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We have investigated the associat,ion kinetirs of the co-operatively binding T4- 
coded gene 32 (helix destabilizing) protein with a variety of singb-stranded 
homopolynucleotides (both RNA and DNA). Stopped-flow mixing experiments 
were performed by monitoring the partial quenching of the intrinsic tlyptaphau 
fluorexence of the protein upon binding to the nucleic acid under conditions where 
the nocleio acid concentration is in great excess over the protein concentration. 
Investinations of the association rate land rate constants\ as a function of solution . , ~ ~ ~. ~ ~ ~ ~~ ~ 

\-arinhles Io;ls demonstrated quite <liffin.lbt belaavior at rhe extnmes uf "lo\v" and 
"hiall" salt roncet~trntio~~. 1'ndt.r low salt ,hint, l,ilidine co~~stant l  conditio~l* the - . - - 
non-co-operative association is rate-limiting and we measure a bimoleeular rate 
constant of 3 x 10'to 4 x lo6 M '  (nucleotide) sC1 (01 M-NaCI, 25.0°C). However, at 
higher salt concentrations (lower binding eonstant) a pr~-equilibrium involving 
non-co-operatively b o n d  protein is established, followed by the rate-limiting 
formation of co-operatively bound protein olustern. 

Based on these observations we have proposed a mec.hanism for the fonnat,ion of 
co-operatively bound T4 gene 32 protein clusters, under conditions of low binding 
density, which eonsist,s of three s t e p :  (1) pre-equilibrium formation of "on-eo- 
operatively bound protein (nucleation); followed by (2) associat,ion of free protein 
to the singly contiguous sites established in the nt~eleation step, hence forming the 
first co-operative interactions (growth step); and (3) a redistribution of the growing 
protein clusters to form the final equilibrium distribution. From comparisons of our 
experimental values of the forward rate constant for the second steu [nrouth of 
cl"sters) with theoretical estimates based on the work of Berg & 'klomberg 
(1976.1978) we infer that  the TS gene 32 protein is able to translocate along single- 
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stranded polynuc.leot~des The implications of these results for the in vivo action of 
the T4 gene 3% prote~n are discussed 

1. Introduction 

The gene ,?:! protein, ellcoded by bacteriophage T4, is a helix destabilizing protein 
that is necessary fhr DKA replication, recombination and repair in T4-infected 
Esche~ichia coli (Epstein et al., 1963: Tomizawa et al., 1966; Alberts et al., 1968; 
Albert's & Frey, 1970; Alberts Rs Sternglanz, 1977). The role of gene 32 protein 
during DNA replication has bee11 the most intensely studied of all its functions 
(Alberts et al., 1980: Liu et al., 1978). I ts  presumed role, as a result of its high 
affinity for single-stranded DNA. is to bind to the transient single-stranded regions 
of DNA in order t'o both protect the DKA from nucleases and to hold the DNA in a 
confbrmation facilitating replication by DKA polymerase (Alberts & Sternglanz, 
1977; Liu e t  al.,  1978: Albert's et al . ,  1980). 

The ecluilibrium binding properties of the gene 32 protein to single-stranded 
oligonucleotides and polynucleotides (both R N 4  and DNA) have been extensively 
studied by von Hippel and co-workers (Jensen et al., 1976; Kelly & von Hippel, 
1976: Kelly et al.,  1976; Kowalczykowski et a l . ,  1981b; Newport et al., 1981 ; 
Lonherg et al . ,  1981). These properties, as well as those of the other helix 
destabilizing proteins hare recently been reviewed (Williams & Konigsberg, 1981 ; 
Kowalczykowski et nl., 1981a ; Coleman & Oakley, 1980). The G32P-f binds co- 
operatively to single-stranded DNA and RYA with a nearest neighbor co- 
oprrativity parameter. w (McGhee & von Hippel, 1974; Schellman, 1974) of - lo3 
t'o 104, which is fairly independent of base composition and salt concentration 
(Jensen et rcl., 1976 : Kowalczykowski et a,l., 1981b ; Newport et al., 1981). Although 
G32P hinds non-specifically to single-stranded nucleic acids, in the sense that it will 
bind anywhere along the lattice regardless of base composition, Newport et ad. 
(1981) have determined that G321' does exhibit a preference for binding to the 
homodeoxyribopolynucleotitle over t,he corresponding homoribopolynucleotide. In 
addition, G32P displays a base specificity in its binding to homopolyr~ucleotides 
(Bobst & I-'an, 1975: Kewport et al., 1981). The equilibrium binding of G32P to 
single-stranded polynucleotides is extremely sensitive to the salt concentration in 
solution (Kowalczykou~ski ef al., 19816) as is the case for most DNA binding 
prot'eins (Record et rxl., 1976,1978). The dependence of Kw on INaCl] was 
determined to be ( d  log Kwld log [NaCl]) = - 6 +  1 (Kowalczykowski et al., 1981b; 
Kewport et al., 1981). The rate constants for the interaction also reflect this salt 
sensitivity and we have exploited this in our studies of the mechanism of 
interaction presented here. 

The kinetics of t'he interaction of G32P with single-stranded polynucleotides are 
of interest for several reasons. 

(1) The in vivo processes of replication, recombination and repair do not occur 
untier equililr~rium conditions. Hence we need to know what steps in these processes 
are rate-limiting under i n  vivo conditions, so tha,t we can understand how these 
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I processes are controlled. In t,he case of DNA replication, which occurs a t  a rate of - lo3 nucleotides s-' (McCarthy et al., 1976), knowledge of the rates with which 
the various replication proteins can interact with DNA is obviously important since 
the interaction of any one protein can be rate-limiting for the entire process. 
Kinetic information may also allow us to determine the mechanism by which G32P 
moves with the replication fork. 

(2) Jensen et al. (1976) found that although G32P is a helix destabilizing protein, 
by virtue of its higher affinity for single-stranded over duplex DNA, it is unable to 
achieve equilibrium and melt native dnplex DNA (although it can melt 
poly[d(A.T)]) under conditions where the G32P-single-stranded DNA complex is 
thermodynamically favored. The kinetic studies reported here and in subsequent 
papers will form a basis for understanding this kinetic block to melting native 
DNA. Curiously, G32P seems to be the only helix destabilizing protein that has this 
kinet,ic block. 

(3) The G32P-single-stranded polynucleotide system presents an opportunity to 
co~~veniently study the association kineties of a non-specific protein-nucleic acid 
interaction, since the intrinsic tryptophan fluorescence of G32P is partially 
quenched upon binding to any region of the polynucleotide (Kelly & van Hippel, 
1976; Kelly et al., 1976). All previous protein-nucleic acid association kinetic 
studies have focused on specific binding as in the case of the E. coli lac repressor- 
operator association (Rigge el al., 1970; Barkley, 1981; Winter el al., 1981), or 
the E.  coli RNA polymerase-promoter association (Hinkle & Chamberlin, 1972a,b; 
Maquat & Reznikoff, 1978; Giacomoni, 1979; McClure, 1980; Belinkev et al., 1980). 

In this paper we describe the association kinetics of G32P to single-stranded 
homopolynucleotides as a function of solution conditions and polynucleotide type. 
In addition to obtaining kinetic information which may be relevant to the role of 
G32P in  vivo, this work also provides a systemat,ic study of a non-specific protein- 
nncleic acid association. There have been a number of kinetic studies on the non- 
specific association of various ligands to polynncleotides and DNA. Porschke 
(I976,1978,1979a,b,l980) has investigated the kinetics of binding of Mg2+ and 
various positively charged oligopeptides to single-stranded oligonucleotides and 
polynucleotides. The relaxation kinetics of DNA complexed with intercalating 
dyes, drugs and steroids have also been studied (Miiller & Crothers, 1968; Miiller et 
al., 1973; Li & Crothem, 1969; Bresloff & Crothem, 1975; Dattagnpta et al., 1978; 
Capelle et al., 1979; Wakelin & Waring, 1980). However, this is the first 
investigation of the association kinet,ics of a non-specific protein-nucleic acid 
association. 

The attempt to explain the seemingly anomalously large association rate 
constant for lac repressor binding to its operator which is contained in a large piece 
of non-specific DNA (Riggs et al., 1970) has resulted in a substantial body of 
theoretical work (Richter & Eigen, 1974; Berg & Blomberg, 1976,1977,1978; Berg, 
1978; Lohman et al., 1978; Schranner & Richter, 1978: Berg et al., 1981). Both the 
experimental and theoretical work on the lac repressor-operator association have 
revealed several interesting features. Most notably, lac repressor appears to "slide" 
(i.e. translocate without diasociating) along duplex DNA (Richter & Eigen, 1974; 
Berg & Blomberg, 1976,1978; Barkley 1981; Winter et al., 1981). This "sliding" 



70 T .  M .  L O H M A N  A N D  S C .  K O W A L C Z Y K O W S K I  

facilitates the fast sampling of nucleotide sequences by repressor until the 
operat)or is contacted, and also accelerates the association t>o the operator through 
the use of an extended target (i.e. the non-specific DNA). Another mechanism that 
has been proposed to facilitate the sampling of nucleotide sequences is "direct 
transfer" (von Hippel et al., 1975; Bresloff 6r Crothers, 1975). This process requires 
two DNA binding sites on the ligand and the formation of an intermediate wherein 
the protein is simultaneously bound to two sites on the DNA. Subsequent 
dissociation from one DNA site enables the ligand to be transferred ( -- 50% of the 
bime) to the other site which is on the same DNA molecule. This mechanism is 
thought to play a role in the redistribution of DNA-bound ethidium (Bresloff & 
Crothers, 1975) and some bisintercalators (Capelle et al., 1979; Wakelin & Waring, 
1980). 

One would like to know what aspects of the various proposed mechanisms 
mentioned above arc generally relevant and available to all proteins (e.g. direct 
transfer, sliding, hopping). Kinetic data on a number of DNA binding proteins are 
needed to answer thesc gcneral questions and the results presented here for G32P 
will hopefully provide some general insights into the kinetic pathways of otlier 
protein-nncleic acid systems, as well as its own. 

2. Materials and Methods 

All chemicals used in this study were reagent grade. Buffered solutions were made with 
twice distilled water and were: buffer T (10 m ~ - T r i s  (hydroxymethyl) aminomethane, 
0.1 miwNa,EDTA, pH 8.3) and buffer H (10 m ~ - H E P E S  (N-2-hydroxyethylpiperazine-N'- 
2-ethanesulfonic acid), 0.1 mmNa,EDTA, pH 7.5). In initial experiments, 0.75 ~ M - P -  
mercaptoethanol was used in the buffers, but this was later eliminated with no apparent 
effect on the gene 32 protein. Therefore the majority of the experiments described here were 
done in thc absence of /+mercaptoethanol. The salt concentrations of the buffers were 
adjusted by addit,ion of NaCl or NaF to the indicated value. The pH of the buffers did not 
vary by more than k0.1 pH unit over the salt concentration range studied. 

We have not observed anv effect of uH on the association kinetics with the 2 buffer 
conditions used in our experiments. However, u7e have observed a small, but complex pH 
dependence of the dissociation rate of co-operatively bound Q32P-single-stranded nucleic 
acid complexes (Lohman, unpublished observations). 

(a) Polynucleotides 

Homopolynucleotides (except poly(rrA)) were purchased from Miles Biochemicals and 
Collaborative Research, and were used without further purification. The average 
sedimentation coefficient of these samples varied from 4.5 S for poly(rA) to 7.5 S for 
poly(dT). Poly(1,i~~-ethenoadenylic acid) (poly(rcA)) was purchased from P-L Biochemicals. 
Concentrations were determined using the extinction coefficients listed by Kowalczykowski 
et al. (1981b). 

(b)  T4 gene 32 protein 

Two preparations of T4 gene 32 protein were used in this study. Both were prepared using 
the procedure of Alberts & Frey (1970) as modified by ,Tensen et al. (1976). One preparation 
is described by Kowalczykowski et al. (1981b) wherein E. coli B was infected with a triple T4 
mutant (T4 33-, 5 5 ,  61-) in Super Luria broth. The other procedure used a T4 double 
mutant (T4 33-, -55- )  to infect E. coli BE (grown to 5 x 10' cells/ml) in M9S media. (T.M.L. 
is grat>rful t>o Drs D. R,a,bnssay and E. P. Griduscheck for supplying the T4 mutant and 
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E. cdi hosts.) The two G32P preparations behave identically, both electrophoretically and in 
the kinetics experiments reported here. The G32P is >950j, pure as judged by 
polyaorylamide gel electrophoresis and its concentration was determined 
spectrophotometrically using an extinction coefficient of 31 x lo4 M-' cm-' (Jensen el al., 
1976). The G32P was stored in 0.1 M-NaCI, 20mm-Tris (pH %I), 1 m ~ - E D T A ,  0.5 mM- 
dithiothreitol, 50% glycerol at -20°C. 

In the calculations aresented in this naoer. a bindine site size of n = 7 nucleotides and a . . . . 
rnolccular weight of G; x 10' Mas i r d  for gt.nt. .32 protein. This d11ti.r~ by only 40, from the 
mulrvalar weigl~t of 33.500 detern~ita,#l from t1.c amino n*.l<l srque~bce (Willianli d d., I9XO 

(c) Stopped-flolc Yn,elies 
Rapid mixine experiments were werformed usine a modified Durrum-Gibson stop~ed-flow - .  . . 

.;pctrophotrnneter ,:quipped a ~ t l ~  fluowsct.nce detection The mixing drnrl time of the 
Itnatrumerlt I, 2.5 ms. A Llsmamat~u R 1101 ~l~otornult i l~lirr  rubc was used Tltr liaht source 
was a 150 W xenon lamu 1OsramI and the orGina1 monochromator was reulaced b;a Bauseh . . " 
and Lomb monochromator. The kinetics experiments monitored changes in the gene32 
protein fluorescence using an excitation wavelength of 290 nm. For experiments with 
plynucleotides other than poly(r<A), we used a glass microscope slide as a cutoff filter 
placed directly in front of the photomultiplier tube to eliminate wavelengths < 310 nm; for 
G32P. All.- =347 nm (Kellv & van Hi~Del. 19761. PolvlrrAl is also fluorescent .,... , . " A. . " ,  . 
(A,,,,, = 309 nm, A,,,., = 406 nm). Therefore, in expehments involving ply(rrA) which 
monitored t,he G32P fluorescence, an interference filter centered a t  343 nm was used in the 
emission pathway to eliminate this background signal. The time-course of the experiments 
was displayed on a storage oscilloscope. The stopped-flow is also interfaced to a Varian 620i 
eornwuter and the output from each exoeriment was stored on maenetic t a m  for ~ r o c e s s i n ~  . . 
and analpix. \ I 1  exprritnrnts 8 v c . 1 ~  vondurt+~d at 25.0*0.2 deg. C' unless nc)ttrl otherwise. 

Tllr kinetic trares w6.w ittlalvzftl fwm the ~ ~ t a p t r t i e  tatu~ usinp. tlw t'arian (i2Oi. The tllnt.- 
course were fit to either a singie exponential decay, F(~)>F(W)= A F  = Ae-'Ir, or a sum of 
2 exponentid decays AF = Ae-'''+Be-**, where F ( w )  is the fluorescence signal a t  final 
equilibrium. The parameters r,, T ~ ,  A, Band F ( m )  were obtained using a lesnt squares fitting 
procedure (CFIT) which uses various subroutines obtained from the Hanvell Subroutine 
Library. (We thank Professor C. Klopfenstein and G. Remington for the writing and 
implementation of this program.) 

The use of the intrinsic G32P f l u o m n c e  to monitor the kinetics enabled us to work a t  
relatively low protein concentrations. The range of concentrations was0.1 to 0.4 pm although 
we typically worked a t  - 0.2 pm. At these concentrations > 99% of the G32P exists as 
monomer while free in solution (Carrol el d., 1972,1975). 

3. Results 
I n  our  interpretations of the  kinetic da ta ,  we have assumed t h a t  the  observed 

quenching of the  intrinsic protein fluorescence, upon mixing G32P with single- 
stranded nucleic acids, is due  to the  formation of protein-nucleic acid contacts 
rather than  protein-protein contacts. F rom this assumption i t  follows t h a t  the  
quantum yield of G32P is identical when i t  is bound to the  nucleic acid in a n y  of i t s  
three binding modes (i.e. isolated, singly o r  doubly contiguous binding). The  
experimental evidence t h a t  supports these assiimptions is briefly summarized here. 

(1) The  extent  of G32P fluoresoence quenching varies with the  particular nncleic 
acid lattice (Kelly & von Hippel, 1976; Kowalnykowski el al., 19816) indicating 
t h a t  protein-nucleic acid interactions are at least partly responsible for the  A F .  

(2) The main evidence is based on experiments that compare t h e  fluorescence 
quenching of G32P, G32P*I and  G32P*III upon binding nucleio acids;  G32P*I and  



72 T .  11. L O H M A N  A N D  S .  C .  KOWALCZYKOWRKI  

G32P*III are formed by t>ryptic digestion of G32P (Moise & Hosoda, 1976). G32P*I 
is missing 48 amino acids from the C terminus of Q32P, but still binds co- 
operatively to single-stranded nucleic acids with a value of w = lo3, while 
C432P*IIL is missing both the C:-terminal fragment and 21 amino acids from the N 
terminus of 032P and no longer binds co-operatively, i.e. w = 1 (Lonberg et al., 
1981 ). Equilibrium binding studies of C3213, G32P*T and G32PeIII to poly(dT) a t  
low salt indicate that the intrinsic tryptophan fluorescence of all three proteins is 
quenched to the same extent ( -  52(7;,) (Kowalczykowski et al., 19810; Lonberg et 
al., 1981). Since (:32P*III does not form co-operative protein-protein interactions, 
this suggests that the A P  observed for G32P is due only to protein-nucleic acid 
interactions. Identical extents of quenching are also observed for all three proteins 
upon binding to the oligonucleotide d(pT),, where none of the proteins can form 
protein-protein intera,ctions. 

(3) In addition to monitoring the time-course of association via the quenching 
of the intrinsic G32P fluorescence, we have also followed the time-course by 
monit,oring the enhancement of poly(r~A) fluorescence upon binding of G32P. This 
fluorescence enhancement is the result of unstacking of the bases in poly(r~A) 
(Steiner et al., 1973 ; Kowalczykowski et al., 1981b). Under identical conditions, the 
time-course observed by monitoring t>he G32P is exactly equivalent to the time- 
course obtained by monitoring the poly(r~A) (data not shown). This supports the 
idea that the yuenching of the G32P fluorescence is the result of binding to the 
nucleic acid lattice rather than protein-protein interactions, since it is quitje 
unlikely that optical signals from the protein and nucleic acid would be identical if 
the protein signal resulted partly from co-operative interactions. 

FI(:. 1. Oscilloscope trace of the T4 gene 32 protein-poly(rA) association kinetics, monitoring the 
quenching of the intrinsic tryptophan fluorescence of the protein (0.10 M - Y ~ C ~ ,  buffer T (pH 8.3), 
250°C). [G32P] = 0 1 2 5 p w ;  rpoly(r,4)] = 1 3 . 0 ~ ~  (nucleotides); final fractional saturation of the 
poly(rA) is 6.3% = 290 nm ; time scale = 2 s/cm ; vertical scale = 100 mV/cm). 
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The time-course of a typical association reaction with the nucleic acid 
concentration (hereafter designated [NA]) in excess over the G32P concentration is 
shown in Figure 1. The decrease in the Q32P fluorescence, upon binding to the 
single-stranded nucleic acid has been monitored. The ~najority (> 90%) of the 
time-courses that we have observed can be described very well by a sum of two 
exponential decays. The fast,er of the two exponent.ial decays is designated by a 
time constant rf, and the slower by a time constant r,. Typically, a series of 
experiments was performed a t  a constant [G32P] while varying the [NA]. Under 
the conditions of our experiments the amplitude of the slow phase (7.) was always 
less than 25% of the total observed amplitude. However, the amplitude of r. 
decreases with increasing [NA], eventually disappearing a t  very high [NA] where a 
single exponential decay, with a time const,ant corresponding to r, is observed. 

In the majority of the experiments reported here, the amplitude of .re was only 
- 5 10 to 15% of the total amplit,nde. As a result it was dimcult to obtain very 

accurate estimates of T, and its dependence on solution variables. Therefore, we 
have not attempted a quantitative analysis of the slow phase, but only report its 
general characteristics. 7,' was found to be independent of [NA] and temperature 
at a constant salt concentration. At 0.10 M-NaCI, 7;' = 0.7 f 0.6 s-' ,  but decreases 
with increasing [NaCl]. The dependence of r;' on the type of homopolynucleotide 
is also negligible, within experimental error. Further discussion of this slow phase 
along with our interpretation of T, is given in the Discussion. 

The majority of this paper focuses on the fast relaxation time, r ,  and its 
dependences on solution variables and concentration of protein and polynuclwtide. 
In general, the behavior of the fast relaxat,ion time is determined by the salt 
concentration of the solution. The dependence of r, on solution variables and 
nucleic acid concentration is qualitatively different depending on whether the 
reaction is carried out in "strong binding" (generally low salt) or "weak binding" 
(generally high salt) conditions. (These conditions are defined by the observed 
kinetic behavior, which is described below.) We first present the date for the 
association kinetics under strong binding conditions, t,o be followed by the weak 
binding association kinetics. 

(a) Association belwvior in the strong binding region 

(i) Nucleic acid mcentra.tion dependence 
In Figure 2 we show the dependence of 7;' on [NA] (in units of M (nucleotides)) 

at constant [G32P], ([NA] 9 [G32P]) for the association of G32P with poly(dT) and 
poly(rcA) in buffer T (0.10 M-NaC1). As is apparent in Figure 2, 7;' is directly 
proportional to [NA] under these pseudo-first-order conditions. The association 
behavior with poly(r1) (data not shown) is identical to that of poly(dT) and 
poly(r6A) a t  0.1 M-NaCI. That is to say, no specificity is observed in the association 
rate even though the equilibrium constant, Kw,  for co-operative binding of G32P 
to these three polynucleotides ranges over two to three orders of magnitude under 
these conditions (Newport el al., 1981). The value of 7, is independent of [G32P] as 
long as the nucleotide con~entrat~ion is in excess of the [G32P] (we have gone as high 
as [G32P]/[NA] = 0.07, i.e. a filial fractional saturation of the nucleic acid equal to 
0.49 without any change in 7,). 
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FIG. 2. Nucleic acid concentration dependence of 7;' (a t  constant [G32P] = 0 2 1  PM) for the  T4 G32P 
association with ( 0 )  poly(dT) and (0) poly(rcA) (0.10 PI-NaC1, buffer T(pH 8.3), 25.0"C). 

The observed behavior of 7; as a function of [NA] can be described by a simple 
bimolecular association mechanism (P = G32P ; D - nucleic acid) : 

The relaxation time for this mechanism, when the [NA] is in excess over the protein 
concentration is (Eigen & de Maeyer, 1963): 

The apparent association rate constant obtained from the slope of Figure 2 has the 
value ka(app) = 2.8-tO.4 x lo6 M '  (nucleotide) s- '  (0.10 M-NaCl, 25.0°C). 
(Consideration of the appropriate units for ka will be presented in the Discussion.) 
As judged by the value of the intercept in Figure 2, kd(app) is very small and 
indistinguishable from zero. (The reference to an apparent association rate 
constant, k,(app), throughout the text signifies a rate constant which has not yet 
been related to molerular rate constants : see equation (1 1 ).) Since kd(app) = 0, we 
see that 7;' is simply a pseudo-first-ordkr rate constant, under strong binding 
conditions: i.e. 7;' = ka[D] from equation (2).  
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In  the following sections we present measurements of k.(app) as a function of'salt 
concentration, temperature, viscosity and nucleic acid length. This is done since 
k,(app) should change in characteristic ways as a function of these variables if the 
rate-limiting step is the bimolecular association of G32P with the nueleic acid, 
under strong binding conditions. 

(ii) [NaCl] depelzdence ofthe assacidion rate and lack of nucleic acid specificity under 
strong binding cadilions 

In  Figure 3 we show the effect of [NaCI] on 7;' in the strong binding region for 
the association of G32P with poly(rrA) in buffer H. At all three [NaCIj (20 mm, 

- 52 mM, 100 mm), 7;' is directly proport,ional to [poly(rsA)] ; however the apparent 
rate constant, k.(app), (given by the slope) decreases with decreasing [NaCI]. At  
52 mm-NaCl, k.(app) = 1.3f 0.2 x lo6 M- '  (nncleotide) s-' and at 20 m~-NaC1,  

: k,(app) = 2.7 f 0.1 x lo5 M - '  (nucleotide) s- ' .  In  the case of the association at 
20 m~-NaC1, the linear dependence of 7; ' on [poly(rrA)] persists to high nucleic 
acid concentrations ( -  M-nucleot,ides). 

Kowalczykowski et al. (1981b) have shown that  K w  increases upon substituting 
fluoride for chloride in the range 0.3 to  0.7 M-NaCI (NaF). Under strong binding 
conditions (0.1 M-NaCI (NaF), poly(r<A)) we find that  k.(app) is independent of the 
anion used (data not yhown). 

Experiments similar to those in Figure 3 were also with poly(dT) and 
poly(r1) as a function of [NaCIj. In all cases, t,he rate of association decreases with 

mc. 3. T4 G32P-poly(rrA) association ar a funot,ion qf [NaCI] under strong binding conditions. (7;' 

versus [NA] at eonstant [G32P] = 0.21 p d ) .  LOO mm-NaCI, k.(.(spp) = 2 . 8 ~  106 M-' (nuoleotide) s- ' ;  
52 mhl-NaCI, k,(&pp) = 1.3 x 106 M.' (nuoleotide) s-' ; 20 rnx-NaCI, k.(app) = 2-7 x 10J M" 

(nucleotide) 8 ' .  
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decreasing [NaCl] The apparent association rate constants in the strong binding 
region are summarizeti in Figure 4 (open symbols), where they are displayed on a 
log-log scale. Although the data are scattered, k,(app) is essentially independent of 
homopolynucleotucle (i.e there is no specificity: see also Fig. 2 ) .  (The scatter seems 
to be due to a difference in average molecular weight among the three 
polynucleotitles; see section on length dependence ) The dependence of k,(app) on 
[KaCll in the region 20 mnf [NaCl] 5 100 m;M in Figure 4 is: 

log k,(app) = 1.5( 10.3)  log [NaCl] + 7.95. (3) 

At [XaCl] > 0.10 M, only the association of G32P with poly(dT) remains in the 
strong binding limit. I n  Figure 4 we observe that  strong binding conditions persist 
to 0.3 M-NaC1 for poly(dT). In addition, k,(app) 1. 4 x lo6 M-' (nucleotide) s- '  a t  
0.20 M and 0.25 ~-I\Jacl,  which is slightly larger than the value measured a t  0.10 M- 

NaC1. 

l og  [ N a C l I  

FIG. 4. [NaClJ dependence of k,(app) (log-log plot) for poly(dT) (0, 0 ) ;  poly(rcA) (A, A)  and 
poly(r1) (0, W).  Open symbols correspond to strong binding association behavior. Filled symbols 
correspond to weak binding association behavior. The weak binding data have been obtained a t  3 
different [G32P] and hence the specificity shown here is not quantitative although the qualitative 
specificity is correct (see Fig. 9). (@)  [G32P] = 0.125 p ~ ;  ( W )  IG321'1 = 0 . 4 0 p ~ :  (A) [G32P] = 0.21 p ~ .  
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At this point. we note that  under the pH conditions of these  experiment,^, the 
G32P has a net negative charge (pI = 5; Alberts, 1974) although its nucleic acid 
binding site is presumably positively charged. Hence, the increase in k.(app) with 
increasing [NaCI] is expected if the rate-limiting step in this strong binding region is 
the approach of the negatively charged G32P t,o the negatively charged nucleic 
acid. The increase in [NaCl] will screen the charges of the two molecules and 
facilitate their mutual approach. Therefore the observed [NaCI] dependence of 
k,(app) indicates that  we may be measuring the bimolecular rate of non-co- 
operative association for this system. 

(iii) Temperature dependence 
We have measured the temperature dependence of k,(app) for t,he G32P- 

poly(dT) association under the strong binding conditions in buffer H (0.1 M-NaCI). 
The results are given in Table 1, from which we calculate an activation energy of 

TABLE 1 

Temperabure depen,dence of k , (app) t  under strong binding conditions 

Polynacleotide k.(app) = k,( x M-'  (nucleotides) 8 - 0  Temperature 
(deg. C) 

t Buffer H (010 M-NaCI, pH 78f 0.1) 
E. = 5+ 2 kcalfmol. 

5f  2 kcal/mole. This very small, but positive value for the activation energy is also 
consistent with a reaction which is limited by diffusion. 

(iv) The association rate is dependent upon the length of the nueleic acid lattice 

We have compared the association rate of G32P with two poly(r1) samples of 
widely different molecular weights in buffer H ,  0.1 M-NaCI. The fractionated 
poly(r1) samples had <s,,,) of 2.5 S and 12 S corresponding to average lengths of 
505 20 nucleotides and 1600+200 nncleotides, respectively, based on the studies of 
Eisenberg & Felsenfeld (1967). For the 1 2 s  poly(r1) sample we measure 
k.(app) = 2-4x lo6 n f C L  (nucleotide) s-' which is the same as that  obtained for 
poly(dT) and poly(rcA) in Figure 2. However, the 2.5 S poly(r1) sample has a much 
higher value of 6 . 0 ~  lo6 M-' (nucleotide) s-'. 

(v) Viscosity dependence of the association 

If  the rate-limiting step, under strong binding conditions, is the bimolecular 
association, then the effect of the solution viscosity on k,(app) should be 
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substantial. We first useti glycerol to change the solut,ion viscosity; however the 
endpoint in the fluorescence change indicated that  the equilibrium binding 
constant was subst~a,nt~ially lowered in the presence of > 10% glycerol. Sucrose 
solutions did not change the endpoint for the G32PPpoly(dT) association in buffer 
T (0.1 wXaC1, 250°C). An equilibrium measurement a t  high salt, indicated that 
Kw decreases by no more than a factor of two in the presence of200/; sucrose. We 
therefore used sucrose to change the solution viscosity (7). 

Values of k,(app) were determined for the G32P-poly(dT) association in buffer T 
(0.1 M-KaCl) in solutiorls with sucrose concentrations varying between 0 and 20%. 
We observed that k,(app) is a linear function of TIrl and the linear least squares fit 
to the data is given by:  

k,(app) = 87(+ 12)Tlr1 + 2( f 2) x lo5, 

where (TIrl) and k,(app) have units of (OK poise-') and M - '  (nucleotide) s- ' ,  
respectively. The value of k,(app) upon extrapolation to TIrl = 0 is slightly 
positive, but is indistinguishable fi-om zero within experimental error. An inverse 
dependence of k,(app) on solution viscosity is necessary bat  not sufficient proof of a 
diffusion-controlled reaction (Schmitz & Schurr, 1972; Schurr & Schmitz, 1976). 
Still, it is consistent with the conclusion that the rate-limiting step that  we measure 
under strong binding conditions is the bimolecular association of G32P to  the 
polynucleotide to form the first non-co-operatively bound complexes. The rate 
const'ant for the formation of non-co-operatively bound G321' is specified as k, 
(hence under strong binding conditions, k,(app) = k, ; see equations (4), (1 1 )  and 
Fig. 13). 

(b )  dssociatior~ behavior in the weak binding r~gion 

(i) Suc lp ic  acid concentratior/ depende?lc.e 

Upon performing the same set of assoc:iation experiments as described above a t  
constant [G32PI but with varying [poly(rU)l (LG32T'I Q [poly(rU)l) in buffer T 
(0.1 wNaC1, 25.0°(1), we observed a quite different dependence of 7 ,  on Lpoly(rU)l 
as shown in Figure 5 .  We have included the data for poly(dT) and poly(r~A) in 
Figure 5 for comparison. These experiments were performed with identical 
concentrations of G32P (0.20 p). In the poly(rU) case, 7,' is initially directly 
proportional to [poly(rU)]: but curvature is observed a t  higher [poly(rU)l, where 
7;' seems to approach a plateau value. Over this same [poly(rU)] range, 7 ,  is 
essentially independent of [poly(rU)], as was the case for the other nucleic acid 
lattices. The dependence of 7;' on [poly(rU)] is not consistent with a simple 
bimolecular association and indicates the presence of an intermediate along the 
kinetic pathway. Qualitatively similar behavior of 7; ' as a function of [NA] is also 
observed for t'he G32P-poly(rd) associat)ion under these same conditions. However, 
a t  the same nucleotide concentration, 7;' poly(rA) < 7;' poly(rU), which reflects 
some effects which are specific to  the nucleic (acid used. 

Poly(rU) anti poly(rA) have the weakest affinities for G321' of the lat'tices we 
have investigated (only poly(rC) is weaker: Newport rt al., 1981) although Kw 
should still be > lo7 a t  0.1 M-NaC1. We therefore measured the association rates for 
the ot,her homopolynucleot~ides a t  [NaCI] > 0.10 M (in order to decrease Kw) to see 



FIG. 5. 7;' VBTRUS [poly(rU)] ( W )  in buffer T (pH 8.3), 0.10 x-NaCl, 25.0°C. The poly(dT) (0 )  and 
poly(r~A) (0) data fr.om Fig. 2 are shown for comparison. The smooth curve through t h e  poly(rU) data 
was generated using eqn (6) and the appropriate values of K, and 7 ,  (co) ([G32P] = 0.19 p ~ ) .  

if the qualitative behavior observed for poly(rU) and poly(rA) at  0.10 M is related to 
a lower binding affinity for G32P. In Figure 6 we show a series of experiments a t  
[NaClI 2 0.10 M for the ~ 3 2 ~ - p o l y ( r ~ ~ )  ass~ciat~ion. At [NaCl] > 0.10 M, the 
association rate decreases as the [KaCl] is increased. Recall that this [NaCl] 
dependence is the opposite of that observed a t  [KaCI] < 0.10 M where k,(app) 
increases with increasing [NaCI] (see Pig. 4). At 0.20 x, 0.25 M and 0.30 ~-Ka(:l we 
observe the same qualitative behavior as for poly(rU) and poly(rA) a t  0.10 ~-Na( : l .  
7;' is initially directly propc~rtional to [poly(reA)] but appears to approach a 
plateau a t  high [poly(rtA)]. The onset of this non-linearity of 7,' as a function of 
[NA] seems to appear under condit,ions which reduce the binding constant of G32P 
for the nucleic acid (e.g. a t  higher salt). Hence we refer to this type of beha1 710r ' as 
weak binding association. 

A t  0.40 M - N ~ C ~ ,  7, ' again appears to be directly proportional to [poly(reA)] over 
t'he concent'ration range studied in Figure 6. Two questions a,rise a t  this point. Is  
the linear dependence of 7, on [NAl, which is observed in the strong binding 
region, simply the result of making measurements over a limited concentration 
range? (i.e. does curvature becomr apparmt, orlly at' concentrations > 5 x lo-' M 
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FIG. 6. INaCl] dependence of the T4 G32P-poly(reA) association under weak binding conditions 
([NaCl] 2 0.20 M )  ; 0.10 M - N ~ C ~  is a strong binding condition (buffer T. pH 8.3, 25.O"C). The smooth 
curves for the [SaCl] 2 020 nl were generated using eqn (6) ([G32P] = 0.21 p ~ ) .  

(nucleotides) for poly(dT), poly(r1) and poly(rcA) a t  0.10 ~ - N a c l ?  ; see Figure 2). 
Also, does the reappearance of a linear dependence of 7; ' on [poly(rtA)] a t  0.40 M-  

NaCl indlcate that u c  have re-entered the association conditions that are 
applicable to the strong binding region 2 

(ii) G32P concentration dependen>ce of the association rate 

We have examined the dependence of 7,' on (G32Pl under weak binding 
conditions (poly(rA), buffer T; 0.10 M - N ~ C ~ )  w-ith the [poly(rA)] in excess over the 
[G321'], as in the pre~~ious   experiment,^. Figure 7(a) shows a plot of 7;' versus total 
[C$32P] a t  constant [poly(rA)I. Cont'rary to the results obtained under strong 
binding conditions, where 7,' is independent of [G32P], we observe that  7, 5 s  
directly proportional to the total /G32P] in the weak binding region, a t  the 
concentrations used, even though we are under what should be pseudo-first-order 
conditions. At the highest ((:32P] in Figure 7(a),  the final fractional saturation of 
the poly(rA) lattice is only 0.065. This same dependence of 7,' on [G32P] is 
observed with all of the other nucleic acids, under the appropriate weak binding 
conditions. In Figure 7(h) we show the nucleic acid concentration dependence a t  
thrre [G32P] fhr the association with poly(rcA) in buffer T (0.3 M - N ~ C ~ ) .  Once again 
we ohserve the non-linear dependence of 7,' on [poly(r~A)] a t  a constant [G32P] 
and 7; increases as the [Cz32P] is increased a t  a constant [poly(rcA)]. 

We now see that the weak binding region is also distinguished from the strong 
binding region by t h ~  dc.p=ndrnce of 7; ' on [G32P] in addibion t'o tthe non-linear 
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FIG. 7 .  (a) [G32P] dependenoe of 7;' at a oonstant [polg(r.4)] = 6-4 x m (nuoleotides) (buffer T .  
pH 8.3: 0-10 M-NaCI; 250°C). (b) Pol.y(rcA1 concentration dependence of 7;' at 3 G32P concentrations 
(hufferT, 0-3 m~NaCI, 250°C). [G32P] = 0 . 1 0 ~ ~  ( W ) ;  0.21 p~ (A):  0-30phr (e). Thesmooth curves were 
generated using eqn (6). 
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behavior of 7;' as a function of [II'Al. The [G321J] dependence of T;  is in fact tlie 
best diagnostic of M eak binding association behavior Hence, even though T, ' is 
directly proportiorlal to [poly(rtA)l a t  0.4 M-K~CI and no curvature is detectable 
(see Fig. C i ) ,  the fact that 7;' is dependent upon [C;32P1 indicates that 0.4 M - N ~ C ~  is 
a weak binding contlit~on for the G52P-poly(rcA) association and curvature would 
he detected a t  higher [poly(rcA)]. 

(iii) The association rate i n  the 7rJeak hin,dir~g region exhibits nucleic acid specijcity as 
well as the same salt rlrp~ndence as the eqzrilibrium constant 

The association rat'? measurement's made wit'h poly(dT) and poly(r1) show the 
same behavior a t  high [NaCl] as we observed with poly(rcA), i.e. curvature and 
apparent plateauing of 7,' a t  high [NA], as well as a dependence on [G32PJ. 
However, as with poly(rU) and poly(rA) a t  0.1 M-NaC1, the magnit'ude of 7,' a t  the 
same nucleotide and Na(l1 concentrations is quite dependent on the particular 
nucleic acid. In Figure 8, we show a series of association experiments a t  0.3 M - N ~ C ~  
in buffer T. We mcasnred the dependence of 7; on [NA] for poly(dT), poly(dU), 
poly(r1) and poly(rcA), at  a constant [G32P] and found a quantitative difference 
among the relaxation times for the four lattices. The association rate is 
greatest for G32P binding to poly(dT) and decreases in the order, 
poly(dT) > poly(dU) > poly(r1) > poly(rcA) > poly(rU) > poly(rA). (The 
poly(rU) and poly(rA) data were obtained a t  0.10 M - N ~ C ~ . )  This specificity is the 
same as that observed for Kw (Kewport et al., 1981). Recall that no such specificity 
was observed among poly(dT), poly(r1) and poly(r~A) under strong binding 
conditions. 

FIG. 8. Nucleic acid specificity under weak binding conditions. Nucleic acid concentration dependence 
of 7;' at constant [G32PI = 0.21 p ~ .  The smooth curves for all but poly(dT) were generated using eqn 
(8). 
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In Figure 4 we have plot,ted k.(app) versus [NaCI] on a log-log scale for poly(dT), 
poly(r1) and poly(rrA). Under these weak binding conditions where a non-linear 
dependence of 7;' on [NA] is observed, the values of k,(app) were calculated from 
reciprocal plots of s,versus [ N A I L  as shown in Figure 9. The inverse of the slope of 
such a reciprocal plot is k.(app). This is a convenient way to represent the weak 
binding data; however, as shown below, it does not represent a true rate constant 
(see sub-section (iv), below, for the definition of k,(app) in the weak binding region). 
The specificity under weak binding conditions is readily apparent in Figure 4, as  
well as the lack of specificity under strong binding conditions (generally < 010 M- 
NaCI). There is a broad opt,imum for k.(app) in the range 0.1 M < [NaCI] < 0.20 M, 

- although the breadth of this optimum depends on t,he homopolynucleotide. In 
addition, we see that the [NaCI] a t  which the association react,ion moves from the 
strong binding to the weak binding range is also dependent upon the 

- homopolynucleotide. For the association with poly(reA), the weak binding range 
begins - 0.15 M-NaCI, whereas a t  0 3  M-NaCI, the poly(dT) association still exhibits 
strong binding behavior. Hence the strong binding and weak binding regions are 
different for each nucleic acid. The values of (a log k,(app)/a log [NaCl]) for 
poly(dT), poly(r1) and poly(rsA), in the linear range a t  high salt (see Fig. 4) are 
-36f 05,  -50f 0.8, and -4.9f 0.8, respectively. Although we have shown 
(Fig. 7) that the absolute magnitude of k.(app) is dependent upon [G32P], under 
weak binding conditions, the [NaCI] dependence of k,(app) is independent of 
[G32P] as long as the same [G32P] is used a t  each [NaCl]. These values of 
a log k.(app)/d log [NaCI] compare well with the values of 
a log Kw/a log [NaCI] = -6f l obtained for poly(rrA) and poly(i-I) as well as a 
number of other homopolynucleotides and -32f0.5 for poly(dT) 
(Kowalczykowski el d., 19816; Newport el al., 1981). 

(iv) The weak birding association involves a pre-eqt~ilibrium formation of non-co- 
operatively bolrnd G32P-nl~eleic acid contplexes 

Based on the G32P concentration dependence, the salt dependence and the 
identical nucleic acid specificities followed by k,(app) and Kw in the weak binding 
region, it seems that k,(app) is related to the equilibrium constant for the 
interaction. In addition, the non-linear dependence of 7; on [NA] resembles an 

. equilibrium titration curve (see Fig. 6) for the non-co-operat,ive binding of a protein 
to a nucleic acid lattice. We have analyaed the [NA] dependence of 7;' as a 
titration curve to obtain estimates of the equilibrium constants for isolated (non- 

; 
co-operative) binding of G32P to tthe various homopolynueleotides. Our model is 
as follows. We have assitrned that a rapid pre2equilibrium is established among free 
G32P (P), free DNA sites (D), and non-co-operat,ively hound G32P (PD,; for 
isolated protein-DNA complexes). This can be written as: 

*1 

P + D  P PD,, 
k - ,  



n here step (l-a) represents the pre-ecluillbrium formation of I'D,, n it11 e q u ~ l ~ h r ~ u r n  
conitant K 1  = kl lkp l  and step (4b) replesents all subsequent (mlspecaified) steps for 
the formation of co operatirely hound G32P clusters As me a111 s h o ~ i  belo\$. the 
concentration of I'D,. formed 111 the pre ecluilibrlum (step (4a)) 1s quite Ion under 
n eak billding conditions In  additlon the rate of formation of PD,, should he fast so 
that  this step n 111 1)e difficult to  detect in the stopped flolr experiment (under n eak 
binding conditions) Once the I'D,, are established hone\-er the) nil1 act as 
nucleation sites for tlle formatior1 of coi-~tiguousl~ bound protein molecules a i d  the 
c o - o p e ~ a t ~ r e  ~nteract loni  that  htabilize them (step (l-b)) t T e  asiume that  7, detecti 
the formatioil of the fiist co~ltiguouily bouild protein molecules. From (4b) it follows 
that  

and 

The result fiorn equa t~on  ( 5 )  1s tha t  T, ' IS propoitlonal to  [PI),,] (The factor of 2 In 
ecjuation (5) i i  needed because n e  define k2 as the  absociation rate conitant to a 
slilgly contiguous iite in unit. of TI- '  (contiguous site) s - l  and each non-co- 
operatirel) bound protein (I'D,,) posseqses t~ o siilgly contiguous sites ) If thls is 
the cahe then T[ car1 be used as a signal that  is sensitive to  the formation of PD,, 
(sim~lar to  an optlcbal change upon formation of a coniplea) Since the 
[KA 1 9 [(:321'1 in all cases, n e can neglect coiltrihutloils due to orerlap of potential 
rlucleic acid I)inding sites and treat the binding as if it mere to intlependent nucleic 
acid sites The non-co-operat~ve l~inding constant is defined as 

nliere D, is the total c~onc>entration of nucleotides n7e  further define 7; ' (x) as the 
value of 7;  in tl-re limlt of very hig111 1111c1eic acid concentration ( i  e the plateau 
value of r t l  that  n ould he obtained if the  total G32P in a reaction (PI,,), mould 
initially bind in tht. 11011-co-operati\-e mode T; (x) = 2k2P,,,,). With these 
definitions \\ e obtain 

n-hich rearranges to  : 

Therefore a rec~pl  ocaal plot of T, ve? 5 r t s  D; ' should be h e a r  The 1-alue of K l  is 
ohtamed from a ratio of the intercept/slope I t  1s obx-ious from equation ( 7 )  that  our 
definition of k,(app). in tlle neak  h ind~ng  region p r e n  in the prevlous section as  the 
Inrerse of the slope of a iec.lp?loc.al plot. yields k,(apy~) = ~ , l ( x ) K , .  and hence does 
rlvt constitute a true rate constai~t 
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A reciprocal plot of the G32P-poly(rcA) association data at 0.25 M-NaCI is shown 
in Figure 9, where we see that i, is a linear function of ([poly(rcA)])-I. The 
equilibrium constant for the isolated, non-co-operative binding of G32P to 
poly(raA) as determined from Figure 9 is K, = 7.7 f 1 x lo3 M-' (0.25 M-NaCI, 
pH 8.3, 25.O0C). Using equation (6) and the values of K ,  and T, (m)  obtained from 
the reciprocal plots, we have generated the theoretical curves for the 7;' versus 
[NA] plots which are shown in Figures 5 ,6 ,7  and 8. In all cases the theoretical fit to 
the data is quite good and reproduces all the observed qualitative features. 

In Table2 we have listed the non-co-operative equilibrium constants, K , ,  for 
various homopolynucleotide-G32P interactions as determined from the kinetic 

- data a t  a number of solution conditions. The most serious source of error in these 
estimates is the determination of the correct endpoint (i.e. ~ ; ' ( m ) ,  obtained from 
the intercept of t,he reciprocal plot; see Fig. 9). This is most difficult for the 

- experiments a t  the highest salt concent,rations, where binding is weakest. The 
endpoint, as in all titratious, is most accurately determined when data can be 
obtained in the region where curvature is observed (i.e. saturation is being 
approached). At the lower [NaCI], (e.g. 0-20 M for poly(rcA); Fig. 6) the endpoint is 
most easily determined, since K, is larger and distinct curvature in the 7;' versus 
[poly(reA)] plot is observed. One would have to go to much higher (inaccessible) 
[poly(rc4)] to see curvature a t  0.40 M-NaCI. This is why the 7;' vermu polg(reA) 
plots appear linear at very high [NaCl]. We have therefore used the endpoint 
determined a t  lower [NaCI] (0.20 M and 0.25 M) to fit the 0.40 M-NaCI data. This 
should be more accurate than attempting to estimate an endpoint from the 0.40 M- 

NaCl data alone. 

FIG. 9. Recipmcal plot (rr wm [NA]") for the T4 G32P-poly(rrA) association (buffer T, 0.25 M- 

NaCI, 25Q°C) at wnstant [G32P] = 0.21 pM. 
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TABLE 2 

Non-co-operative equilibrium constants for G32P 

Polynucleotide [Salt] [G32P] ( x 10' M )  K I ( M - ~ ) ~  

t K ,  was determined from a reciprocal plot of 7, versus [NA]-' as analyzed using equation (7) in the 
text. 

The values of K ,  determined from the kinetic data are independent of the total 
G32P concentration used (to within Ifr500/b). They also agree very well with the 
values of K determined by Kowalczykowski et al. (1981b) and Newport et al. (1981) 
from equilibrium titrations ofhomopolynucleotides with G32P. They measured Kw 
for the co-operative binding of G32P, and were also able to obtain separate 
estimates of K and w .  The estimates range between lo3 < w < lo4 with the average 
values being 2 x lo3 to 5 x lo3. The value of w was also found to be fairly 
independent of salt concentration, with the salt dependence of Kw residing in K 
(Kowalczykowski et ab., 19Xlb; Newport et al., 1981). In the equilibrium 
measurements, the protluc:t Kw is more accurately determined than either 
parameter separately, whereas the kinetic experiments yield a direct determination 
of K ,  . To facilitate a comparison between the values of K ,  obtained here and those 
obtained by Kowalczykowski et al. (1981b) and Newport et al. (1981), we have 
determined the value of w that  is needed to make them equivalent. 

At this point we note that  although the units of K ,  (M- '  (nucleotides)) and K 
(obtained from Kw ; M -  ' (protein)) may appear different, t,hefact that each nucleotide 
is the start of a potential binding site for each protein indicates that the values can be 
directly compared. However, the two estimates of K (from Kw)  and K ,  are such 
that they do not generally overlap. The kinetic estimates are a t  lower salt 
concentrations and hence higher values of K,.  Therefore, the comparisons have 
been made by extrapolation of the log K -log [NaCI] plots from the higher (NaClJ 
region of Kowalczykowski et al. (1981b) and Newport et al. (1981) to the lower 
IKaCl] region presented here. For a protein-nucleic acid interaction, a log 
K-log [NaCl] plot is predicted to be linear if the solution contains . o n b  
monovalent salt as the supporting electrolyte and in the absence of both ion releise 
from the protein and severe pref~rential hydration of the macromolecules. The 
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reader is referred to Record r t  ad. (1976,1978) for a discussion of such plots and their 
interpretation. 

I n  Figixre 10 we compare the two estimat,es of K ,  for the interaction of C32P wit>h 
poly(l.A) and poly(reA). For both nucleic acids, a value of w = 3.5 x lo4 was used t'o 
obtain R from the K w  e~t~imates of Newport et al. (1981) and Kowalczykowski et nl. 
(1981h). The values of w needed to obt'ain good agreement between the kinetic and 
equilibrium determinations of K ,  for the other polynucleotides are all in the range 
1 x lo4 5 w 5 3.5 x lo4 with the exception of poly(dT)t which requires OJ - 4 x lo3. 
These values of w are all slightly higher (a factor of 7 to 10) than the average 
estimates of Newport et al. (1981), although some of their estimates were as high as 
1 x lo4. As noted by Kowalczykowski et al. (1981b), their procedure for the 
estimation of w may represent a lower limit. Since they use the infinite lattice 
approximation to interpret their data, a,ny significant population of 
polynucleotides that  are not long enough to  approximate an infinite lattice will 
result in a low estimate for w ,  although the product Kw should still be quite 

Log [No CLI 

FIG. 10. [NaCIJ dependence of the non-co-operative equilibrium constant K ,  (log-log plot). Filled 
symbols, kinetic determination of K ,  using eqn (7). Open symbols, values from Kowalczykowski et al. 
(l981b) and Newport el crl. (1981), assurnirig a value of w = 3.5 x lo4. 
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accurate. As a result, the kinetic: estimates of K ,  presented here when compared to 
the product Kw, as determined by Kowalczykowski et al. (1981b) and Newport et al. 
(1981), may provide a more accurate estimate of w. This comparison suggests that 
w may be much higher than lo3 and possibly as high as 1 x lo4 to 3 x lo4. In  
addition to the agreement found between the kinetic and equilibrium estimates of 
K, shown in Figure 10. we also observe excellent agreement between the [NaCl] 
dependences of the two sets of data for poly(reA). A value of 
8 log K,/d log [NaClJ = - 6.4 provides a good fit to all of the poly(reA) data over 
the range 0.20 M 5 [NaClI _( 0.60 M. Recalling that d log Kw/d log [KaCl] = -ti_+ 1 
for poly(re8) (Newport et al., 1981) this lends further support to the conclusion of 
Kowalczykowski et al. (1981 6 )  and Newport et al. (1981) that w is independent of 
[KaCl]. This also indicates that in the proposed intermediate, PD,,, G32P binds to 
the nucleic acid in the polynucleotide mode rather than in the oligonucleotide mode 
since the salt dependence of G32P binding in the oligonucleotide mode is only - 1.0 
(Kovvalczykowski et al., 1981b). 

The value of K ,  fhr poly(rA) a t  0.20 mNaC1 (Fig. 10) does follow the 
extrapolation from bhe higher [NaClJ data, although the value a t  0.10 M - N ~ C ~  falls 
below the extrapo1at)ed estimate. This deviation from linearity in the 
log K - log [NaClJ plot nlay result from either a change in w ,  or from a change in 
the number of ions released by G32P when it interacts with the nucleic acid a t  low 
salt. The former seems unlikely since w has been shown to be independent of salt 
corrcentration a t  high [NaCl] (Kowalczykowski et al., 198lb; Newport et al., 1981). 
Furthermore, estimates of w (at 0.01 M - N ~ C ~ )  obtained from studies of the 
perturbation of' the helix-coil transition of poly(dA.T) by G32P are in good 
agreement with the high salt estimates (Jensen et al., 1976). Xewport et al. (1981) 
have shown that there is a substantial contribution to the salt dependence of Kw 
due to release of anions from the G32P. If the anion binding to the G32P is 
governed by mass action (as opposed to a condensation effect as in cation binding 
to DKA; see Manning, 1978; Record p t  al., 1976,1978), then there should be fewer 
anions bound and hence fewer anions released when G32P binds to nucleic acids a t  
low salt. This is qualitat,ively what is observed for the G32P-poly(rA) and poly(rU) 
interactions. Kinetic estimates of K ,  a t  0.1 ~-1\JaC1 are only available for poly(rA) 
and poly(rU) (all other lattices, except poly(rC), are in the strong binding limit a t  
0.10 M-KaCl) however, it seems highly probable that the binding constants for the 
other nucleic acids will also deviate from their high salt extrapolation a t  0.10 M- 

NaCl . 
The calculations presented above support the idea that the first step in the 

association mechanism under weak binding conditions is the pre-equilibrium 
formation of non-co-operatively bound (isolated) G32P-nucleic acid complexes. 

+The equilibrium values of Kw for poly(dT) were obtained a t  quite high salt concentrations ( 1 2  M- 

NaCl; Newport et aQ., 1981) and hence require a large extrapolation into the [NaCl] range used in the 
kinetics experiments. This long extrapolat,ion increases the inaccuracy in t,he estimates of K in the low 
[NaCl] range and is most likely the reason for the lower value of w .  As a result, the kinetic estimates of 
K ,  for poly(dT) should be more accurate in the low [NaCI] range. Since individual estimates of w for 
poly(dT) were not obtained by Xewport et a l .  (1981), we cannot eliminate the possibility that w is lower 
for poly(dT). 
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These non-co-operatively bound G32P molecules presumably act as nucleation sites 
for the formation of co-operatively bound protein clusters. 

(v) Arnplitzcdes 

Although we have not undertaken a complete study of the amplitudes of the 
relaxation times and their dependence upon nucleic acid concentration, we have 
made some measurements that pertain to the mechanism of the (2321'- 
polynucleotide interaction. A series of amplitude measurements were made under 
weak binding conditions at constant LG32P] = 0.21 p~ and varying [poly(rA)], in 
buffer T (0.10 M - N ~ C ~ ,  250°C). At' low [poly(rA)] (e.g. < 2 x M (nucleotides)), 
the decrease in G32P fluorescence ( A P )  observed in the association experiment is 
100f 5% of the A P  observed in an equilibrium titration experiment, hence we 
detect essentially all of the fast phase that has a A F  associated with it. As the 
[poly(rA)l is increased, the amplitude of 7, ' decreases. Within experimental error, 
the percentage of the amplitude that is missed (occurring within the instrument 
dead time) is equal to the percentage of G32P that we calculate would bind to 
poly(rA): under these conditions, if G32I' could bind only in the non-co-operative 
mode. This is in agreement with the model and results discussed above, supporting 
the existence of a fast pre-equilibrium formation of non-co-operatively bound G32P 
as the first step in the weak binding mechanism. The reason that essentially all of 
the fluorescence change is observed a t  low nucleic acid concentrations is that < 5% 
of the G32P would bind in the non-co-operative mode under these conditions, and 
hence very little signal is missed. 

(vi) 7f1 is proportio.nal; to the concentration of non-co-operatively bound G32P (PDi,J 
and is  independent of .free [G32P] 

Using the values of K ,  we can calculate the concentration of non-co-operatively 
bound G321' ([PD,]) fhrmed in the pre-equilibrium complex. With this we can 
check our assumption that  7;' is proportional to [I'D,,] (see eqn (5)). In 
Figure l l ( a )  we have plotted 7;' versus [PD,,] for the G32P-poly(reA) association 
a t  0.25 M - N ~ C ~ .  The concentrations of the non-co-operatively bound G32P were 
calculated using the isotherm of McGhee & von Hippel (1974) (eqn (10) of their 
paper) for the binding of a ligand that covers n = 7 nucleotides. A binding constant 
of K ,  = 7.7 x lo3 M-', obtained from the reciprocal plot (Fig. 9) was used in the 
calculation. From Figure l l ( a )  we see that 7;' is directly proportional to [PD,,] 
over the ent,ire concentration range studied. This is consistent with our hypothesis 
that the non-co-operatively bound G32P molecules act as nucleation sites for the 
subsequent formation of protein clusters. This direct proportionality between 7; ' 
and [PDis] exists for all of the weak binding association experiments we have 
performed under all conditions and with all polynucleotides. 

The direct proportionality between 7; ' and [PD,,] is also independent of the free 
[G32P]. In  Figure l l ( b )  we show association experiments a t  two different total 
protein concentrations. The values of 7; ' from both sets of experiments fall on a 
common line when plotted vermc,c [PD,,]. Tliis indicat,efi t'ha>t t8he rela~at~ion time, 
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FIG. 11. r;' is directly proportional to the non-co-operatively bound [G32P](PDi,,,,,,d) which is 
formed in the fast pre-equilibrium step and independent of the free [G32P]. (a) G32P-poly(rtA) 
association a t  0.25 M - N ~ C ~ ,  25.O"C, buffer T. The [PD,,,,,,] was calculated using eqn (10) of McGhee & 
von Hippel (19'74), using a site size n = 7 and K I  = 7.7 x lo3 M-'. k2 = $(ar;'/a[PD,,]) = 2.5 x 10' M - '  

(contiguous site) s-'. (b )  GSBP-poly(rtA) association in buffer T, 0.30 M - K ~ C ~ ;  25.0"C. [G32P] = 0.21 +M 

(A) and 0 . 1 0 ~ ~  (m) ;  k2  = 2.0 x lo8 M - '  (contiguous site) s-'. 
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7; ', is dependent only upon the concentration of PD,, and is independent of the free 
G32P concentration. (The rate of association of G32P is dependent upon the free 
protein concentration; see equations (li).) This also constitutes the best evidence in 
support of our assumption that  7, ' ,z [PD,,]. For example, in Figure 11 (b) a t  
[PD,,] = 7 . 8 ~  M,  7;' = 3 s-I  for both sets of data, even though the free 
[G32P] differs by more than a factor of two. (Kote that  the same [PD,,] is obtained 
only by having different total [poly(rcA)] for these two experiments.) Hence, 7; l, 
in the weak binding association mechanism, is dependent only upon the 
concentration of non-co-operatively bound G32P, which is established in the pre- 
equilibrium step. The effect of increasing [G32P], even in the presence of excess 
[NA], is now apparent. Upon increasing the [G32P], more non-co-operatively 
bound G32P is formed in the pre-equilibrium step (nucleation). Since 7;' is 
proportional to [PD,,] (growth step), an increase in the rate of association is 
observed due to an increase in nucleation sites. 

In Table 3 we have listed the slopes obtained from plots of 7;' versus [PD,,] for 
the various polynucleotides a t  several different solution conditions. (Table 3 
actually lists values of 

see eqn (5).) The slopes are sensitive to I YaCl] and temperature. For poly(rcA) a t  
25.0°C and 0.251~-NaC1 (the conditions of F ig . l l ( a ) ) ,  the slope is 

TABLE 3 

Rate con.stant .for the growth step (k,) 

Polynucleotide [Salt] Temperature (deg C) k2 (  x lo-' M - '  s-')I 

Poly (rU) 

t k ,  has units of M- '  (contiguous site) S - '  and is obtained from a plot of 7,' versus [PD,,] using 
equation (5) in the tex t ;  k, = &(a7;1/a[PI)i,]). 
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5 x  10' M- '  (PD,) s- '  ( k Z  = 2.5 x lo8 M - I  (contiguous site) s-I) .  The inter 
pretation of these rate constants will be discussed below. 

(vii) Effect of temperature on the uleak binding association 

We have measured the effect of temperature on the G32P-poly(reA) association 
in buffer H (0.10 M Na('1). At 25.0°C. 0.10 M - X ~ C ~ ,  the G32P-poly(r6A) association 
displays strong binding behavior and k ,  = 3.0 & 0.2 x lo6 M - I  (nucleotide) s -  l, as 
shown above. However, as the temperature is lowered, the G32P-poly(reA) 
association begins to display pre-equilibrium behavior as in the weak binding cases 
just discussed. In  Figure 12, we have plotted 7, ' versus [poly(rcA)], from which one 
can see the transition from pre-equilibrium behavior in the region T 1 20°C to 
strong binding behavior a t  T 2 25.0°C. In  Table 4, the values of K , ,  estimated from 
double reciprocal plots, are given for the T 5 204°C data. A van't Hoff plot yields 
AN:b, = -24+6 kcal/mol for the binding of G32P to poly(reA) in the 
non-co-operative mode. Kowalczykowski et al. (19816) measured 
 AH:^, = -22.5k2.5 kcal/mol a t  0.35, 0.40 and 0.45 M-NaCl for the co-operative 
interaction (i.e. Kw) of G32P with poly(rcA). Their data seem to indicate a slight 
temperature dependence for w ; however, since i t  is difficult to separate K from w 

[ p o l y  ( r c A ) l  ( x  lo5 M nucleotides) 

FIG. 12. Temperature dependence of the G32P-poly(rsA) association in buffer H, 0.10 M - K ~ C ~ .  The 
[poly(rrA)] dependence of 7;' ([G32P] = 0.21 +I) .  
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G32Ppoly(rcA) temperature dependence (0.1 1w-iVaC1, 10 m ~ - H E P E S ,  pH 7 . 5 )  

Temperature (deg. (:) K,( x M - ' )  

with great accuracy, this conclusion is not firm. Within experimental error, the 
AH:b, that we have determined for the non-co-operative G32P-poly(rcA) 
interaction is the same as the AH:bs for the co-operative interaction. This indicates 
that w should have a very small temperature coefficient. 

There is an apparent inconsistency between the values of K l  determined at  
0.10 M-NaCl, T I 20.0°C and the 250°C data obtained a t  [KaCl] 2 0.20 M, in that 
the low temperature estimates of K ,  are much lower than expected. An 
extrapolation of the high salt values of K ,  yields K ,  - lo5 M - I  a t  0.10 M - N ~ C ~ ,  
25.0°C, whereas an extrapolation of' the data from T 20.0°C yields 
K ,  = 2 x lo3 M - I  under the same conditions. We have no explanation for this 
apparent discrepancy. 

(viii) Effect of anions 

We have measured the effecbs of substituting NaF for NaCl on the association 
rate in the weak binding, pre-equilibrium region. Measurements were made on the 
association of G32P with poly(rU) a t  0.1 M-NaF and 0.1 M - N ~ C ~  and with poly(rcA) 
a t  0.3 M - K ~ F  and 0.3 M - N ~ C ~ .  The effects of fluoride were different for the two 
systems. Within experimental error there is no effect on the poly(rU) association; 
the [NA] dependences of 7,' are identical as are the equilibrium constants, K, (see 
Table 2). 

On the other hand, the G32P-poly(rcA) association in 0.3 M - N ~ F  is a factor of 
four to five faster than in 0.3 M-NaCl. This difference is reflected in the calculated 
values of K ,  ; K ,  (0.3 M-NaCl) = 2.4 + 1 x lo3 M I ,  K ,  (0.3 M-NaF) = 

1.5 + 0.5 x lo4 M-I.  Newport et al. (1981) have observed a large dependence 
of Kw on anion type (Kw(F-) > Kw(Clp)); however, they did not attempt to 
separate K  fiom w in their anion studies. Sewport et al. (1981) did find a decrease in 
18 log Kwld log [NaXII in going from chloride to acetate to fluoride, indicating that 
the differential effects of anions decrease with decreasing anion concentration. We 
have also observed this trend in our studies of the dissociation of G32P- 
polynucleotide complexes (Lohman, unpublished results). Our kinetic estimates of 
K ,  indicate that there is an effect of the type of anion on K ,  a t  0.3 M ,  but very 
little, if any, effect a t  0.1 M. This is consistent with the studies mentioned above 
assurning a mass action description of anion birding to G32P. 
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4. Discussion 

(a )  A ssocicrtiorl inecha rz ism ~iilder strong binding conditio?lcs 

The data  obtalned under strong hinding condltlons are consistent v, ith a slmple 
birnolecular association mechanism The rate limiting step seems to be the non 
specific associat io~~ of G3PP n i t h  the polynncleotide to  form non-co-operatively 
bound (~rolated)  complexei (k, in equations (1) (11) and Fig 13) 

The ralue of k ,  = 3 x lo6 \I-' (nucleotide) s - ' ,  determined from Figure 1 a t  
0.10 \I-Sac1 rnay appear to  be too small to  be a diffusion-controlled rate constant 
Xote, hovel-er tha t  k ,  1s the non co operative associatlon rate constant to a 
nucleotide (each nucleotide represents the start  of a potential protein binding site) 
In  the case of a diffi~s~on-controlled reaction between a protein and a 
polynucleotide, the diffusing species are not irldivldual nucleotides. but rather the 
entlre poljnucleotide chain Therefore in order to  obtain a direct comparison 
between theoretical estimates for diffusion controlled rate constants and our 
experimental 1-alues the  units of k ,  need to  he converted to moles of 
polynucleotide This is s imp1 done by multiplying k, by the polynucleotide chain 
length ,I1 The pol-ilucleotides used in the experiments in Figure 2 have an 
average length JI of - 300 nucleotides for poly(rcA) and - 500 ilucleotides for 
poly(dT) If \re call k, the non-co-operatire associatlon rate constant for protein 
hlnding to  the polynucleotide chairl ( 1  e. k ,  = J1 x k , ) ,  then our experimental 
estimates of k ,  are in the range 9 x 10' to 1.5 x lo9 nr- '  (polynucleotide) s- '  These 
ralues are to  be compared with theoretical estimates from a modified yon 
Smoluchov ski (1  91 7 )  equation for the diffusion controlled rate constant of a lipand 
to  a p o l p i e r  chain (Berg et a1 . 1981) 

5% here r, is the  radius of gyration of the polynucleotide. D, and D, are the dlffilsion 
coefficients of the rlroteln and polynucleotide. respectlrelj-: S, is Avogadro's 
number and K is a steric factor to account for effects associated with proper 
orientation of the DKAl binding ii te of the  protein. Eqluation (8). without the term 
in brackets is correct if the pol) ilucleotide were a solid sphere of radius r, Hon e~-er .  
since the polynucleotide is not a solid sphere. the  'transparency" term in brackets 
is necessary I t  represents the probability that  the proteln, upon entering the 
domain of the polynucleotide \1111 blnd to the polynucleotide rather than pass 
through it (Berg p t  rxl . 1981) From Berg et a1 (1981) we find 

11 here PL 1s the length of the polynucleotide. 11 is the radius of the  polynucleotlde 
backbone and R, is the arerage distance hetn een nucleic acid segments n ithnl the 
domain of one polynucaleotide (R, is obtained 1)y setting T R ~ L  = 4/3~r,3 and solving 
for R, . see Berg Rr Bloml~erg (1977) and Berg r t  al. (1981) for details.) 

Irlsertinp ralues of D , = 7 ~ 1 0 - ~ c n 1 ~ s - '  (D,$D,).  r , = Z x 1 0 - ~  to 
3 x cm (at 0.10 NaCl Eisenherg R- Felsenfeld. 196S), R, = 2 0  A. b = 10 
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and K = 112, we obtain estimates of k, = 2 x 10' to 3 x lo9 M- '  

(polynucleotide) s- ' .  Since T4 G321J binds with a definite polarity, with respect to 
the direction of the nucleic acid sugar-ph~sphat~e backbone (Kelly & von Hippel, 
1976), this introduces an orientation constraint of a t  least K = 112 (it is conceivable 
that K may be smaller than 112). Our experimental values of k, = 9 x 10' to 
1.5 x lo9 M- '  (polynucleotide) s - '  are therefore in good agreement with the 
approximate theoretical estimates for a diffusion-controlled reaction. 

An increase in the molecular weight (length) of the polynucleotide should 
increase the non-co-operative association rate constant (k,; in units of M - I  

(polynucleotide) s- ' )  since the radius of gyration (i.e. the target size) will increase. 
We observe this in the measuremerlts with different lengths of poly(r1). k,  does 
increase from roughly (50) (6 x lo6) = 3 x 10' M- '  (polynucleotide) sP1 for the 2.5 S 
( -  50 nucleotide) poly(r1) sample to (1500) (2 x lo6) = 3 x 10' M - I  s-' for the 12 S 
( - 1500 nucleotide) poly(r1) sample. There is insufficient data on radii of gyration 
of single-stranded homopolynucleotides as a function of molecular weight, under 
the conditions of our experiments (0.10 M-NaC1) to make quantitative statements. 
However, an increase of a factor of 10 in k,  certainly seems reasonable for an 
increase of a factor of 30 in molecular weight. 

The salt dependence of k,(app) in the strong binding region is qualitatively that 
expected for the diffusion-controlled association between two species of net 
negative charge. In  addition, however, the G32P presumably has a DNA binding 
site that  has a net positive charge. This asymmetric charge distribution on the 
protein (many DNA binding proteins have isoelectric points < 7)  very likely 
facilitates the correct orientation of the protein near the nucleic acid. Therefore, a t  
very low salt, the approach of the two species (both of net negative charge) is rate- 
limiting and is facilitated by increasing the salt concentration which screens the 
electrostatic repulsions. 4 s  the salt concentration is increased to > 0.1 M-KaC1, the 
Debye screening length drops to < 10 In  this salt region the orientation of the 
DKA binding site of G32P becomes rate-limiting. This orientation stjep should have 
a small negative salt dependence (i.e. increased salt concentration will shield the 
interaction between species of opposite charge and slow the association). The only 
association that seems to show all aspects of this behavior is the G32P-poly(dT) 
interaction (see Fig. 4).  The salt dependence (a log k,/d log LNaCl]) is 1.5 in the 
range 20 mM < [NaCl] < 100 mM, but begins to level off bet'ween 0.10 M and 0.30 M- 

NaCl. Above 0.30 ~ - K a ( > l ;  the pre-equilibrium domain takes over and we observe 
the salt dependence of the equilibrium constant, K , .  The orientation-limiting 
region and the pre-equilibrium region discussed above correspond to the screening- 
controlled and pre-equilibrium regions discussed by Lohman et al. ( 1  978). 

An alternate interpretation of the association in the strong binding region is that 
the G32P exists in equilibrium between two conformations, only one of which is 
capable of binding to the nucleic acid, as shown below: 
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where 
K, = [P]/(l'*]. 

If the equilibrium between P and P* is rapid, the observed association rate 
constant would be: 

rather than the true bimolecular rate constant, k,. If Kc were to decrease with 
decreasing salt concentration, this might accourit for the [NaCl] dependence of 
k,(app) in the region < 0.10 M-r\'aCl. In addition, a rate-limiting step involving a 
conformational change of the G32P would account for the absence of nucleic 
acid specificity a t  low salt. 

I t  is quit'e possible that something like this is going on a t  very low salt 
coricentration (e.g. < 0.05 m-NaC1). However, there are two observations that 
suggest that  an equilibrium involving a G32P conformational change is not 
important a t  [NaCl] 2 0.10 M. At 0.1 M - N ~ C ~ ,  we observe both pre-equilibrium and 
strong binding behavior depending on the homopolynucleotide. This argues against 
a rate-limiting step that  involves only the protein. Furthermore, a t  0.3 wNaC1, the 
G32P-poly(dT) association still displays strong binding behavior with 
Ic, = 3 x lo6 M -  ' (nucleotide) s - ' , even though the associations to all other 
homopolynucleotides are in the weak binding pre-equilibrium limit. Obviously the 
factors that define the strong binding association behavior are dependent on both 
the salt concentration and the homopolynucleotide (as well as temperature). This 
suggests that we need not consider prot'ein conformational changes in our 
interpretation of the data under strong binding conditions a t  least in the range 
0.10 M 5 NaCl 5 0.3 M. 

We note a t  this point that our interpretation of the decrease in Ic, below 0.10 M- 
NaCl for G32P is different than that  for the lac repressor-operator association 
given by Berg et al. ( 1  981). Winter et al. (1981) and Barkley (1981) in the same 
[NaClI region for their experiments with hplac5 (high molecular weight) DNA. 
However, for the short chain length operator-containing DNA experiments of 
Winter et al. (1981), the qualitative explanations are the same a t  low salt (i.e. the 
non-specific (non-co-operative) association becomes rate-limiting and kl is 
measured). VC7inter et al. (1981) observe a salt-independent I C ,  -- 2X lo7 M- '  

(nucleotide) s P 1  between 25 mm and 100 m~-NaC1. In our experiments with 
poly(dT) we observe an essentially salt-independent I c ,  = 3 x lo6 to 4 x lo6 M - I  

(nucleotide) s- '  in the range 0.10 M 5 [NaCl] 5 0.30 M, but a significant decrease in 
k, below 0.10 M - N ~ C ~  (see Fig. 4). As stated above, this decrease may indicate that' 
the approach of the protein and nucleic acid has become rate-limiting, rather than 
the orientation of the DNA binding site of the protein, or it may reflect a protein 
conformational change. Goeddel et al. (1977) have measured the association of lac 
repressor to 21 and 26 base-pair operator fragments and find that 
a log k,/d log [NaCl] = - 1.0 in the range 50 mM < [NaCl] < 0.20 M which Lohman 
et al. (1978) have interpreted as indicating that orientation of repressor is rate- 
limiting for this system. 
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None of the kinetic obser~at~ions made in the strong binding region constitutes 
proof in itself that  the strong binding k,(app) is the bimolecular rate constant for 
formation of the non-co-operatively bound G32P-nucleic acid complex (k, in 
eqn (11) and Fig. 13). However, collectively they offer a large body of evidence in 
support of this conclusion. The value of k ,  = 3 x lo6 to 4 x lo6 M '  (nucleotide) s- '  
compares well with the estimate of k, = 2 x lo7 M - '  (nucleotide) s-' by Winter et 
al. (1981) for the norl-specific association of lac repressor to a 203 base-pair 
operator-containing fragment. No direct information about dissociation rates can 
be obtained from the association data presented here since the co-operative 
interactions are presumably formed before dissociation of the non-co-operatively 
bound G32P can occur. We have measured the dissociation of co-operatively bound 
G32P over a wide range of solution corlditions and these will be reported elsewhere 
(Lohman, unpublished results). 

(b)  Weak binding, pre-equilibrium association mechanism 

The ass~ciat~ion kir~etics under weak binding conditions display qualitatively 
different behavior than under strong binding conditions as a function of protein 
and nucleic acid concmtrat)ions, salt, temperature and nucleic acid length. Our 
observations suggest the following general mechanism for the formation of G32P 
clusters a t  low extents of lattice saturation ([NA] + [G32P]). The mechanism is also 
depicted schematically in Figure 13. 

k ,  
(1)  P+D*PD,,  (nucleation) 

k-1 
( l l a )  

(growth) (lib) 

(redistribution) ( I  lc)  

The first step (1 l a )  is the formatior1 of non-co-operatively bound G32P-nucleic acid 
complexes (PI),,), which are in rapid pre equilibrium with free G32P and nucleic 
acid binding sites. This step is viewed as a nucleation step since the ensuing co- 

G32P bound in Format ion of Equ i l ~b r i um 
isolated mode contiguously distribution 

bound G32P of  clustered 
(smal l  c lusters) G32P 

FIG. 13. Schematic of the proposed mechanism for formation of T4 gene 32 protein clusters under 
condit'ionrs of excew n ~ ~ c l ~ i c  acid. (See H ~ R O  e q n ~  ( 1  I ) , )  

4 
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operative interaction can only form after some P.Dis have formed. As we have seen, 
the concentration of'l'Di, formed in this pre-equilibrium is generally very small (see 
Fig. 11) since the reactant concentrations are low and K 1  is generally I lo4 M- ' .  

In  general, this step is missed in the stopped-flow experiment under weak binding 
contiitions since it is fast and has a very small amplitude. 

The second step in this mechanism (1 lb ) ,  corresponding to the relaxation time T,, 
represents t*he growth step, where free G32P contacts the previously established 
non-co-operatively bound molecules t,hat have provided two singly contiguous sites 
for formation of co-operative interactions. Upon binding in the proper 
configuration, a co-operative intera~t~ion is formed and the binding con~t~ant 
increases by a factor of w (lo3 to lo4). The formation of these co-operative 
interactions does not eliminate the singly contiguous sites (cluster ends), but rather 
their concentration should remain fairly constant. At this point we have not, 
specified the mechanism by which the free G32P locates the PD,,, or other singly 
contiguous sites. The possible mechanisms for that step will be discussed in detail in 
section (e), below. In  the scheme of Figure I3 we have drawn the intermediate 
formed by this second st,ep, with rate constant k,, as a group of small G32P clusters 
on the nucleic acid. We simply mean to specify that this second step represents the 
formation of the first co-operative interactions. This intermediate is rather 
nebulous and the cluster distribution a t  this point cannot be well defined. In fact, 
depending on the conditions, interrnediate clusters may be formed that are longer 
than any that  will he found in t'he final equilibrium cluster distribution as has been 
observed for t'he polymerization of actin (Oosawa & Asakura, 1975; Kawamura & 
Moruyama, 1972). 

The third and final step in our proposed mechanism ( I  Ic) is the redistribution of 
G32P to form t,he final equilibrium distribution of clusters. This step is 
included because of the observation of the second relaxation time, T, (see Fig. 1) 
under all conditions except very high nucleic acid concentrations. Once the clusters 
st'art to form in the second step, they will not immediately establish the most 
favorable configuration of cluster sizes and some redistribution must occur. This 
redistribution is likely to be both intramolecular and intermolecular with respect to 
the nucleic acid. The fact that we observe T ,  indicates t'hat more G32P is binding to 
the nucleic acid during this redistribution step, otherwise we would not detect a 
further fluorescence quenching. Since the fluorescent properties of G32P depend 
only upon whether it is free or nucleic acid bound (see Results), we cannot directly 
detect any interchange of bound G32P among its three different binding modes 
(isolat,ed, singly or doubly rontiguous). However, if the redistribution of G32P on 
the nucleic acid lattice is slow but results in further binding of free protein, since the 
free energy of the system will be lowered, then the redistribution process will be 
observed through the coupled binding of the remaining free protein. No slow 
relaxation time ( T ~ )  is observed a t  very high nucleic acid concentrations, since 
practically all of the protein is bound before redistribution occurs and hence the 
redistribution process is invisible. 

The presence of the slow relaxation time under conditions of excess nucleic acid is 
definitely related to t'he G32P co-operativity. Association experiments with the 
G321' proteolytic digestion products G32P*I and *I11 (Moise $ Hosoda, 1976) show 
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this quite nicely. The G32P*1 still maintains its co-operativity (w - lo3;  Lonberg 
et al . ,  1981) and we observe biphasic association kinetics to single-stranded 
homopolynucleotides as in the case of G32P. However, the G32P*III, which does 
not bind co-operatively (w = 1; Lonberg et al.,  1981), displays only a single 
exponential decay in association experiments with poly(r~A) (Kowalczykowski, 
unpublished results). 

Schwarz (1972) has shown that three rela,xation times are expected for t,he co- 
operative binding of a ligand to a one-dimensional lattice under conditions of low 
binding density, high ro-operativity and an infinitely long lattice. The fastest, 
relaxation time is associat)ed n.it)h the nucleation step, which we do not observe 
under weak binding conditions. The second relaxation time corresponds to  the 
growth step and is given in equation (12) in our notation (Schwarz, 1972): 

- 1 
T~ = dk2 1 I'Dis]. (12) 

This relaxation time is ident8ical to 7; ', as seen in Figure 11, which shows that 7; 
is directly proportional to [PDi,I. The third relaxation time, as discussed by 
Schwarz (1972), is due to redistribution of bound ligands. We have suggested above 
that the slow relaxation time that we observe (7,) may represent a redistribution of 
bound G32P to form the most favorable cluster distribution. At this point, 
however, we cannot make a quantitative statement about the rate-limiting step in 
this redistribution process. 

(r) Primary .factors that d r t r r m i ) ~ ~  t h ~  rate-limiting step i n  thr association (i.e. strong 
bi?~ding versus weak binding brhavior) 

On the basis of the proposed mechanism for the formation of co-operatively 
bound G32P-polynucleotide complexes, we can ask what causes the differences 
between the strong binding and weak binding association behavior. Primarily, 
what is the basis for the salt concentration effect that shifts the rate-limiting step in 
the association so that one measures k, under strong binding conditions, but 
observes a pre-equilibrium under weak binding conditions? This is explained by our 
proposed scheme (see equations (1 1 ) and Fig. 13), if the following conditions are 
met : 

2k2[PD,,I > k -1 strong binding (measure Ic, ) (13) 

k > 2k2[PDi,l weak binding (pre-equilibrium). (14) 

Under weak binding conditions k-I  > 2k2[PDi,] and t'he first step quickly 
establishes a pre-equilibrium situation, while the growth step with rate constant Ic2 
is rate-limiting. However, as previously shown (see Fig. 10) the non-co-operative 
binding constant for the G32P-polynucleotide interaction is extremely salt- 
dependent. In addition the majority of this salt dependence is contained in the 
dissociation rate constant (Lohman et al., 1978; Lohman, 1980 and i~npublished 
results; Kowalczykowski et al., 1980). As a result, upon lowering the [NaCl], k-, 
decreases dramatically. At a low enough [XaCl], the relative magnitudes of k , and 
k2[PDi,] change so that 2k2LPDis] > k- ,. Under these conditions, the rat,e-limiting 
step in the afi~oeiat~ion Ir,eromc,s k ( .  
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We can obtain a reasonable estimate of the value of k-, a t  which the crossover 
from strong binding to weak binding behavior occurs. From equations ( 5 ) ,  (13) and 
(14) we see that the value of lc -, , relative to 7, l ,  is the determining factor. From 
Figures 5, 6, 7 and 8 we see that 7,' does not usually exceed 80 s-' under weak 
binding conditions, where k-, must be greater than 7;'. Furthermore, strong 
binding behavior will be observed when 7; ' > k- , = 10 s -  Therefore the 
crossover should occur within the range 10 s-' < Ic-, < 80 s- '  or equivalently, 
4 x 1 o4 M -  ' < K1 < 3 x 10' M -  since k, should be fairly constant above 
0.10 ~-IZ'acl. As a result, any set of conditions (mainly [NaCI], temperature and 
nucleic acid lattice) that  yields a value of k-, < 10-80 s-' will result in the 
measurement of k, in an association experiment. This explains the fact that  the 
[NaCl] range over which strong binding association behavior is observed is 
dependent on the particular homopolynucleotide. We have shown (Lohman, 1980, 
and unpublished results) that e~sent~ially all of the base and sugar specificity that 
has been observed for the equilibrium constant, K (Newport et al., 1981) originates 
in the dissociation rate ~ons t~an t .  Since k-, for the G32P-poly(dT) dissociation is 
lower than for any other polynucleotide, strong binding behavior persists to a much 
higher [NaClj ( -  0.3 M )  than for any of the other polynucleotitles (i.e. one needs to 
raise the [NaCl] to > 0.30 3% in order to increase k - so that  it is > 10 to 80 s- I ) .  I n  
addition, the crossover from strong binding to weak binding behavior is observed to 
occur over a narrow [NaCI] range in Figure 4. This is presumably because as the 
[XaCl] is raised, k ,  increases dramat>ically and Icz[PDi,] (or 7; l )  decreases. Either 
of these changes would result in a switch in rate-limiting st'eps; however, the two 
acting in concert, \trill cause the shift to occur quite abruptly, as a function of 
(NaCl] . 

(d) [XaClJ deper~de~rce of the strong binding (diffusion-controlled) versus weak 
binding (pre-equilibrium) associations 

As Lohman et al .  (1978) have shown, the salt dependence of the observed 
associat'ion rate constant is sensitive to whether an association reaction occurs via a 
pre-equilibrium mechanism or is diffusion-controlled. For a diffusion-controlled 
association, la log k,/d log [XaClII < Id log K/a log [NaC1]1. As discussed above, the 
basis for this is that the effect of salt concentra,tioli on Ic, will be only to screen the 
reacting species and hence will generally be small (Lohman et a,Z., 1978). 

For an association that occurs via a pre-equilibrium formation of a protein- 
nucleic acid complex, wc expect la log k,(app)/a log [NaCI]/ - la log K/a log [NaClIl, 
since k,(app) possesses t'he entire salt dependence of the equilibrium constant, K 
(Lohman et al . ,  1978). For most DNA binding proteins, K decreases with increasing 
[NaCl] due to the direct release of c~unt~erions from the nucleic acid and/or protein 
upon formation of ionic: interactions in the complex (Record et al., 1976,1978; not 
simply a screening effect as in the diffusion-controlled case). That is to say, the 
actual reaction for the pre-equilibrium step should be written as: 

(both cat~ons and anions are released in the case of G32P (Kowalczykowski et al., 
1981h)) An Increase in [NaCl] wi l l  decrease the number of nnrlpation sites, PD,,, 
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and hence le,(app), under weak binding conditions, by shifting the equilibrium in 
(15) to the left (Lohman et al., 1978; Record et al., 1976,1978). As we have 
shown, a pre-equilibrium exists under weak binding conditions and 
(8 log k,(app)/d log [NaCl]) = - 5 1 for poly(reA) and poly(r1) and - 3.6 for 
poly(dT) (see Fig. 4). These values agree very well with those found for 
d log K/d log [NaCI] (Kowalczykowski et al., 19816: Newport et al., 1981), which 
indicates that the association involves a pre-equilibrium (Lohman et al., 1978). 
Hence, the salt dependence of k,(app) is a helpful diagnostic to determine if a pre- 
equilibrium mechanism is in operation in a particular protein-nucleic acid 
association. 

(e) The m,echanism of the growth step i n  the pre-equilibrium a.ssociation 

As one can see from the scheme in Figure 13, the second step in the proposed 
mechanism (growth of clusters) has not been specified. In  this section we discuss the 
various pathways by which a G32P, free in solution, may find its way to a non-co- 
operatively bound G32P in order to form the first co-operative interaction and start 
the growth of G32P clusters. Once the pre-equilibrium formation of non-co- 
operatively bound G32P has occurred in the first step, the second step appears 
quite analogous to the well stfludied association of the E. coli lac repressor to its 
operator, which is contained in a large DNA molecule possessing many non-specific 
binding sites (Riggs et al., 1970). In  the G32P case, however, the specific sites of 
interaction are the singly contiguous sites on either side of a non-co-operatively 
bound G32P molecule rather than a specific nucleotide sequence. When a G32P 
molecule reaches a singly contiguous site, its binding constant increases by a factor 
of w(  - lo3 to lo4). Under physiological conditions, the increase in binding constant 
when lac repressor moves from a non-specific site to the operator is -- 10' to lo9 
(von Hippel et al., 1974,1975; Lin & Riggs, 1975; Record et al., 1977). In  the case of 
repressor this specificity is salt-dependent, since the non-specific and specific 
binding constants have different salt dependences, whereas for G32P w seems to be 
independent of [NaCl]. Hence the lac repressor-operator association and the 
growth step of the G32P-polynucleotide association are quite similar and we can 
draw on the detailed theoretical literature that  has developed for the repressor- 
operator kinetics (Richter & Eigen, 1974; Berg & Bloniberg, 1976,1977,1978; 
Schranner 8: Richter, 1978; Berg et al., 1981) to interpret our experimental values 
of Ic2 in terms of a specific mechanism. There are basically three pathways by which 
free G32P can reach a singly contiguous site on the single-stranded polynucleotide 
(Berg & Blomberg, 1976,1978; Berg et al., 1981). 

( I  ) Three-dimensional diffusion of the G32P directly to the singly contiguous site. 

(2) Hopping, whereby the G32P first binds non-co-operatively (non-specifically) 
and then undergoes a series of microscopic dissociations and reassociations 
until it contacts a singly contiguous site. 

(3) Sliding, whereby the G32P also binds non-co-operatively and then slides (i.e. 
undergoes a random one-dimensional diffusion along the chain without 
dissociation) with intermittent dissociations and reassociations, until it 
contacts a singly contiguous site. 




















