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In this paper we examine the specificity of the co-operative binding (in the 
polynucleotide mode) of bacteriophage T4-coded gene 32 protein to synthetic and 
natural single-stranded ~iucleic acids differing in base composition and sugar type. 
I t  is shown by competition experiments in a tight-binding (low salt) environment 
that there is a high degree of binding specificity under these (protein-limiting) 
conditions, with one type of nucleic acid lattice binding gene 32 protein to saturation 
before any binding to the competing lattice takes place; it is&lso shown that  the 
same differential specificities apply a t  high salt concentrations. Procedures 
developed in the preceding paper (Kowalczykowski et al., 1980) are used to  measure 
the net binding affinities (Kw) of gene 32 protein to a variety of polynucleotides, as 
well as to determine individual values of K and w for some systems. For all 
polynucleotides, virtually the entire specificity and salt dependence of binding of 
Kw appears to be in K .  In - 0.2 M - N ~ C ~ ,  the net binding affinities (Kw) range from 
- lo6 to -10'' M - ' ;  in order of increasing affinities we find: poly(rC) 
<poly(rU) <poly(rA) <poly(dA) <poly(dC) <poly(dU) < poly(r1) <poly(dI) <poly- 
(dT). In general, Kw for a particular homopolyribonucleotide at constant salt 
concentration is 10' to lo4 smaller than Kw fhr the corresponding homopoly- 
deoxyribopolynucleotide. Values of Kw for randonily copolymerized poly- 
nucleotides and for natural DKA fall a t  the compositionally weighted average of the 
values for the individual homopolynucleotides (except for poly(dT), which appears 
to bind somewhat tighter), indicating that  the net affinity represents the sum of the 
binding free energy contributions of the individual nucleotides. I t  is shown that 
these results, on a competition basis under physiological salt conditions, can 
account quantitatively for the autogenous regulation of the synthesis of gene 
32 protein a t  the translational level (Russel et al , 1976; Lemaire ~t al , 1978) In 
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addition, these results suggest possible mechanisms by which gene 32 messenger 
RNA might be specifically recognized (by gene 32 protein) and functionally 
discriminated from the other mRNAs of phage T4. 

1. Introduction 

In the Introduction to the preceding paper (Kowalczykowski et al., 1980) we 
discussed the biological properties of gene 32 protein as determined in studies in 
vivo and in vitro, and pointed out that  the specificity requirements of the 
autoregulatory control of the synthesis of this protein (Krisch et al., 1974; Russel et 
al., 1976; Lemaire et al., 1978) appeared to be incompatible with the results of earlier 
physico-chemical studies from this laboratory (Kelly et al., 1976). The essence ofthe 
problem seemed to be to develop a molecular explanation for the hierarchy of 
biologically observed gene 32 protein binding specificities (with relative affinities 
decreasing as follows : single-stranded DNA sequences >gene 32 protein messenger 
RNA > other bacteriophage T4 mRNAs > double-stranded DNA, etc.) in light of the 
apparent non-specificity of binding demonstrated with the oligonucleotides. 

In principle the problem is soluble a t  this level; von Hippel et al. (1977; see also 
below) had pointed out that even very small differences (within the limits of error of 
the absolute binding measurements reported by Kelly et al. (1976)) in the binding 
affinity of individual gene 32 protein molecules for the various short oligonucleotide 
lattices could be appreciably amplified (to approximately the power of the average 
cluster size) if the protein binds co-operatively. 

To attempt a quantitative a,pproach to this problem, it was necessary first to 
redetermine and to extend, a t  the highest attainable accuracy, the binding 
measurements of the various oligonucleotides. These results, summarized in the 
preceding paper (Kowalczykowski et al., 1980), confirnied the earlier conclusions 
(Kelly et ab., 1976) that  various A and T-containing oligonucleotides bind to gene 
32 protein with comparable affinities, and showed that the affinities of gene 
32 protein for G and C-containing species are also about the same. Furthermore, 
ribose-containing oligonucleotides seemed to bind to gene 32 protein only margin- 
ally more weakly than their deoxyribose-containing homologues. Thus if the 
physiologically relevant binding hierarchy listed above was indeed to find its 
explanation via direct cluster-based amplification of the virtually indistinguishable 
binding affinities of the oligonucleotides for gene 32 protein, discrimination would 
have to be subtle indeed. 

However, in the course of studying the co-operative binding (and particularly the 
salt dependence of this binding) of gene 32 protein to polynucleotides, we found that 
several aspects of this binding differed qualitatively from that of the short 
oligonucleotides studied previously, suggesting that two different binding conform- 
ations are involved. This led us to make a careful quantitative examination of the 
molecular details of the polynucleotide binding interaction, and in the preceding 
paper we developed a detailed model for the interactions of gene 32 protein with 
nucleic acids in both binding conformations. These findings make it possible for us 
to ask again how physiological binding specificity develops; this time in the context 
of the differences in the binding affinity of the protein interacting with nucleic acid 
lattices in the polynucleotide binding mode. 
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In this paper we report an extensive series of measurements on the affinity of gene 
32 protein for polynucleotides of varying base and sugar composition. The results 
show that differential (specific) binding affinities do exist a t  this level and, together 
with binding co-operativity, do indeed lead to a simple physico-chemical model that 
can account for the physiological binding and autoregulatory properties of the 
system. 

2. Materials and Methods 
Most materials, buffers and methods used in this study are described in the preceding 

paper. Small differences in procedure are described in Results. The sources and extinction 
coefficients of all the polynucleotides used i11 these studies are listed in the accompanying 
papers (Kowalczykowski et al., 1980; Lonberg et al., 1980). 

3. Results 

(a) Specificity of gene 32 protein binding to polynucleotides 

In the preceding paper (Kowalczykowski et al., 1980) we showed that  the binding 
affinity of gene 32 protein for short (1=2 to 8) oligonucleotides is essentially 
independent of the nucleotide composition of the nucleic acid lattice. We also 
showed that there are marked differences between the binding behavior (as reflected 
in K )  of' gene 32 protein in the oligo- and in the polynucleotide binding modes. In  this 
paper we ask whether binding in the co-operative polynucleotide mode shows 
specificity on the basis of either base composition or sugar type. 

(b) Binding competition exp~riments demonstrate specificity at low salt 
concentrations 

Under low salt conditions ( -  10 m~-Na' ), gene 32 protein has been shown to bind 
tightly and co-operatively to poly(dA) and poly(rA). A large hyperchromicity is seen 
at  - 260 nm when protein binds to single-stranded base-stacked polynucleotides, 
corresponding to base unstacking and backbone deformation. By following this 
hyperchromicity as  a function of added gene 32 protein (at a fixed concentration of 
polynucleotide), Jeiisen et al. (1976) established a site size (n) for the co-operative 
binding of gene 32 protein (to poly(dA)) of 7 ( + I )  nucleotide residues; and 
Kowalczykowski et al. (1980) showed that the net binding affinity (to poly(rA)) is 
very salt concentration-dependent. Here we extend this approach to measure the 
relative binding affinities of co-operatively bound gene 32 protein for polynucleotides 
of varying base and sugar composition. 

Solutions of single-stranded polynucleotides in 10 m~-NaCl ,  1.0 m ~ - N a , H p o ,  
(pH 7.7) (buffer B; Kowalczyko~rski et al., 1980) have been titrated with gene 
32 protein, and the change in absorbance monitored a t  260 nm. A typical low salt 
titration curve (for poly(rA)) is shown in Figure 1 ,  note the expected sharp break at  
a stoichiometry of -7 nucleotide residues per gene 32 protein monomer added, 
showing that binding saturation has been achieved. Similar titrations have been 
carried out with a vl~ricty oluthcr polynuclcoticlcs, a11 rcachcd binding saturation at  
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FIG. 1. Low salt competitioil titration of'poly(rA) and poly(rC) in buffer B plus 10 mni-NaC1, plus the 
indicated concentrations of homopolynuc~lcotides at  25°C. The change in absorption a t  260 nm due to the 
binding of' gene 32 prot'ein was monitored as a f'unct,ion of' protein added for: poly(rA) alone 
(2.46 x lo-' M )  (0); and for poly(rA) (2.46 x lo-' M )  plus poly(rC) (2.5 x M )  (a). 

Fractional change in polynucleotide absorbanxe (at 260 nm) on saturation uiith gene 
32 protein at loui salt 

Poly(dA) 
Poly(rA) 
Poly(dC) 
l'oly(rC) 
Poly[r(A,C)lt 
Poly(dT) 
Poly(rU) 
Poly(rA)-pretreated 

with formaldehyde1 

Measured in buffer B containing 10 mhi-NaCI: opticxal densities have been corrected fbr protein 
absorbance and dilution effects. 

t A to C ratio for this random copolymer is 0.83. 
1 Poly(rA) was incubated fbr several days in 5 >f-HCHO at room temperature; just \)efore use the free 

formaldehyde was removed by centrifugation of'the solutiorl through a small column as described by 
McGhee & von Hippel (1977). Titrations were completed within 40 min after this step. Under t,hese 
circumstances a t  least SO0,,, of the exocyclic amino groups of poly(rA) remain complexed as  
hydroxymethylol adducts (McGhce & von Hippcl, 1977). 

§ + = hyperchromic change; - = hypochromic change; A O . D . ~ ~ ,  = ( O . D . ~ ~ ~ ~ ,  - o . T ) , ~ ~ ~ ~ ~ ~ ~ / o . D . ~ ~ ~ ~ ~ ~ ~ ~ .  

n = 7 ( + 1) nucleotide residues under these conditions (see Table 1 ). However, both 
the magnitude and the direction of the change in apparent optical density of the 
polynucleotides on binding to gene 32 protein varies with base composition and 
sugar type. The values of A o.l).260 determined for the various polynucleotides 
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examined are summarized in Table 1. We note that poly(dA) and poly(rA) show by 
far the greatest hyperchromic change, while a small hypochromic change is seen with 
poly(dT), poly(rU) and formaldehyde-treated poly(rA). 

We have exploited these differences in optical density change on binding of gene 
32 protein to different polynucleotides in competition studies to examine the 
relative affinities of this proteii~ for different polynucleotide lattices under co- 
operative binding conditions. A typical experiment is shown in Figure 1, where the 
titration of poly(rA) is monitored in the absence and in the presence of a tenfold 
molar excess of poly(rC). Both polynucleotides bind gene 32 protein stoichiometri- 
cally under these low salt conditions, yet Figure 1 clearly shows that in this 
competition experiment all the poly(rA) is titrated to completion before the titration 
of any of the poly(rC). Thus the affinity of gene 32 protein, binding in the co- 
operative polynucleotide mode, is appreciably greater for poly(rA) than for 
poly(rC) ; resulting in appreciable apparent binding specificity under these (protein- 
limiting) conditions. The physico-chemical basis of such apparent differential 
binding specificities will be considered further in the Discussion. 

Such competition experiments have been carried out with other pairs of 
polynucleotides (avoiding pairs capable of inter-chain base-pairing), and the results 
have been used to establish a partial hierarchy of relative polynucleotide binding 
affinities for gene 32 protein. Because of the large differences in the gene 32 protein- 
induced hyperchromicity of poly(rA) and poly(dA), relative to the other poly- 
nucleotides tested, most pairwise experiments were conducted against one of these 
adenine-containing polynucleotides. We have shown that the binding affinity of 
gene 32 protein for poly(rA) a t  low salt concentrations is approximately the same as 
for formaldehyde-treated poly(rA) (carrying hydroxymethylol adducts on the N6- 
amino group of the adenine moiety; see Table 1) and greater than the affinity of the 
protein for poly(rC) and poly[r(A,C)]. Additional experiments have established that 
the apparent affinity of gene 32 protein for poly(dA) exceeds that for poly(rC). 
Similar relative affinities for gene 32 protein binding to polynucleotides have been 
demonstrated by Bobst & Pan (1975), using spin-labelled poly(rA) as  a probe in 
qualitative competition experiments of this type. 

Obviously the above method for determining binding affinities, while providing a 
useful demonstration of specificity and a model of possibly physiologically relevant 
control systems based on binding competition for limiting protein molecules (see 
Discussion), is of only limited use as an analytical technique. Previously (e.g. see 
Fig. 3 of Kowalczykowski et al., 1980) we had shown that  binding of gene 32 protein 
to polynucleotides is appreciably weakened at  high salt concentrations; an 
appreciable "lag" is seen in the co-operative binding isotherm, showing that the 
binding is not stoichiometric under those conditions. Thus the basic requirement for 
measuring binding constants, that concentrations of both bound and free ligand be 
measurable at  equilibrium, are met under higher salt conditions, and values of K 
and UJ can, in principle, be determined for these systems. 

First, however, we must demonstrate that the differential binding specificities 
seen in the low salt competition experiments (Fig. 1) carry over to the higher salt 
concentrations. Figure 2 shows a high salt competition experiment in which 
poly(rA) is titrated in the prcscnec and abscncc of a tenfold c s c c s ~  of thc m,ncloni 
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FIG. I .  u.v. alr)sorhanre titrat,iori with gene 32 protein of'poly(rA) alone (4.13 x M )  (m) or poly(rA) 
(4.13 x 1 0 5  hi )  in the presence of a 10-fbld excess of poly[r(A,C)] (4.2 x ~ r )  (0.83 mol A/mol t o t d  
nucleotitlr) (e). The titratio11 was carried out in huf't'er B plus 0.3.5 M-XaCI. 

copolymer, poly[r(A,C)]. Clearly, as before, poly(rA) is titrated to completion before 
any titration of poly[r(A,C) ] occurs. 

(c) Absolutr rn~murr.rnmt 0.f polynucl~otide binding af$nitips for grne 32 protvin 

(i) Ultraviolet light absorbancr mrmurr.rnents 

As described by Kowalczykowski et al. (1980), the absolute binding affinity ( K w )  
of a polynucleotide for gene 32 protein can be measured under conditions of 
increased salt concentration where binding is not stoichiometric. Using this 
procedure, ultraviolet light absorbance titrations of various polynucleotides have 
been conducted, and values of Kw determined by measuring the free protein 
concentration (L,) a t  the midpoint of the titration. The midpoints of the titration 
curves have been determined using the saturation values of hyper- or 
hypochromicity listed for eaeh polynllcleotide in Table 1, and a site size (n) of seven 
nucleotide residues per gene 32 protein monomer. 

In order to determine reasonably accurate values of Kw, an appreciable lag phase 
(e.g. see Fig. 3 of Kowalczyko~vski et al., 1980) is required in the titration. In 
practice, this corresponds to a minimum value of L, of - 1 x 1 0-6  M-gene 32 protein, 
and establishes the low salt concentration limit a t  which titrations to determine Kw 
can be carried out. The high salt concentration limit is set by the maximum 
concentration of fkee gene 32 protein that can, in practice, be present in a cuvette 
without excessive interference from light-scattering and aggregation; this limit is - 2 x I 0 M-gene 32 protein. 

We found that  the salt concentrations over which titrations can be conducted on 
the above basis differ greatly from one polynucleotide to another. Thus values of Kw 
are conveniently measured between 0.35 and 0.5 wNaC1 for poly(rA), while 
mea,surable values of Kw for poly(dT) call be attained only at  salt concentrations in 
excess of 1 .;5 M. Titrations were conducted by thc ultraviolet light method a t  scvcral 
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-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 
Log [N~CL]  

F I ~ : .  3 .  Absolute ralues of Kw at tiifferent NaCl colicentrations. A serie- of titrations u n t l ~ r  coriditionh 
as ill Fig. 2 .  hut at different XaC1 colice~rtvations. were carrie(1 out uhing pol>-(rC) (A).  polyLr(,l.C)] (9 ) .  
poly(rA) (m). poly(dX) (a) and poly(dT) (0 ) .  T7alur.; of Kw \\-ere (letermined ibr. each pol-l~u[.leotitle at 
each salt co~lcentratioll as tlescribetl in the test 

salt concentrations for several polynucleotides. The results are summarized as  plots 
of log Kw versus log [NaCl] in Figure 3 and shov,  a t  least for poly(dA). poly(rA) and 
pol) (dT),  that  log-log plots for these systems are quite linear. with rather similar 
slopes Furthermore, these data coilfirm that  the relative affinities of hiildiilg to the - 

various polynucleotides fall in the  order inferred from the competitive binding 
experinleilts (Figs 1 and 2) In addition (a t  least for adenine-coiltaining pol)-- 
nucleotides), these results show that  the affinity of gene 32 protein for pol) - 
deo.cyribonucleotides exceeds tha t  for the  homologous pol-rihonucleotides 

Binding parameters for different pol~nucleotides can he compared in tlro 
different n a y s  using plots such as  that  in Figure 3 Either n e call cclmpare the  salt 
concentrations a t  \r hich a particular value of Kw is reached. or n e can extrapolate to 
determine Kw a t  a common salt concentration for each polynucleotide (assuming 
linearity of the  log-log plots for the  various polynucleotides beyond the experi- 
mental range. this assumption n ill he justified belon ). The former approach. a t  the 
approximate midpoint of the  titration range (Kw 2 5 x lo5  31- l )  gives salt concent- 
rations of 0.4 M, 0.58 M and 2.1 31 for poly(rX), pol) (dA) and poly(dT), respectively. 
the latter procedure. a t  salt concentrations approximately equal to  physiological 
values (-0.2 nr-KaC1: see Kao-Huang r t  a1 . 1977). yields values for Kw of 
3.2 x lQ7 M I .  2.0 x 10' \ . r l  and 2.0 x 10' s r l  for the  same polynucleotides 

The ultraviolet absorbance method is linlited i11 its usefulness for such measure- 
ments by the small changes in hyper- or hj-pochromicity characteristic of most gene 
32 protein-polynucleotide complexes (see Table 1 )  To circumvent this difficulty. 
and to permit accurate determinations of Kw for a larger range of pol)-nucleotides, 
n e used the quenching of intrillsic protein fluorescence on pol-nucleotide binding to 
establish additional values of Kw. 

(ii) Sult back-titrutio~ls 

The salt "back-t i t ra t~o~i"  procedut'e ( I < ~ \ \ ' a l c ~ y k o \ \  ski t t  a1 . 1980) n as used to 
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determine the midpoints of the titration curves of each of several different 
polynucleotides a t  several gene 32 protein concentrations. By this means, values of 
L, (and thus of Kw) have been established for a number of additional poly- 
nucleotides as  a function of salt concentration. The data obtained by this technique 
are plotted as log Kw versus log [NaCl] in Figure 4, and summarized, together with 
the ultraviolet titration results, in Table 2.  

Log [ ~ a ~ t ]  

Frc:. 4. Absolute values of Kw for gene 32 protein binding to  various polynucleotides, determined using 
the fluorescence salt back-titration procedure. Buffers and conditions are as described in the legend to 
Table 2 (and by Kowalczykowski et al., 1980; Figs 4 and 5 and Materials and Methods). Poly[r(A,C)] 
contained 0.83 mol A/mol total nualeotide; poly[r(U,G)l contained - 0.5 mol U/mol total nucleotide; 
poly[r(A,G)] contained -0.5 mol A/mol total nucleotide; poly[r(l,U,C)] contained -0.33 mol each 
nurleotide/mol total nucleotide. 

A number of inferences can be drawn from these measurements. First, all the log 
Kw versus log [NaCl] plots appear to be linear, with slopes-- -7 (+  1.5)t. This 
linearity and essential constancy of slope for all the polynucleotides tested suggests 
that the conclusions drawn by Kowalczykowski et al. (1980) on the molecular basis 
of the salt dependence of co-operative binding in the polynucleotide mode apply to 
all polynucleotides. Furthermore, the essential constancy of the slopes of these 
log-log plots for different polynucleotides, over more than an order of magnitude 
change in NaCl concentration, strongly support the validity of the linear extrapo- 
lation of these plots beyond the range of salt concentrations attainable with a 

'r We note that the slopes of the poly(r1) and poly(dT) data fall outside this range. We believe that the 
slope of the log-log plot fbr the former is artificially increased by competitive double-helix formation 
under these conditions. At the very high salt concentrations at  which the poly(dT) data were measured 
(LNaCI]>1.5 M).  the approximation that salt ooncentration=salt activity is clearly no longer ap- 
propriate. The breakdown of' this approximation. plus possible changes in protein and nucleic acid 
hydration at these salt concentrations, may account fbr the anomalously low slope of the poly(dT) 
complex (Table 2). 
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Comparison of binding parameters for gene 32 protein to various polynucleotides 

Polynucleotide (a log Kw/ KW Concn of NaCl (M)' 

a log [NaCl])' (at 0.2 M-N~CI)  (at K w ~ 5 x  lo5  M - I )  

All measurements (unless otherwise indicated) were made by the fluorescence quenching salt back- 
titration procedure a t  25°C in buffer C a t  total NaCl concentrations as  indicated (see the text). 
Polynucleotide concentrations ranged from 1.2 x M to 1.5 x ni; gene 32 protein concentrations 
ranged from 1.6 x M to 2 x M. 

,"Forms double-stranded structures at  these salt concentrations. 
Measured by u.v. absorbance titrations in buffer B at  23°C. Protein concentrations ranged up to 

1.9 x M, and polynucleotide concentrations were 2.5 x 1 0 '  M .  

" Polyjr(A,Cj] contained 0.83 mol A/mol total nucleotide; and polylr(U,Gjl contained 0.50 mol U/mol 
total nucleotide. 

* The poly(reA) binding parameters are from Kouralczykowski rt al. (1980). 
' The standard error in these slopes is rz 1. 
' The errors in these columns will, of' course, depend on the lengths of the relevant extrapolations. In 

general, they should not exceed &'?OO/;, of'the listed values. 
ss, single-stranded. 

particular polynucleotide. Such linear extrapolations were used to obtain com- 
parable values of Kw for different polynucleotides at  a common (0.2 M - N ~ C ~ )  salt 
concentration (Table 2). 

In addition, the results illustrated by Figure 4 show unequivocally that the 
binding affinity of various polynucleotides does show specificity (for gene 32 protein 
binding in the co-operative polynucleotide binding mode). A number of generaliz- 
ations emerge, which are qualitatively apparent in Figure 4 and are documented 
quantitatively in Table 2. (1)  In each case the polydeoxyribonucleotide binds gene 
32 protein more tightly than does its polyribonucleotide homologue. Differences in 
measured values of Kw range from - 10' for poly(dU) and poly(rU), to -- 1 O4 for 
poly(dC) and poly(rC). (2) There is no obvious pattern to the relative affinities for 
homopolynucleotides containing different bases; i.e. no systematic differences are 
apparent in binding affinity on the basis of purines versus pyrimidines, highly 
stacked versus unstacked bases. etc. (3) The net affinity of co-operstivrly bound 
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gene 32 protein for heteropolynucleotides appears to be linearly dependent on base 
composition; i.e. the values of Kw for poly[r(A.G)], poly[r(A,C)], poly[r(U,C)l and 
poly[r(I,U,C)] all fall approximately at  the values expected on the basis of 
compositionally weighted averages of the homopolynucleotide data. Thus the 
measured Kw value for a given heteropolynucleotide may be calculated as. 

where f i  is the fraction of each base present in the heteropolynucleotide, and ( K W ) ~  is 
the net binding affinity to the homopolynucleotide containing that base. Note that 
poly(rG) and poly(dG) are not listed in Table 2. As is well-known, these moieties are 
very prone to form "self-structures" when present as homopolynucleotides and, in 
our hands, yielded erratic values of Kw and slopes in plots sueh as Figure 4. The Kw 
values obtained with poly(r1) and poly(d1) appear to be more representative of the 
behavior of isolated r i b o  or deoxyriboguanine residues as they occur in random 
polynucleotide copolymers or in DNA, and are so used in these calculations. In these 
terms we find that by substituting d I  for dG and dU for dT (see below), and using the 
known base coinposition of 4x174 DNA, we can calculate a value of Kw for this 
single-stranded DNA with equation (11, which is the same, within experimental 
error, as  that measured directly for this material. (4) Poly(dT) is rather special, in 
that it is bound much more tightly by gene 32 protein than is any other 
polynucleotide tested. If we use the poly(dT) value of Kw in calculating Kw of single- 
stranded 4x174 DNA by equation (l), we find that the calculated parameter 
exceeds by at  least tenfold the value determined experimentally. This suggests that 
an isolated dT residue contributes to the overall affinity of gene 32 protein for the 
polynucleotide lattice to about the same extent as  a dU residue, with two or more dT 
residues in sequence being required to demonstrate the increased affinity charac- 
teristic of poly(dT). This interpretation is strengthened by the observation that Kw 
measured for the alternating polynucleotide poly[d(A-T)] (by melting profile 
depression methods; see Jensen et al., 1976) falls at  the value expected fi-om 
equation (1) using the poly(dU), rather than the poly(dT) value of KW (Newport, 
unpublished data). 

A quantitative summary of the data of Figure 4, in which we compare values of 
d log Kwla log [NaClJ, of KW a t  constant ( -  0.2 M)  salt concentration, and of the 
concentrations of NaCl required to make Kw =5 x 1 o5 M - I  for each polynucleotide, 
is assembled in Table 2 .  For comparison we also list representative parameters 
derived from the ultraviolet light absorbance titrations (above) for some of the same 
polynucleotides. In general, the values of Kw obtained by the two methods fall 
within approximately a factor of two. Considering the very different natures of the 
two techniques, the different levels of protein concentrations involved, and the 
errors inherent in each; this represents good agreement. In addition, binding 
parameters obtained by enhancement of polynucleotide fluorescence titration 
procedures for poly(rcA) in the preceding paper are also included in Table 2 .  We see 
that this modification enhances the net affinity of gene 32 protein -30-fold above 
the value measured with poly(rA), while affecting the salt dependence of the binding 
very little. 
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(iii) Bindivg speci$city and salt depeizdrrlce of K arid w 

In  the  preceding paper n e s h o ~  ed tha t  n e could determine "best fit" theoretical 
titration isotherms for gene 32protei i i  binding to (e g ) poly( r~A)  (Fig 8 of 
K o n a l c z y k o ~ ~  ski et  a1 . 1980), and thus  obtaln separate hest fit values of K and w 

By this means, as  n ell a s  by measurements of K for single-stranded D S A  under 
conditions of low protein binding density we n ere able to  shon tha t  virtually the  
entlre salt dependence of gene 32 protein hindlng co-operatively to  pol-nucleotides 
can be attributed to K, and tha t  w is essentially iindependent of salt concentration 
Here we have used the same procedure to  anal! ze binding Isotherms a t  several salt 
concentrations for several different pol~nucleotldes in order to  ask whether this 
conclusion is general for other polynucleotldes. and n hether the  binding specificity 
(differences in Kw bet- een pol>-nucleotides of different base and sugar cornposition) 
lies in K or in UJ (or possibl- in hoth).  

To approach these questions we analyzed bindiilg isotherms obtained by titrating 
poly(rA). pol)-(dA) and p o l y ( r ~ ~ 4 ) :  the  results are summarized in Table 3 As before, 
\re observe that  the  experimental titration curves are not perfectly symmetrical 
This effect has heeii largel! attributed to the finite length of the polynucleotide 

Summary  of computer "$tits" to yerle 32 proteir~ polynucleotide titratiox curves 

Pol3 - 
Best fit 

nuc leot ide 
[KaCl] (,I) R w  ( \ I - '  x 10F6) w (range) x l o r 3  I-alue of w K ( X J - ' )  

( x 

Titrations \\-ere (.arried. out. and the data analyzed. au tlesc~ribc(l for Figs 3 ant1 4 and 'I'ahle 2. arid as 
described by Ko\\alczyko~\nlri i t  n l ,  (1980). 

lattices used in these titrations (Kon alczyko\\-ski pt a1 . 1980). this interpretation 
was confirmed by fractionating pol-(rcA) on a Sepharose CL-4B column. and using 
only the largest fraction (void volume) in a replicate titration n i th gene 3% protei~l 
(unpublished data)  As expected, the  top "break" of the isotherm mas appreciab!> 
"less rounded" than tha t  obtained mith the  unfractionated sample of poly(r~A).  
\I 1111~ thc shnpc of the fiist ibottom) breali n as esseiitiltll~ unaffected. Fur this 
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reason the best fit values listed in Table 3 reflect primarily the analysis of the lower 
50% of the binding isotherm. 

We tentatively conclude from the data of Table 3 that the average values of w 

obtained are essentially salt independent for all the polynucleotides examined, and 
that the binding specificity differences are largply in K.  (However, some difference 
may exist in w in certain cases; e.g. Table 3 suggests that w may be -3-fold larger 
for poly(dA) than for poly(rA).) 

4. Discussion 

In this paper we have shown that gene 32 protein, complexed with nucleic acid 
lattices in the polynucleotide binding mode, shows significant differential affinity 
for polynucleotides of differing base composition and sugar type. Here we consider 
first the possible molecular bases of these affinity differences, and then show how 
these differences might provide a quantitative explanation of the biological 
specificities inherent in the function of this protein in DNA replication and in the 
control of its own synthesis. 

(a) Molecular aspects of binding speci$city 

As summarized above (Fig. 4 and Table 2), gene 32 protein discriminates much 
more effectively between different nucleic acids when binding in the polynucleotide 
binding mode than in the oligonucleotide mode. Tn the polynucleotide mode. the net 
binding affinity of the protein for homopolynucleotides of differing base and sugar 
composition can differ by factors as large as  lo4 in Kw. As shown in detail in this 
paper, these specificities in net binding affinity (except for poly(dT)) seem to depend 
on differences in the affinity of the protein for individual nucleotide residues. In 
terms of Figure 13 of Kowalczykowski et al. (1980), we might attribute these dif- 
ferences to small conformational changes in the left-hand (XpX) binding sub-site of 
the protein, resulting in additional contacts with the functional groups of the bases 
in the polynucleotide binding mode, and thus in increased binding specificity. We 
have also speculated in the preceding paper that some part of the increased binding 
affinity for DNA over RNA chains may be due to the greater ease with which the 
backbone of the former can be deformed (Sundaralingam, 1975) to accommodate 
somewhat "out-of-register" spacings between binding sub-sites on the protein 
surface. In addition, in some cases (particularly for poly(dT)), it appears that a t  
moderate salt concentrations the intrinsic binding constant (K)  of the protein in the 
polynucleotide mode exceeds that in the oligonucleotide mode ; why then does the 
protein not bind to (e.g.) (dT), in the former mode? We speculate that binding of 
the protein to oligonucleotides of length ( 2 )  5 8 residues in the polynucleotide mode 
may result in specifically unfavorable interactions; e.g. the terminal residues of 
oligonucleotides carry less bound counterions, and thus engage in weaker 
electrostatic interactions, than "interior" polynucleotide residues (see 
Kowalczykowski et al., 1980). Also the terminal residues of oligonucleotides have 
more conformational freedom than interior polynucleotide residues, again 
weakening interactions relatively more because more conformational entropy is - - - 
lost on binding. I n  any case, the protein seems to bind to short (I = 2 to 8 residues) 
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oligonucleotides in the oligonucleotide binding conformation under all salt 
concentration conditions tested. Final molecular explanations of these and other 
binding affinity differences must probably await X-ray crystallographic 
elucidation of the molecular structures of the protein in both its nucleic acid 
binding conformations. 

(b) Biological sp~ciJicity and the control of g p a e  32-protrin function 

Control of genome expression via protein--nucleic acid interactions requires 
binding specificity. At the simplest level it requires that a particular stretch of 
nucleic acid be complexed with protein in preference to all the competing nucleic acid 
lattices that are also present in the cell. h-ature has solved the problem of developing 
binding specificity in a number of ways. For recogilition of a particular sequence of 
double-stranded nucleic acid base-pairs, as in repressor-operator interactions, t,he 
specificity inherent in the polyfunctional array of hydrogen bond donors and 
acceptors present in the grooves of the double-helical region has been exploited by 
the development of proteins carrying complementary arrays of hydrogen-bonding 
groups (see von Hippel, 1979). Helix destabilizing proteins, such as T4-coded gene 
32 protein, recognize target lattices primarily on the basis of strandedness rather 
than base sequence; that  is, they bind preferentially and specifically to singlc- 
stranded regions (present within the predominantly double-stranded genome) 
wliich arise as intermediates in the processes of replication, recombination, etc. 
Specificity discrimination here is only between single and double-stranded struc- 
tures; the actual sequence of nucleotide residues a p ~ y a r s  to be of relatively little 
importance. 

Binding co-operativity strengthens this apparent lack of dependence on nuc- 
leotide sequence, since it ensures that contiguous binding of protein wiIl be preferred 
over isolated binding under almost all conditions. Figure 4 and Table 2 show that 
only for exceptional sequences (e.g. a long run of'dT residues) is the difference in Kw 
between one sequence and another likely to exceed the additional free energy cost 
inherent in initiating a new protein cluster versus extending a pre-formed one. In 
terms of the function of the protein in replication and recombination, co-operativity 
is also required to bring about complete coverage of single-stranded sequences (thus 
protecting the lattice against single-strand specific nucleases), and to  facilitate the 
removal (by competitive, with double helix formation, binding of gene 32 protein) of 
the small and relatively unstable hairpin structures that can form adventitiously 
within short, single-stranded DNA sequences (see McGhee & von Hippel, 1974; von 
Hippel et al., 1977). 

The genetic studies reported by Krisch et al. (1974) and Russell et al. (1976), 
together with the biochemical findings of Lernaire et al. (1978), suggested that the 
control of gene 32 protein synthesis depends on the existence of an effective 
sequential binding specificity: first the available single-stranded DKA sequences in 
the cell must be titrated with protein and then, after the attainment of a threshold 
protein concentration, binding to some critical site(s) on the gene 32 protein message 
(which reversibly prevents its further use in translation) must follow. The net 
binding affinity of the protein for the target site(s) on gene 32 protein mRKA must 
be grcnter tllan that to the coiltrol (i~litiation?) sitrs on other T4 rnIiNAfi, since an 
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approximately threefold excess (Lemaire et al., 1978) of free gene 32 protein is 
required before translation of these mRNAs is also inhibited in a mixed in  vitro 
protein synthesis system. This type of control of binding specificity, based on 
autogenous regulation of the synthesis of a limited amount of binding protein, and 
its sequential distribution between binding "sinks" (lattices) of differing affinities, 
finds ready explanation in the co-operativity of binding of gene 32 protein. 

(c) Co-opprativity and binding spsci$city 

We may see that ,  in principle, the actual differences in binding affinity of the 
protein for the various nucleic acid lattices that  offer competing binding sites need 
not be great to lead to this result. If. for example, the difference in K for hypothetical 
lattices X and ST were a factor of two (favoring binding to poly(X)), then under 
conditions of equal (excess) concentration of both lattice types the equilibrium 
probability that the first protein molecule added would bind to poly(X) is just twice 
the probability that it would bind to poly(Y), clearly a low level of specificity. On the 
other hand, because of co-operativity (we assume in this example that w is the same 
for protein binding to poly(X) and poly(Y)), the proteins added will tend to bind in 
co-operative (contiguous) clusters. Thus, if binding a t  equilibrium involves average 
clusters that are t7~1o proteins in length, the distribution ratio for a two protein- 
cluster binding competitively to poly(X) and poly(Y) would be -2 ' :  1 .  If the 
average cluster size were c, the preference for poly(X) over poly(Y) in this example 
would be 2" : 1. Since c would be - 12 for a lattice one-half saturated with protein with 
w = lo3 (McGhee & vori Hippel, 1974); the net preference for poly(X) over poly(Y) in 
this hypothetical example would be 4096: 1. This represents a very high level of 
specificity indeed, which we note is actually attained via amplification (by co- 
operativity) of an intrinsic specificity, i n  terms of moriomer protein affinity, of only 
2  : 1 in favor of poly(X). 

The competition experiment shown in Figure 2 ,  in which poly(rA) competes with a 
tenfold excess of poly[r(A,C)] for a limitkd amount of gene 32 protein, illustrates this 
principle quantitatively. This particular pair of polynucleotides was chosen for the 
experiment because their net binding affinities for gene 32 protein differ by exactly 
tenfold in Kw (favoring poly(rA) ; see U.V. titration data, Table 2) .  A tenfold excess of 
poly[r(A,C)] over poly(rA) was therefore placed in the cuvette, and a u.v. absorbance 
titration performed. Figure 2 shows that all the poly(rA) is titrated to completion 
before titration of the poly[r(A,C)] begins. Clearly these results are in total accord 
with the model of specificity based on competitive co-operativity of binding 
presented above. 

(d) Autog~nous regulation of gene 32 protein syr~thesis 

The results of this paper, together with the enhancement of intrinsic binding 
specificity by co-operativity demonstrated above, can be used to account quantitat- 
ively for the sequential specificity of gene 32 protein binding which autoregulates 
the synthesis of the protein. Thus the fact that gene 32 protein will first bind 
intracellularly to single-stranded DNA sequences is guaranteed by the preference of 
the protein for deoxyribose over ribose-containing nucleic acids. Tn addition, the 



B I N D I N G  S P E C I F I C I T Y  O F  G E N E  32 P R O T E I S  119 

preference for clusters of dT residues over all others will also favor binding to DNA 
over RKA sequences After all DNA sequences are titrated. the concentration of free 
protein builds up by further synthesis until a free gene 32 protein concentration 
adequate to reach the gene 32 mRNA binding threshold is attained. Binding then 
continues until the critical control region(s) of gene 32 mRKA is (are) saturated. At 
this point further synthesis is (reversibly) suspended. 

This system requires that  the control site ofgene 32 mRXA saturates before those 
of the other T4 mRNAs. This could occur either because this sequence is especially 
rich in (e.g.) rG residues or, in keeping with the original model of Russel e t  al. (1976), 
because the initiation site for ribosome binding in this mRK-4 comprises the longest 
such sequence in this family of mRNAs that  is not encumbered with double- 
stranded hairpin loops too stable to  be melted out by gene 32 protein under in viva 
conditionst. Qualitatively, one can see why longer sequences (all other aspects of 
binding affinity being equal) will bind gene 32 protein first : essentially one "unit" of 
w ( -  4 kcal/mol for gene 32 protein) in binding free energy is "lost" every time a neu 
binding protein cluster is initiated, rather than continuing. by contiguous binding. a 
pre-existing cluster. 

Clearly, small differences in binding affinity (K), co-operativity ( w )  and lattice 
length ( I )  between competing binding lattices can greatly perturb the distribution of 
a limited amount of protein over such a set of lattices. and thus can also greatly 
perturb the apparent binding specificity. Elsewhere we will present a series of model 
calculations to simulate quantitatively the possibilities for genome control inherent 
in competitive co-operative protein binding. To provide a first approximation niodel 
of the gene 32 protein control system, and to illustrate the quantitative possibilities 
inherent even in a simple manipulation of the length of the competing iiucleic acid 
lattices, we present a possibly relevant model calculation in Figure 5 .  Here n e use a 
value of K corresponding to that  expected for DNA sequences with the base 
composition characteristic of whole T4 DNA in an ionic environment containing - 0.3 M-KaC1 (comparable to  that used in the in vitro repression studies reported by 
Lemaire et al. (1978)). Even in this simple system we see that ,  after a short lag 
required to  build up a threshold concentration of free gene 32 protein in the solution. 
single-stranded DKA sequences (taken for this example t o  be greater than 120 
nucleotide residues in effective length) are complexed completely ( >99%). After a 
further lag, now to permit the free gene 32 protein concentration to rise to  a second 
threshold level, gene 32 mRSA control regions are complexed. Finally, after an 
additional threefold increase in L,. the control regions of the other T4 mRKA 
molecules are saturated. I n  this model system we have used a lattice length of -50 
nucleotide residues of average composition for the open (non-hairpin loop- 
containing control) regions(s) of gene 32 mRJTd. and an average lattice length of 
-29 nucleotide residues of the same average composition for the control sequences 
of the other T4 mRSAs.  (The use of different values of K for DKA and for the 
different mRNA lattices could obviously enhance specificity further.) The theor- 
etical titration curves for the DNA sequences are close enough to the infinite lattice 

t Some mRT\i,A sequence5 not inrol\ ed in control could bind gene 32 protein at  loner free protelrr 
concentrat~ons than the control >equence(s) it i i  only required that proteins bound in these region, not 
~ntcrfcrc wlth t h r  elongation (a? oppov tl to  thr  ~ n i t ~ a l ~ o r i )  phasr of m R N S  tmn\lation 
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[Gene 32 protein] ( p ~ )  

Y I ~ .  5. Theoretical titration curves demonstrating competition between lattices of different length for 
gene 32 protein as a simple model of autogenous regulation of gene 32 protein synthesis. Curves were 
calculated using K = lo4 x l ,  w = 2 x  lo3 and n = 7 nucleotide residues, for all the lattices. The lengths 
of the competing lattices used to  simulate single-stranded DNA, gene 32 protein mRNA, and other T4 
mRNA initiation sequences were co to 120, 50 and 29 nucleotide residues, respectively (see the text). 

limit to permit the use of equation (15) of McGhee & von Hippel (1974); for the 
mRNA lattices the finite lattice binding equations of Epstein (1979) have been used. 
Other details of the calculation are given in the Figure legend. 

Obviously the development of a sprciJic quantitative model for this system will 
require actual information on the secondary structure and base composition of the 
initiation sequences of the relevant mRNAs (see Krisch et al., 1980). However, we 
emphasize that  the system is not highly dependent on the exact values of lattice 
length or binding parameters used. Thus, even before the necessary structural data 
on the T4 mRNAs are at  hand, we can see that systems of this type are entirely 
capable of providing the hierarchy of binding specificity required for the control of 
gene 32 protein synthesis and function. Clearly such model calculatior,~ also provide 
clues as to the sorts of compositional and structural properties of mRNA that might 
be relevant in such a translational control system. 
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