
WECHNlCAL COMMENTS 

Nonspecific DNA Bending and the Specificity 
of Protein-DNA Interactions 

D. A. Erie et al. ( I )  used scanning force 
microscopv to image the conformations of . , u 

DNA molecules within specific and non- 
specific complexes of the A Cro protein and 
a 1-kh DNA fragment. These images re- 
vealed bent DNA within both types of 
complexes. They also revealed that Cro 
bent specific and nonspecific DNA by 
roughly equivalent amounts; the angles in- 
duced at specific DNA sites averaged 69" + 
1 lo ,  whereas the angles induced at nonspe- 
cific DNA sites averaged 62" ? 23". The  
observation that Cro induced significant 
hends at nonspecific DNA sites led the 
authors to conclude that bending of non- 
specific DNA by those proteins that hend 
specific DNA is advantageous because it 
increases binding specificity, the difference 
in free energy between specific and nonspe- 
cific complexes. 

I present the argument of Erie et al. ( I  ) 
in terms of an energy diagram (Fig. 1). Two 
limiting cases are shown, in which bending 
of a specific DNA site is accompanied by 
bending of a nonspecific DNA site (case 1 )  
or not (case 2). Here, AGhrnd represents the 
energy required to bend DNA; AG,, repre- 
sents the energy gained through specific 
DNA-protein contacts; AG,,,, represents 
the energy gained through nonspecific 
DNA-protein contacts; and AAG repre- 
sents the difference in energy between the 
specific and nonspecific complexes. Con- 
sider first case 1, in which Cro hends spe- 
cific and nonspecific DNA equally. I as- 
sume for simplicity that the value of AGhcnd 
depends only on  the hend angle. In this 
case, both complexes suffer the same cost of 
bending DNA, and the value of AAG' rep- 

resents the difference in the energy gained 
when Cro interacts with specific and non- 
specific DNA: AAG' = AG,, - hG',,5p. In 
case 2, in which Cro does not bend non- 
specific DNA, hG,,c,,d is larger for forma- 
tion of the specific complex than for forma- 
tion of the nonsaecific comalex. All else 
being equal, the absence of an unfavorable 
AGhrnd term for nonspecific binding in case 
2 lowers the free energy of the nonspecific 
complex relative to that of the specific 
complex: hAG2 = AG5, + hGbend - 
AG",,. The apparent result is an increase 
in binding specificity when Cro bends non- 
specific DNA: hAG is more favorable than 
hAG2. 

The  argument described above cannot 
be correct because ~t does not predict the 
experimental result of Erie et al. ( I ) ;  it 
predicts that Cro should not bend nonspe- 
cific DNA. The argument predicts that the 
complex between Cro and straight, nonspe- 
cific DNA (P-D2,,>,, in case 2 )  will be lower 
in energy than that between Cro and hent, 
nonspecific DNA (P-Dl,,, in case 1); 
therefore the straight, nonspecific complex 
should be observed. 

The  argument of Erie et al. ( I )  requires 
that the amount of energy gained through 
protein-DNA interactions is largely inde- 
pendent of whether the DNA distorts upon 
hinding, that is, AGLn5,, equals AG1 ,,,,. 
However, it is more likelv that the amount 
of energy'gained through'protein-DNA in- 
teractions is more favorable when the DNA 
distorts upon binding. Consider the hinding 
reaction according to the pathway by which 
it likely occurs: first Cro binds linear DNA, 
then the DNA bends to make additional 

Fig. 1. Free energy dla- Case i Case 2 
grams ~llustrat~ng the ef- t fect of nonspec~flc DNA less 
bendlng on the stab~l~t~es stable 
of speclflc (P-D,,) and 
nonspeclf~c (P-D,, ,) com- 
plexes of prote~n (P,,,,) 

ga~ned through speclflc 
DNA-proteln contacts, ,,,, 
AG,,,, energy ga~ned stable P - D ~ p  

through nonspeclflc DNA- 1 
proteln contacts and 
1 1 G  difference In energy between the speclflc and nonspeclflc complexes Shown are the relat~ve 
energles of P-D,,, and P-D,, expected ~f the energy ga~ned through nonspec~flc DNA-proteln contacts IS 

Independent of whether the proteln blnds bent DNA (case 1)  or hear  DNA (case 2) Here lG1.., equals 
1G2,,, and as a result l l G 1  IS larger than 11G2 Also shown are the relat~ve energles expected ~f the 
energy ga~ned through nonspec~f~c DNA-prote~n contacts IS larger (by the amount AG,,,) In the case 
where the nonspeclflc DNA bends Here AGnC lowers the energy of P-DlnSp to P-DqC',,, and as a result 
l l G T '  IS smaller than AAG2 

protein-DNA contacts. The DNA will 
hend only when it is energetically favorable 
to do so, when the incremental DNA-pro- 
tein interaction energy gained when the 
nonspecific DNA hends (AG,,, in case 1) is 
equal to or greater than the energy required 
to distort the DNA (AGbC,,). This incre- 
mental hinding energy stabilizes the non- 
specific complex (P-DKtn,,, in case 1) ;  rela- 
tive to the specific complex (P-D,,,), and 
specificity (AAG'"') decreases. In other 
words, Cro bends nonspecific DNA to in- 
crease affinity. Bending DNA costs energy, 
but the act of bending must increase the 
stability of the protein-DNA complex, oth- 
erwise the DNA would not bend. This in- 
crease in stability leads to a reduction in 
hinding specificity, not an increase. Al- 
though the partitioning of the free energy 
shown in case 1 may not he unique, if Cro 
is observed to bend nonspecific DNA, then 
the complex with bent DNA must neces- 
sarily he more stable than a complex with 
linear DNA. The energetic cost of DNA 
bending can contribute unfavorably to 
binding a correct DNA site and even more 
unfavorablv to bindine an incorrect DNA 
site (2-6) . '~owever ,  the hent complex will 
he observed onlv when the alternative- 
not bending-would lead to a less stable 
complex (7). 
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Response: We thank Schepartz for pointing 
out a potential ambiguity in our discussion 
of the role of DNA bending in protein 
binding specificity. In our report ( I ) ,  we 
showed that Cro induces DNA bending 

C Z  

when bound specifically and nonspecifi- 
cally to DNA. This study provided evidence 
that large DNA conformational changes 
can occur in an ensemble of nonspecific 
protein-DNA complexes. We suggested 
that bending of the nonspecific DNA may 
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be an  ~ r n t ~ o ~ r ~ l n t  component ot the mec11,r- terms are eilual. as is assu~~lei l  in her ilia- ~iartrl .  If \vc had ohservecl that the nonst-re- 
nism of specific sire recogn~rion by Cro. 
hloreover, we ,~rguccl that  inducing a bend 
at  all locatio~ls along the  D N r i  is not  in- 
compatil~le n i r h  the  mechanism of f<~cilitar- 
ed target recogl-iition ("sliciing") that  has 
1xel-i propoaeJ for Cro. Finally, n e  suggest- 
eCl that the energy cost associated wit11 
hellding the DN.4 130th a t  specific and 1-ii)l-i- 

specific sires may cc>ntributc to the b~nciil-ig 
specif~cit\- of the  protein. 

W e  ~vould like to clarify the internreta- 
t ion o t  this last point. Our  i n t e n t ~ o n  was to 
isolate the energy cost of beniilng the D N A  
LIC(III protein l3ind1ng and to ideterm~ne it> 
contribution to  binci~np specificit\. In  our 

~ & 

analysis, s.e referred to an  icieal, hypothet- 
ical reference state in ~vh ich  all protein- 
D N A  contacts are present l~ i l t  in 1\~111cll 
there is n o  energy cost of bending the 
D N A ,  that is, the  ideal state is one In w h ~ c h  
the beniii~lg rigici~ty ot the D N A  has bee11 
"tlll-lleLi off.$' 

This ideal, hypothetical reference state 
is ilefineci thermoci\-namically by AG,,Nn - 
AG! - A(;,,,,, \%-here A(;, is tlle total free 
energ\ of the specific ( i  = S) or nonspecific 
(i = N S )  complex, l G , , B  1s the energy 
required to lienil the D N A  in the rest3ective 
comples,  nnii N R  stands for n o  rigid~ty of 
the  DNA. In general, tlle binding specitic- 
it\-, AAC;,,,, of n protein IS iiefineil as 

where AA(;,,~,hr, A(;s,hR - AGNS,XR, 
L l l l L l  AAG 5L>,13 = Ac;s,E - A(; Xs,B. AAc;51,,E 
is the contrihution of the differentla1 energ\- 
of hendin. of the D N A  hetween the stiecif- 
ic and ni~nspecific complexes to the  l~in~ding 
specificity of the protein. 

Anal\-sis of the energ\- ili~lgrams present- 
eil hy Schepartr l e a k  to the same conc1i1- 
sion regariling the contrihution of the dif- 
ferential energ\ of be~liiillg (11Gsr , , )  to 
l ~ i n i l ~ n g  specitic~t\- as that presented in our 
report, that  is, that  prote in-~nLd~~cei i  hencl- 
ing of n o n s p e c ~ t ~ c  D N A  can lncre,lse bind- 
ing sl,eciflcit\. Comparison of the mini- 
mum energy states (this point is no t  being 
argued hecause \ve agree that these n.ould 
lie the i)hsenecl statei) of caie 1 anii case 1 
fro111 tigure 1 of the  conllllent b\ Schepart: 
reveals that in case 1 ,  the  contr i l~ut ion of 
the differential energy of I3ending to speci- 
ficity ( lA(; ,y ,n)  is rero, \\~here,ls in ca5e 2, 
it is positive (i~nf~lvorali le).  Because \\-e 
h a ~ e  f,lctoreLl out all contrlhutions other 
than  that of the unf~lvornlile cost of D N A  
llending, oilr analysis is no t  iiepencient on  
the  \ d u e s  of AG',,.I. and AG',,., ~, as is sug- 
gested hy Schepart:. 

In  contrast, Schepnrtz's a n a l ~ i s  is valid 
onl\ for range ot valucs of AG!,,.,, :lnd 
AG',,,!,, il~cliliiing tlle case where these t ~ v o  

grams. Th~s c h o ~ c e  amou~l t s  t o  imposing the 
co~ldit ioll  that the  ~lo~lspeci t ic  contacts 
lllade with straight D N r i  by a protein rl-i,rr 
l~enils the n ~ n s ~ ~ e c i f i c  DNA (case 1 )  21-e the  
same or similar to those made ~ v i t h  straight 
DN.4 by a p r o t e ~ n  that doc> not  bend the 
LIN.4 L ~ C ~ I  no~~spec i f i c  binding (case 2 ) .  
There  is n o  re,rson ti, believe that  A(;',,*,, 
shoulil be eclu,rl or very close to li;',,,!T, 
l~ecause the conformation of the D N A  in 
the t\vo tinal states is markedlv i i~ fk ren t .  It 
15 Illore likely that a protein that bends the 
IlN.4 to form a nonspec~fic c o ~ l ~ p l e x  may 
lose or gain some of the nonspecific Inter- 
actions that  \\-oulJ have l3een a v a ~ l a l ~ l e  to it 
\\-ere it not  to bend the D N A .  T h e  impli- 
cation of Schepartz's cl~agralns is '1s fi)llo\vs. 
If the protein 111 case 1 call ~llalce the same 
c ~ l l t a c t s  (\vhich iio not  require liending o t  
the  D N A )  as the protein in caie 1 ,  then 
there iho i~ ld  in  principle be 110 reason ~ ~ 1 1 7 ,  
f~~l loa . ing Scheyart: '~ argument, this protein 
~ o u l ~ l  not  "choose" to gain t~l r ther  stahi11- 
ration by l3en~ling the DNA.  Tlle implica- 
t ion of t h ~ i  argument i> th'lt a protein t h ~ t  
bends the  spec~f ic  site must always bend the 
nonspecific sltes. Hon.e\-er, Scllep,rrt-'s ar- 
gument ,rssumes the ieparaliility of the 
A(;',,,,, and the AG In  general, we do n c ~ t  
11n1.e the inform,ltion necessar7- to c,lrry out  
this par t~t ioning of the total f,lvoralile free 
energ\- of hinding, a11d therefore the  final 
energy of the colnples cannot he preilicte~i 
a priori. OUT analysis nevertheless avoicis 
this problem hy isolating the one contril3u- 
t ~ o n  to the total energy ot hillcli~lg for which 
\ve have iniiependent experimental infin- 
m a t ~ o n ,  that ii, the energy cost of l ienLl~ng 
the D N A .  

Schernrtr silggests that the likely p~t11- 
uay tor blnciing ot Cro  is that it first h11lc1s 
linear D N A  anLi then  liencis tlle D N A  to 
make a i l J i t ~ o ~ ~ , l l  contacts. There is, ho~vev-  
er,  n o  experimental eviiience to silpport this 
11\~3otheais. Because the argument about en-  
ergetics 1s lnaile tiom this s t , ~ r t ~ n g  polnt, 
implicit in figure 1 of Schepartz's conxnent 
1s that in case 1 (\illere the protell1 h e ~ l ~ l s  
the D N A ) ,  the illteractiol~s that the  protein 
coulii make ~ v i t h  straight D N A  are ncceh- 
s a r i l ~  favoral3le (AG',,,!, < 2), that  is the  
protein inter,lcts favorably rvith straight 
D N A  even though the final D N A  confc~r- 
mation is hent.  Tllere is no reason to makc 
this assumption; it is possible that  the in- 
teraction of such n protein wit11 str,right 
D N A  is unLlvorahle (A(;',,y;. > 2). In this 
case, <111 o t  the tavorahle lnteractioll energy 
ivoulii have to collie from contacts resulting 
trom the cilstortion i ~ f  the LINA (AC;,,,L in 
Schepartz's notation).  

Our  iiata on Cro  support the  hypothcils 
that differences in  hellclillg energ\- migllt 
~llodillate speclflcit~ of protein-DNA inter- 
actions [(?-6) in the  colllnlellt h\ Sche- 

citic comL~lexes vvere not  l x n t  (Scheyarrr's 
case 2 ) ,  t hen  A(;N5,r, = C, and the difier- 
ential el-iergy of liencling of D N r i  ~vould  
~ll;rlie only 1111favor~11~1e c~)ll tr ibutio~ls to 
specificity (AAG,,>,, > O), hecause energy is 
required to induce DN.4 beniling_'. Further- 
more, the value of AA(;,l,,R n~oulil nor ile- 
pend o n  the positloll o n  the tenlplate ~vhere  
the nonsriecitic bind in^ occurs and ~voulii 
clepend onl\ o n  the liending r~g i i i~ ty  of the 
spec~fic slte. Conseiluentl\-, in such a case, 
the  I3ending rig~clity of the D N A  as a h n c -  
tion of D N A  sequence could not  moilulate 
spec~ficity. 

Spec~ficit \-  is ciolllinateil b\- iiifferellces 
in energy het\veen the final states of the 
speciflc and nonspecitic complexes and is 
incleCellcle~lt of the path b\- ~ v h i c h  the com- 
plesei are fi>rmeii. T o  Jeternline the  con- 
rrihutions to specificity, ~t is necessary to 
compare the d~fference in energ\ hetween 
the  f111a1 states of specific and ~ l o ~ l s p e c i f ~ c  
complexes tor t\\>o ciitfere~lt classes of pro- 
teins, nnmely, a protein that benils the 
D N A  111 the f~n,rl  atate and a protein that  
can make a11 the same contacts with its site 
n-ithoi~t bcniling the D N A .  O n  the con- 
trary, comparing the energies hetneen dif- 
ferent states (real or hypothetical) along 
the p:ith\vay to the  fo rma t~on  of the  final 
state arovi~lrs  no ~nformat ion a h o i ~ t  the 
contrihutic~ns of I~enLIi~lg to binL1lnp speci- 
ficity. For Cro,  the  pilrative "straight state" 
11l~1st lie of 111gll~r energy th'ln the ohyerved 
bent st'rtc, but as pointed out by Schepartr, 
this is n i ~ t  (110s can ~t 1.e) '1 f ~ n a l  state, so 
the comparison 1.; not  possible. Comparing 
final states of two different classes i ~ t  pro- 
tein,  in contrast, call he ilieci to eluciLlate 
the contril3utions to speclt ic~ty associated 
~ v ~ t l l  the ilitferential energ\- of lienciing of 
the D N A ,  ,IS n.as si~ggesteii in our report. 

h.1ol.e Ja ta  will be required to ileternlille 
\vhethcr D N A  beniling 111 nonsliec~tic c o n -  
plexes is a general property of proteins that 
13enii their sticcit'ic sites. Such data should 
inkca te  for ~ v h i c h  cases the suggestion that 
tlle seil i~ence-~lePencle~lt  benclalillity of the 
D N A  can moilulate spcc~ficit\- is applical~le. 
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