zazb, as expected. 

An interpretation of the Figure 7 results found using 
zazb k -4 yields a temperature-dependent apparent ac- 
tivation energy, if on straightforwardly applies an Ar- 
rhenius rate constant analysis. Calculated apparent ac- 
tivation energies obtained from these particular results by 
linearization over small temperature increments range from 
about +2 kcal/mol (Za& = 16, 20 "c I T I 45 "c) to 
about -3.5 kcal/mol (zazb = 16,60 "C I T I 70 "C). The 

~ - - .  -,. 
(49) T. Y. Tsong, Biochemistry, 12, 2209 (1973). 
(50) H. F. Epstein, A. N. Schechter, R. F. Chen, and C. B. Anfinsen, 

J .  Mol. Biol., 60, 499 (1971). 
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dence cannot be adequately explained by standard theo- 
ries. The results of Pohl in the study of a-chymotrypsinMb 
and trypsin35 show that the maximum in kf"P shifts to 
lower temperatures when folding is studied at  lower pH 
conditions, as expected from our k f  predictions for in- 
creasing zazb in Figure 7. The identical pH dependent 
shift in the maximum of kFP was observed by McPhie in 
the study of ribonuclease A. Interestingly, Segawa et al.47 
obtained kfem temperature-dependent results in the folding 
study of lysozyme (with p = 4.5 Mj that correspond 
qualitatively with our predictions for highly charged do- 
mains ZaZ, >> 0, where 13 In k?P/d In (1/n > 0 for 30 "C 
I T I 50 O C .  

Thus we see that a common observation, which appears 
anomalous in the context of an approach based on simple 
Arrhenius rate constants, can be interpreted by our model 
results in terms of the temperature dependence of the 
solvent structure vs. the viscosity. While our model results 
do not yield quantitative agreement, there is considerable 
room for improvement of the simple model. 

V. Summary 
In I we described the diffusive model of protein domain 

coalescence which forms the basis of the protein folding 
event that is the focus of the present study. 

A reduced variable model of the dynamics and inter- 
actions between protein domains and solvent components 
must, for practical reasons, include numerous approxi- 
mations and be based upon many assumptions. Our ap- 
proach assumes that folding events such as nucleation and 
domain formation have occurred prior to coalescence and 
that other folding events can take place after coalescence 
to stabilize a coalesced domain pair and conclude the 
formation of a native structure of the protein. Therefore, 
coalescence (i.e., domain association) has been depicted 
as the elementary reaction step in the multistep formation 
of correct or abortive intermediate~~l in a multiple-domain 
protein. In the calculations of this work, spatial and time 
averages of the discrete conformational and electrostatic 
properties of the domains have been utilized. We have 
neglected interactions between ionic or denaturant solution 
components and the amino acids of the chain connecting 
domains. These many interactions are specific to each 
protein and will inevitably cause deviations between ex- 
periment and any predictions derived from a simple, 
generally applicable model. The excluded volume effect 
due to the finite size of the connecting chain is not ex- 
plicitly included, yet can be accounted for roughly in our 
theory through qint. Excluded volume effects will con- 
tribute to the decreased diffusivity of the domains relative 
to free particle values. The temperature dependent var- 
iation in the bulk solvent properties of water has been 
included in the model through v H 2 0 ( T l  and 4T). 

The Smoluchowski equation solution of domain diffu- 
sion and association in I has been extended in this work 
to include an Oseen's tensor hydrodynamic interaction and 
a model domain pair correlation function. The Debye- 
Huckel shielded electrostatic potential and Oseen's tensor 
hydrodynamic interaction represent approximations valid 
for the treatment of particles immersed in a continuum 
fluid. However, as a departure from this level of solvent 
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modeling we have employed a pair correlation function 
with molecular scale detail to specifically include the do- 
main solvation characteristics that are extremely important 
in describing hydrophobic bond formation. Hydrodynamic 
effects were observed to alter model predictions by in- 
creasing 7 * ~ p , 0 ~  for domains experiencing electrostatic re- 
pulsion. This case of positive domain charge product, that 
is zazb 1 0, is most applicable to protein systems since 
ionizable groups contained in both protein domains will 
be similarly affected by pH and ionic strength conditions. 
The sensitivity of 7 (thus k f )  to the solvent properties of 
water was examined by the use of a pair correlation 
function from which a mean interdomain potential can be 
derived. Variations of the order of -1 kcal/mol in the 
energy of activation or coalescence energy were found to 
predict significant changes in 7 .  

The effects of the model parameters on 7 have been 
discussed in detail. The predictions of the complete model 
were compared with experiments. The ionic strength 
dependence of T was discussed to illustrate that changes 
in protein domain charge with ionic strength can lead to 
apparently anomalous behavior. A simple analysis was 
presented to show that electrostatic effects on 7 must be 
considered as a function of pH, p ,  and z&,. Although this 
conclusion follows readily from Debye-Huckel theory, it 
is emphasized that in the case of coalescence, a single 
@-dependent folding experiment is ambiguous on the de- 
tails of electrostatic effects. 

Finally, the temperature dependence of the coalescence 
rate was discussed. The rate constant k f  in cases of zazb 
2 -4 was predicted to exhibit a temperature dependence 
deviating greatly from an Arrhenius description. Within 
a certain range of zazb (related to ionic strength condi- 
tions), a temperature dependent maximum in k f  is pre- 
dicted. This characteristic feature in kf  has been observed 
in folding experiments on many proteins and has been 
regarded as an anomaly. Our analysis has clearly and 
naturally shown that this result is an effect of the tem- 
perature-dependent competition between the variation in 
the domains' diffusivity (through qht and qH20j  on the one 
hand and the combination of increased electrostatic in- 
teraction and changes in liquid water structure on the 
other. 

I t  is clear that the stochastic modeling of domain coa- 
lescence requires a number of physical factors. That is, 
the domain diffusion-association process is not easily ex- 
plained either in the simple context of free particle dif- 
fusion-controlled kinetics (cf. the basis of ref 31) nor just 
in chain end diffusion of polymers. Rather, domain coa- 
lescence, as our model reveals, relies on the structural 
properties of liquid water, the presence of ions in solution, 
protein chain segment motion, electrostatic domain-do- 
main interactions, and domain hydrophobic character. 
These quantities also exhibit a temperature and compo- 
sition variation. Most important, our predictions em- 
phasize the cooperativity or competition between these 
factors in regulating the rate of coalescence. Although the 
coupling of these factors poses a difficult problem for 
theoretical analysis, their consideration has been shown 
to be critical in accurate modeling of domain coalescence. 
Ultimately, it is hoped that a careful analysis of this single 
event will aid in the understanding of the dynamics of the 
entire folding process. 
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