Nonspecific DNA Bending and the Specificity of Protein-DNA Interactions

Alanna Schepartz; Dorothy A. Erie; Carlos Bustamante
Science, New Series, Volume 269, Issue 5226 (Aug. 18, 1995), 989-990.

Stable URL:
http://links.jstor.org/sici ?sici=0036-8075%28 199508 1 8%293%3A269%3A5226%3CI89%3ANDBATS %3E2.0.CO%3B2-2

Your use of the ISTOR archive indicates your acceptance of ISTOR’s Terms and Conditions of Use, available at
http://www.jstor.org/about/terms.html. ISTOR's Terms and Conditions of Use provides, in part, that unless you
have obtained prior permission, you may not download an entire issue of a journal or multiple copies of articles, and
you may use content in the ISTOR archive only for your personal, non-commercial use.

Each copy of any part of a ISTOR transmission must contain the same copyright notice that appears on the screen or
printed page of such transtnission.

Science 15 published by American Association for the Advancement of Science. Please contact the publisher for
further permissions regarding the use of this work. Publisher contact information may be obtained at
http:/fwww jstor.org/journals/aaas. html.

Science
©1995 American Association for the Advancement of Science

ISTOR and the ISTOR logo are trademarks of ISTOR, and are Registered in the U.S. Patent and Trademark Office.
For more information on ISTOR contact jstor-info@umich.edu.

©2003 JSTOR

http://www jstor.org/
Mon Apr 14 15:30:09 2003



I TECHNICAL COMMENTS -

Nonspecific DNA Bending and the Specificity
of Protein-DNA Interactions

D. A Frie et al. {1} used scanning force
microscopy to image the conformations of
DNA molecules within specific and non-
specific complexes of the h Cro protein and
a 1-kb DNA fragment. These images re-
vealed bent DNA within both types of
camplexes. They also revealed thar Cro
bent specific and nonspecific DNA by
roughly equivalent amounts; the angles in-
duced ac specific DNA sites averaged 69° =
11°, whereas the angles induced at nonspe-
cific DNA sites averaged 62° = 23° The
abservation that Cro induced significant
bends ar nonspecific DNA sires led the
authors ta conclude that hending of non-
specific DNA by those proteins thar bend
specific DNA is advantageous because it
increases hinding specificity, the difference
in free energy berween specific and nonspe-
cific complexes.

I present the argument of Erie et al. (1}
in terms of an energy diagram (Fig. 1). Two
limiring cases are shawn, in which bending
of a specific DNA. site is accampanied by
bending of a nonspecific DNA site (case 1)
ot nat (case 2). Here, AG,_, represents the
energy required to bend DNA; AG_ repre-
sents the energy gained through specific
DNA-protein conracts; AG,,. represents
the energy gained through nanspecific
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 bends spe-
cific and nonspecific DNA equally. T as-
summe for simplicity that the value of AG,_ 4
depends only on the bend angle. In this

case, hath complexes suffer the same cost of
bending DNA, and the value of AAG" rep-

Fig. 1. Free energy dia-
grams illustrating the ef-
fect of nonspecific TINA
bending on the stahilities
af specific {P-Dg} and
nanspedific (P-0,..) cam-
plexes of protein (Pl
and ONA (Do) AGng
energy required to bend
CiA,; aGsp‘ eriergy
qained through specific
DNA-grotein contacts;
AG... energy gained
threugh nonepecific DNA-
pratein  contacts,  and

resents the difference in the energy gained
when Cro interacts with specific and non-
specific DNA: AAG' = AG, — AG' . In
case 2, in which Cra does not bend non-
specific DNA, AG, . is larger for forma-
tion of the specific complex than for forma-
tion of the nonspecific complex. All else
being equal, the absence of an unfavorable
AG,, .4 term for nonspecific binding in case
2 lowers the free energy of the nonspecific
complex relative ro that of the specific
complex: AAG? = AG, + AG,_,
AG?, . The apparent result is an increase
in binding specificity when Cra bends non-
specific DNA: AAG" is more favorable than
AAGh

The argument described above cannot
he correct hecause it does not predict the
experimental resulc of Erie et al. (1); it
predicts that Cro should not bend nonspe-
cific DNA. The argument predicts that the
camplex berween Cro and straight, nonspe-
cific DNA (P-D_ in case 2) will be lower
in energy than that hetween Cro and hen,
nonspecific. DNA (P-D'_ . in case 1)
therefore the straighr, nonspecific complex
should be abserved.

The argument of Erie et al. (1} requires
that the amount of energy gained through
pratein-DNA interactions is largely inde-
pendent of whether the DNA distares upon
hinding, thac is, AG?  equals AG' .
Hawever, it is more likely that the amount
of energy gained chrough protein-DNA in-
teractions is more favorable when the DNA
distorts upon hinding. Consider the binding
reaction according to the pathway hy which
it likely occurs: first Cro binds linear DN A,
then the DNA bends to make additional

AAG, difference in enerqy between the specific and nonspecific complexes. Shown are the relative

energies of -0,

AG?

nsp'

and P-00_, expected if the energy gained through nanspecific DNA-pratein cantacts is
independent af whether the protein binds bent DNA (case 1) ar linear DNA {case 2). Here, AG'

nsp EQUALS

and as a result AAG" is larger than AAG?. Also shown are the relative energies expected if the

energy gained thraugh nanspecific DNA-pratein contacts is larger (by the amaunt AG, ) in the case
where the nanspedific DNA bends. Here, AG,_ lawers the energy of P-0T, _ ta P-D2%  and as & resuit

AAG*tis emaller than AAG2.
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pratein-DINA  conracts. The DNA  will
hend only when it is energertically favorable
to do so, when the incremental DNA-pro-
tein interaction energy gained when the

nonspecific DNA hends (AG . in case 1) is
equal ro ar greater than the energy required
te distore the DNA (AG,_ ). This incre-
mental binding energy scabilizes the non-
specific complex (P-D* _ in case 1); rela-
tive to the specific complex (P-D,,), and
specificity {AAG™) decreases. In ather
words, Cro bends nanspecific 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 stahility leads to a reduction in
binding specificity, nat an increase. Al-
though the partitioning of the free energy
shown in case 1 may not be unique, if Cro
is abserved to bend nonspecific DNA, then
the complex with benc DNA must neces-
sarily be more stable than a complex with
linear DNA. The energetic cost of DNA
bending can contribute unfavorably to
binding a correct DNA sice and even more
unfavorably to hinding an incorrect DNA
site {2—6). Hawever, the bent complex will
be chserved only when the alternative—
not bending—would lead to a less stable
complex (7).
Alanna Scheparey
Department of Chemisery,
Yale University,
New Haven, CT 06520-8107, USA
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Response: We thank Schepartz for pointing
out a porential amhiguity in our discussion
af the role of DNA bending in protein
binding specificity. In aur reparc (1}, we
showed that Cra induces DNA hending
when bound specifically and nonspecifi-
cally co DNA. This study provided evidence
that large DNA. conformarional changes
can occur in an ensemble of nonspecific
protein-DNA  complexes. We suggested
that hending of the nonspecific DNA. may
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he an important companent of the mecha-
nism of specific site recognition by Cro.
Mareogver, we argued that mducing a bend
at all locations along the DNA is noc in-
campatible with the mechaniso of facilicat-
ed targer recognition (“sliding”} that has
been proposed for Cro. Finally, we suggest-
ed that the energy cost associated wich
hending the DNA both at specific and non-
specific sites may concribute tao the hinding
specificity of the protein.

We would like ta clarify the interpreta-
tian of this last poine. Our intention was to
isolate the energy cost of bending the DNA
upan pratein hinding and ro determine its
coneribucion to hinding specificicy. In our
analysis, we referred to an ideal, hypothet-
ical reference state i which all protein-
DNA contacts are present but in which
there is na energy cost af bending the
DNA, that is, the ideal state is one in which
the hending rigidicy of the DNA has been
“turned oft"

This ideal, hypathetical reference state
is defined thermodynamically by AG, yr =
AG, — AG g, whete AG, is the total free
energy of the specific ({ = S) or nonspecitic
(i = NS} complex, AG ; is the energy
required ro hend the DNA in the respective
complex, and NR stands for no rigidity of
the DNA. In general, the binding specific-
ity, AAG, of a protein is defined as

AAGS[‘ = AGS — L\AGN:: = ﬁGS.NR + AGS.B
— (AGusnr + AGnsg) = AAGg e + AAG 5

where aAGSp.NR = ‘AGS,NR AGNS.NRn
and AAGg, p = AG p — AGqp AAG g
is the cantriburion of the differential energy
of bending of the DNA between the specif-
ic and nonspecific complexes to the hinding
specificiry of the protein.

Analysis of the enerpy diagrams present-
ed by Schepattz leads to the same conclu-
sion regarding the concribution of the dif-
ferencial energy of bending (AAGg, 3) to
hinding specificity as that presented m our
repare, that is, that protein-induced bend-
ing of nonspecific DNA can increase hind-
ing specificity. Comparison of the mini-
mum energy states (this point is not being
argued hecause we agree thar these would
be the observed states) of case 1 and case 2
fram figure 1 of the comment hy Schepartz
reveals that in case 1, the cantribution af
the differential energy of hending o speci-
ficity (AAGg, o) is zero, whereas in case 2,
it is positive {unfavarable). Because we
have factored our all cancributions other
thar char of the untavarable cost of DNA
bending, our analysis is nat dependent on
the values of AGlmp and AGEMP‘ as is sug-
gested by Scheparta.

I contrast, Schepartz’s analysis s valid
anly for a range of values of AG'  and

AG3 [SEIN

wpr i0cluding the case where these two
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terms are equal, as is assumed in her dia-
grams. This choice amounes to imposing the
candition that the nonspecific conracts
made with scraight DNA by a protein chat
bends the nonspecific DNA (case 1) are the
same ar similar to those made wich soeaight
DNA by a pracein thac does not bend che
DNA upon nenspecific hinding (case 2).
Therte is no reason to believe that AG!
should be equal or very close to AG-
because the canformarion of the DNA in
the two final states is markedly differenc. It
is mare likely that a protein that bends che
DNA to form a nonspecific complex may
lose or gain same of the nonspecific inter-
actions that would have heen available wa it
were it not ta bend the DNA. The impli-
cation of Schepartz’s diagrams is as follows,
If the protetn in case 7 can make the same
contacts {which do nat require bending of
the DNA]) as the protein in case 1, then
there should in principle be no reasan why,
following Schepartz's argumene, this protein
would nor “choose” to gain further stabili-
zation by bending the DNA. The implica-
tion of this argument is that a protein chat
bends the specific site must always bend the
nonspecific sites. However, Scheparta's ar-
gument assuines the separability of the
AGY, . and the AG . [n general, we do nat
have the wformarion necessacy to carry out
this partitioning of the taral favarable fiee
energy af binding, and therefore the final
energy of the complex cannot be prediered
a priori. Qur analysis nevertheless avaids
this problem by isolating the ane contribu-
tion to the toral energy of hinding far which
we have independent experimental intor-
mation, that (s, the energy cost of bending
the DNA.

Schepartz suggests chat the likely path-
way for binding af Cro is thar it first binds
linear DNA and then bends the DNA tw
make additional cenraces. There is, howev-
er, na experimental evidence to suppar chis
hypothesis. Decause the argument about en-
ergetics is made from this starring point,
implicit in figure 1 of Schepartz's comment
is that in case 1 (where the pratein bends
the DNAJ, the interactions that the pratein
could make with soaighe DNA are neces-
sarily favorable (AG! = =< 0), that is the
protein interacts favorably with straighe
DNA even though the final DNA confur-
mation is bent. There is no reasan ta make
this assumprtion; it is possible thar the in-
teraction af such a pratein with staighe
DNA is unfavorable (AG!, > 0). [n rhis
case, all of the favarable interaction energy
wauld have to come from contaces resulting
fram the distortion af the DNA (AG, _ in
Schepartz's notation).

Qur data an Cro support the hypothesis
that differences in hending energy mighe
madulate specificity of protein-DNA inter-
actions [(2-6) in the comment by Sche-
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parcz]. If we had alserved that the nonspe-
cific complexes were not hent (Schepartz’s
case 2}, then AG o = O, and the differ-
ential energy of bending of DNA wauld
make only unfavorable contributians to
specificity (AAGy ¢ > 0, because energy is
required to induce DNA hending. Further-
mare, the value of AAG 5 would ot de-
pend an the position an the templare where
the nonspecitic hinding occurs and would
depend only on the bending rigidity of the
specific sire. Consequently, in such a case,
the bending rvigidicy of che DNA as a func-
tion of DNA. sequence could nat modulate
specificicy.

Specificity 5 daminated by differences
it energy bhetweert the final states of the
specific and rongpecific complexes and is
independent of the path by which the cam-
plexes are formed. To determine the con-
cributions to specificity, it s necessary ta
campare the differsnce in energy between
the firal stares of specific and nonspecific
camplexes for twa different classes of pro-
reins, namely, a protein that bends the
DNA in the final state and a protein that
can make all the same contacts with its sice
without bending the DNA. On the con-
trary, comparing the energies berween dif-
ferent states (real or hypatherical} along
the pathway ta the formacion of the final
state provides no informacion about the
cantributions of bending to binding speci-
ficity. Far Cro, the putative “straight stare”
must be of higher energy than the abserved
bent state, but as pointed out by Schepartz,
this is nat {nar can it he) a final stace, so
the compattson is nat possible. Camparing
final states of two different classes of pro-
tein, in concrast, can he used o elucidate
the contributions to specificity assaciated
with the differential energy of hending of
the DNA, as was suggested in our repoit.

Maore dara will be required to determine
whether DNA Lending in nanspecific com-
plexes is a general property of proteins that
hend their specifie sites. Such dara should
indicate for which cases the suggestion that
the sequence-dependent bendahility of the
DNA can madulate specificity is applicable.
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