
25. A. Roe and B. Burks. Memoirs of Sectioe on Alwhol Studies (Yale Univ. Press. New 
Haven, CT, 19451, no. 3. 

' 

26. D. W. Goodwin etal.,Arch. Gen. Psychiatly 28,238 (1973); D. W. Gwdwin etal., 
ibid, 34, 75 1 (1977). 

27. L. Ojesjo, Soc. Pychiatly 15, 81 (1980); L. Kaij, ibid. 5, 216 (1970). 
28. For a detailed description of the theon. and supporting data, see (8, 15); C. R. 

Cloninger, in Humall Genetics: Proceedifgs of the 7th Intenzatwnal Cofgress (Spring- - - 
er-Verhg, Berlin, in press). 

29. A:L. von Knorring, IM. Bohman, L. von Knorring, L. Oreland, Acta Psychia~. 
Scand. 72, 51 (1985). 

30. C. R. Cloninger, A.-L. von Knorring, S. Sigvardsson, IM. Bohman, Genet. 
Epidemiol. 3, 171 (1986). 

31. L. Eaves md H.  J. Evsenck, J. Pers. SOL. Pychol. 31, 102 (1975); D. W. Fulker, inA 
Modelfor ~etsonaliy; H. J. Eysenck, Ed. (Springer-Verlag, New York, 1981). 

32. J. C. Loehlin, Behav. Genet. 12, 417 (1982). 
33. C. R. Cloninger and S. B. GiUigm, J. Psychiatr. Res., in press. 
34. J. R. Stellar md E. Stellar, The Neurobwlogy ofMotivatwe and Reward (Springer- 

Verlag, New York, 1985); R. A. Wise, Pharmacol. Bwchem. Behav. 13,213 (1980); 
A. Routtenberg, Sci. Am.  239, 154 (November 1978). 

35. A. Kelle and L Stinus, inAfe6iveDevelopment:A PychobiolgicalPerspe6i~e, N. A. 
Fos ~ I I ~ R .  J. Davidson, Eds. (Erlbaum, Hillsdde, NJ, 1984), pp. 1-75; S. D. 
Iversen, in Haedbook ofPsychophannawlogy, L. L. Iversen, S. D. Iversen, S. H .  
Snyder, Eds. (Plenum, New York, 1977), vol. 8, pp. 333-374. 

36. G. L. Gessa, G. Muntoni, M. Collu, L. Vargiu, G. ~Mereu, Braill Res. 348, 201 
11985) 
\ - '  --,. 

37. R. G. Heath, The Role @Pleasure in Behavior (Harper & Row, New York, 1964). 
38. J. R. Nichols, Ann. hr.Y. Acad. Sci. 197, 60 (1972); K. Kiimmaa md B. Tabakoff, 

Phatmacol. Bwchem. Behav. 1 8  (suppl. l ) ,  383 (1983); B. Tabakoff m d  R. F. 
Ritzmann, DrtgAlwhol Depend. 4, 87 (1979). 

39. M. B. Wallet, J. IM. Mur hv W J McBride L. Lumen T. K. Li, Pbavmacol. 
Biochem. Behav. 24,617 (f98bj; j .  lk. Murph;, W. J. ~ c k i d e ,  L. Lumeng, T. K. 
Li, ibid. 19, 849 (1983); T. K. Li, in Causes and Consequences ofAlcohol-Related 
Problems: A n  Agenda for Research (Instihlte of Medicine, Washington, DC, in 
press). 

40. IM. A. Schuckit, D. C. Parker, L. R. Rossman, Bwl. Psychiaq 18, 1153 (1983). 
However, prolonged suppression of prolactin is not observed in daughters or some 
sons of alcoholics [H. B. Moss, S. Guthrie, IM. Limoila, Arch. Gen. Pychiaq 43, 
1137 1198611. 

\ -  - 1 ,  

41. D T ~ .  Warburton, in Handbook ofPgchophamzacologp, L. L. Iversen, S. D. Iversen, 

S. H .  Snvder, Eds. (Plenum, New York, 19771, vol. 8, pp. 385-432; J. A. Gray, 
The hTeu~opsychologv ofAnxiey (Oxford Univ. Press, New York, 1982). 

42. M:H. Thiebot, d. Hamon, P. Soubrie, in Psychophamzacolgy ofthe Limbic System, 
M. R. Trimble md E. Zarifim, Eds. (Oxford Univ. Press, New York, 19841, pp. 
164-174. 

43. J. Sepinwall a11d L. Cook, Fed. Proc. Fed. Am. Soc. Exp. Bwl. 39, 3021 (1980); L. 
Stein, in Anxiey: New Research and Chafging Concepts, D. F. Klein and J. Rabkin, 
Eds. (Raven, New York, 1981), pp. 201-214. 

44. C. M. Banki and M, Arato, Pychiaq Res. 10, 253 (1983); M. Asberg, L. 
Bedsson, B. Martensson, Adv. Biochem. Psychophamcrwl. 39, 87 (1984); G. L. 
Brown et d., Am. J.  Pgchiahy 139, 741 (1982). 

45. H .  Agren, I. N. ~Mefford, IM. V. Rudorfer, M. Linnoila, W. Z. Potter, J. Pychiatr. 
Res. 20, 175 (1986). 

46. C. D. Frith, J.  Dowdy, I. N. Ferrier, T. J. Crow, Pgchophamwzacology 87, 490 
I l Q R i ; ~  
\* '""/ '  

47. IM. Segal and F. E. Bloorn, Brain Res. 107, 513 (1976). 
48. R. G. Mair and W. J. ~McEntee, Pychophamzacology 88, 274 (1986); W. J. 

McEntee, R. G. ~Mair, P. J. Langlais, Neurology 31, 648 (1984); R. G. Mair et al., 
Life Sci., in press. 

49. D. DeWeid and B. Bohus, in BrainMechanisms ill Memovy andlearning: From the 
Sin leNeuron toMan (Raven, New York, 1979), pp. 139-149; G. L. Kovacs, B. 
Bofus, D. H.  G. Versteeg, Braifz Res. 172, 73 (1979). 

50. T. J. Crow and J. F. W. Deakin, in Haedbook of Psychiahy, IM. Shepherd, Ed. 
(Cambridge Univ. Press, Cambridge, 1985), vol. 5, pp. 137-182. 

51. G. W. Kraemer, C. R. Lake, M. H.  Ebert, W. T. McKinnev, Psychophatmacolgy 
85, 444 (1985); G. W. Kraerner, M. H .  Ebert, C. R. ~ a k k ,  W. T. McKinney, 
Psychiaq Res. 11, 303 (1984). 

52. P. L. Hoffmm, C. L. Melchior, B. Tabakoff, Life Sci. 32, 1065 (1983). 
53. D. M. Warburton, Br. Med. Bull. 37, 105 (1981); R. F. Thompson, Scieece 233, 

941 (1986). 
54. H .  Rigter and J. C. Crabbe, Eds., Alwhol Tolerance and Dependewe (Elsevierl 

North-Holland, Amsterdam, 1980). 
55. I thank H .  Begleiter, LM. Bohman, T. Cicero, S. B. Guze, and T. Reich for helpful 

comments. Supported in part by Research Scientist Award MH-00048 and grmt 
MH-31302 from the National Institute of Mental Health, Alcohol Research 
Center grant Ah-003539 from the National Institute of Alcoholism md Alcohol 
Abuse, the Jewish Hospital of St. Louis Endowment Fund, and a grant from the 
~MacrZrthur Foundation Network on Risk and Protective Factors in Major Mental 
Disorders. 

Direct Evidence for DNA Bending at the 
Lambda Replication OrigiG 

Replication initiation in bacteriophage lambda appears to 
require wrapping of origin DNA on an approximately 50 
angstrom radius in or around the complex with the 
initiator protein 0. Since short lengths of DNA are not 
that flexible, it may be that runs of coherently spaced 
deoxyadenylate residues constitute bend sites in the ori 
sequence that facilitate the process. Earlier data showed 
that ori DNA has electrophoretic anomalies characteristic 
of bend sites and that these are augmented by initiator 
protein binding. Here origin bending is examined by 
direct measurement of the ability of polymerized ori 
sequences to form small circles. The smallest circles 
observed (84 residues) are compatible with the required 
radius of curvature. Bend sites within the 0 protein 
binding sites, bend sites in the spacers between them, plus 
the inherent flexibility of non-bent DNA in the or~gin 
may all contribute to origin bending. The data also show 
that a bend site is required for 0 protein binding to DNA. 

B ACTERIOPHAGE LAMBDA DNA REPLICATION IS INITIATED 

bidirectionally at a unique origin site (ori) ( I ) ,  which 
contains four binding sites (iterons) to which the initiator 

protein 0 binds (2, 3). Origin DNA exhibits a pronounced 
cunrature in solution (4) as indicated by electrophoretic mobility 
anomalies and 0 protein binding enhances bending of origin DNA 
(5). Binding of 0 protein to the origin results in a condensed 
structure (0-some) (6) whose appearance in the electron micro- 
scope suggests that DNA is folded or wrapped around protein. 
Curvature of ori DNA may therefore play a role in 0-some 
formation and ori function. 

The mechanism leading to DNA curvature is not understood in 
detail (7, 8).  But in a number of cases (9, lo) ,  for example the 
kinetoplast DNA of L~khrnanza tartntolac (11-13), clusters of 
deoq~adenylate (dA) residues punctuating the sequence coherently 
with the helical pitch induce significant cunrature. There are seven 
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such dA runs in the lambda ori sequence (asterisks below) that we 
proposed to be responsible for origin curvature. We refer to these 
sequences as "bend sites." 

Four of the bend sites of the origin occur at the central cores of 
the four 0 protein binding sites (I to IV overlined and capitalized in 
the foregoing sequence) in benveen the symmetrically disposed 
"half-sites" that contact the protein (5). We have suggested (5) that 
these could be the sites where 0 protein bends its substrate. The 
bend sites at the iteron cores are not themselves in contact with 
protein according to chemical probe data (5). The other bend sites 
of the ori region are flanking the binding sites in between or 
adjacent to the iterons. These could also bend, helping the DNA 
cunre around a small enough radius to form the  some, promoted 
by the interaction between adjacently bound 0 protein subunits. 

The electrophoretic mobility test, while offering evidence for 
DNA bending, did not allow quantitative assessment of the radius 
of a bend. We have therefore extended the characterization of the 
origin sequences by assaying the formation of DNA circles during 
ligation of chemically synthesized variants of the iteron. Systematic 
bending is expected to greatly increase the cyclization probability of 
small restriction fragments (14). We also consider the question of 
whether there is a correlation between the ability of these substrates 
to bend and their abilitv to bind 0 ~rote in .  

Shore e t  al. (15) pioneered the use of the ring closure protocols to 
study DNA flexibility. Using linear restriction fragments of +XI74 
replicative form thought to be "straight" (computer modeling 
confirms this), they measured the rate of cyclization in dilute 
solution as a function of fragment length. They obsenled that 
cyclization becomes progressively more difficult as DNA length is 
reduced below 500 base pairs (bp), reaching zero at some length 
between 242 and 126 residues. Thus, typically, DNA has difficulty 
bending at 1.3 degrees per residue and cannot achieve a cunrature of 
2.8 degrees per residue in solution. In the range of 237 to 254 bp 
they obsenred an oscillatory behavior with respect to DNA length 
having a period corresponding to the helical repeat of DNA (16). 
This indicates that DNA offers resistance to twisting as well as 
bending distortion. 

Ulanovsky e t  al. (17) studied ring formation with a 21-residue 
synthetic oligonucleotide containing a putative bend sequence con- 
sisting of dA runs of six and five residues spaced with a 10.5-bp 
helical repeat. Complementary overhanging sequences were provid- 
ed to allow polymerization of monomers up to the size needed to 
close a ring. The dilute DNA concentrations used were comparable 
to the experiments of Shore e t  al. (15) with which they were 
compared, although a control of putative "non-bent" oligonucleo- 
tide DNA was not included. Some circles were formed of substan- 
tially smaller radius than the minimum allowed by Shore e t  al. (15). 
Ulanovsky e t  al. (17) concluded that the electrophoretic anomalies 
previously obsenred were in fact due to sequence-dependent bend- 
ing of DNA at dA clusters. " 

To study bending at the lambda origin, we have used a similar 
approach but with quite different reaction conditions and have 
included the unbent DNA control. In these experiments we poly- 
merized short (21-residue) linear oligonucleotides containing puta- 
tive bend sequences from the origin of replication and assayed 
formation of circles. However, we used high concentrations of 
oligonucleotide plus a volume excluding agent (10 percent polyeth- 
ylene glycol) to achieve an effective DNA concentration (about 15 
mgiml) which is on the order of lo5 times higher than used by 
Shore e t  al. (15). This concentration allows the average distance 
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between 21-bp monomers in solution to approach the distance 
between their ends if they are considered as rigid rods. The base pair 
overlaps of our substrates were also chosen to be more stable than 
the Eco RI sites on the fragments studied by Shore and Baldwin, so 
that our ligations could be carried out at higher temperature where 
ligase is more efficient. 

The rationale behind these choices is to provide conditions under 
which the spectrum of circles formed represents a snapshot of 
molecules whose bend angles approximate the actual range of bends 
encountered in solution. In order for a linear precursor to be closed 
under these conditions, its ends must lie on average vety close 
together since, at each stage of reaction, addition of more oligomer 
subunits competes strongly with circle formation. With dilute 
conditions, more time is available for cyclization of thermodynami- 
cally less favorable configurations. 

We argue that the average circle size we obsenre allows us to 
calculate the bend angle of the typical molecule in solution; the 
range of obsenled circles yields the typical range of bend angles, and 
the smallest circles give information as to the smallest radius about 
which the bent DNA is cunled with only thermal input of energy. At 
the very least, our conditions favor formation of large circles and 
linear polymers, making the finding of small circles a significant 
indication that highly bent DNA is present. 

Design and ligation of ring closure substrates. The three 
variants of iteron sequence that we examined, substrates I, 11, and 
111, are shown in Fig. 1A. We synthesized 21-residue oligonucleo- 
tides corresponding to both strands of each substrate. These were 
designed to expose seven-nucleotide asymmetric overhangs so as to 
ensure head-to-tail ligation. All three substrates have the same 
spacing and sequence of symmetry elements previously demonstrat- 
ed to be contact points in 0 protein binding (5), but they differ in 
the disposition of dA clusters. 

Substrate I has both iteron core and spacer bend sites so that a 
10.5-bp repeat of bend sites is created. This spacing is like the 
natural origin. Substrate I1 retains the iteron core bend site, but the 
spacer is replaced by a mixed sequence so that a 21-bp repeat of bend 
sites remains. Substrate I11 has base substitutions that remove all 
ApA stretches but maintains the spacing and sequence of the 
protein-contacting elements of the binding site. 

The curvature conferred by each sequence was tested by ligating 
equal amounts of each substrate at high concentration in polyethyl- 
ene glycol and analyzing the relative amounts and sizes of circular 
and linear products on nvo-dimensional acrylamide gels. The first 
dimension was a standard acrylamide gel, whereas the second 
dimension contained the intercalating agent chloroquine (18). 
Under these conditions, linear molecules, covalently closed circles, 
and nicked circles of up to 14 monomer units are well resolved. The 
molecular size corresponding to each spot was determined by 
electroelution, denaturation, and electrophoresis on a sequencing 
gel relative to a marker ladder. The autoradiographs of the nvo- 
dimensional gels are presented in Fig. lB, and the relative amount of 
each circular species determined by optical densitometry of the films 
is presented in Table 1. 

There was a pronounced inverse relation between the sizes and 
numbers of circles formed and the number of coherently spaced 
bend sites per oligonucleotide. Substrate I forms large numbers of 
small circles with an average size of 147- to 168-bp (that is, seven to 
eight subunits) and a minimum detectable size of 84 bp (four 
subunits). Under the conditions of this experiment about 50 percent 
of the input oligonucleotide was converted to the circular form. 
Substrate I1 also forms small circles, but the average circle size is 23 1 
bp (11 subunits) and the minimal detectable circle is 126 bp (six 
subunits). The total incorporation of substrate I1 into circles was 
approximately 10 percent. Substrate 111 did not form small circles 
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(- 1 percent of the total incorporation). Some radioactivity near the 
origin of the gel could represent larger circles, but this material was 
not further characterized. 

Estimating the bend angle. The considerable range of circle sizes 
observed with substrates I and I1 suggests that these sequences have 
flexibility superimposed on the static bends. That is, the oligonucle- 
otides can exist in solution at a range of curvatures centered around 
the equilibrium value of the static bend. Flexibility may reside in the 
DNA between bend sites as well as in the bend sites themselves. 

In view of the high concentration of DNA during ligation, the 
predominant circles should be composed of molecules with the static 
bends at or near the equilibrium angle with little or no contribution 
of DNA flexibility. The minimum and maximum circle sizes provide 
estimates of the maximal and minimal degree to which the DNA 
sequence can be bent under thermal input of energy. 

To a first approximation, we can estimate bend angles by 
assuming that the circles are planar and calculate the bend for each 
monomer subunit as 360 degrees divided by the number of subunits 
per circle (Table 1). This represents the deviation of the helix from a 
straight line and is independent of assumptions as to the molecular 
details of helix bending. 

The average circle size for substrate I1 indicates an equilibrium 
angle of about 33 degrees for the core bend of the 0 protein binding 
site in solution. The average circle size for substrate I is smaller 
because of the additional spacer bend. If the core bend is assumed to 
be the same in both molecules, we can estimate the spacer bend at 

about 15 degrees for a total of 48 degrees per core-spacer subunit. 
The smallest circles of substrate I consist of four subunits so that 
there must be enough flexibility to allow ddbrmation from 50 to 90 
degrees, which is about 2.0 degrees per base residue. This is a rather 
large curvature, but not outside the limits of flexibity of DNA 
determined by Shore et d. (15) if the entire substrate is assumed to 
be flexible. This degree of flexibility would be difficult to reconcile 
with their data if bend sites were rigid and flexibility were confined 
to the DNA in between them. The smallest circles of substrate I1 are 
six subunits, so that the deformation due to flexibility in this case is 
only 27 degrees per subunit or 1.3 degrees per residue. 
The bend is required for 0 binding. An important question is 

whether the bend site is necessary for 0 protein binding. This was 
tested by measuring the ability of each substrate to bind the 0 
protein as assayed with a gel retardation assay. For technical reasons, 
the experiment shown in Fig. 2 was done with the amino-terminal 
half of 0 protein, which contains the DNA binding site. Its cloning, 
isolation, and specific binding have been described (5, 19). Sub- 
strates I and I1 bind protein perfecty but substrate 111, which lacks 
the bend site is unable to bind 0 (Fig. 2). Thus, the bendable 
segment at the center of iteron symme~y is essential for the binding 
of 0 protein, but the spacer regions are not. 

To ascertain whether the contact residues between DNA and 0 
are the same with the current substrates as had been determined for 
iteron I (5), we determined which phosphate residues of substrates I 
and II are contacted when the ethylation interference assay is used 

.--.. : . - ,.' : :.-' 
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Fig. 1. Ring dosure experiments with iteron substrates. (A) Substrates: Two 
tandem copies of each complementary s m d  of each synthetic oligonudeo- 
tide are shown arranged as they would be expected to anneal to form longer 
duplex DNA segments. Clusters of repeating ApA dinudeotides are shaded, 
and their repeat spacing is indicated above the sequence. The 19-bp iteron 
unit is underlined and its 6-bp dyad symmetry elements are indicated by 
arrows above and below the sequence. Arrowheads indicate the phosphates 
contacted by:O protein. (6) Characterization of substrate Ligation products; 
two-dimensional electrophoresis results are shown with sizes of open and 
dosed circles and linear DNA's expressed as number of 21-bp oligomm. 

Arrows indicate the directions of first- and second-dimension electrophoresis 
(41). (C) Helix trajectory plots of iteron substrates; computer predictions of 
ring dosure performed with an &subunit oligomer (168 bp) of substrate I 
and a 12-subunit oligomer of substrate II (252 bp) were made by the 
method of Levene and Crothm (24) with a program obtained from 
DNASTAR (Madison, Wionsin) with parameters as discussed in the 
legend to Table 1. The junction angles were 11 degrees for substrate I and 10 
degrees for substrate II. These angles represent values dose to the average 
from the cydization experiments. Two perspectives are shown for substrates 
I and Il and one for substrate 111. 
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Rg. 2 Binding of 0 protein to doned iteron substrates: an autoradiograph 
of the elacaophoresis of 0 protein-DNA complexes in an ac lamide gel. 7 Cloning of the iteron substrates was a&eved by deavage o the ligated 
oligomers in Fig. 1 with Mbo I, isolation of the short DNA fragments from 
10 percent aaylamide gels, and ligation into the Barn HI site of pBR322. 
Each gel shows the results of titrating 37 ng of a Nar I-Hind I11 resmction 
fragment 5' end-labeled at the Nar I site with (lanes 1 to 5) 0,5,15,50, and 
100 ng of the 0 protein amino terminus. Arrowheads at the I& margin 
indicate the positions of the DNA-protein complex (bound) and free DNA 
(unbound). Binding was carried out at 37°C for 20 minutes in 50 pl of 10 
mM tris-HC1 (pH 7.4), 20 mM KCI, 10 mM magnesium acetate, 0.1 mM 
EDTA, 6 mM $-mercaptocthanoI, and bovine serum albumin at 50 @ml. 
Elecaophoresis was carried out for 16 hours at 100 V in 5 percent 
acrylarnide gels containing 25 percent glycerol and a ais-borate buffer. 

(20). The experiment (Fig. 3) shows that the eight symmetrically 
disposed phosphate residues on one helical face previously identilied 
(5) (arrowheads in Fig. 1A) are the same as the ones contacted in 
these substrates. Although a minor asymmetric phosphate contact 
that we observed in iteron I was not observed in these experiments, 
we condude that the basic character of the binding ii the same 
regardless of whether the iteron core sequence is AAAAC (iteron I, 
111, and IV) or AAAlT (iteron I1 and substrates I and 11). 

Modcling itcton bending and the 0 ptotein origin interaction. 
Although the details of helix deformation involved in bending are 
not well understood, two type. of models have been proposed to 
explain sequence-dependent bending. In one model, wedges are 
introduced between adjacent A-A base pairs in a dA run as a result of 
nonparallel base stacking on one side of the helix (17). In the other 
model, deflection of the helix is postulated to occur at the junctions 
between dA runs and adjacent DNA segments as a result (12) of a 
nonequivalence of the two DNA strands within the dA run, which is 
thought to resemble heteronomous DNA (21). The electrophoretic 
studies of Koo et al. (8) and of Hagerman (7) have led to the 
discovery of sequences that challenge the simple forms of the above 
models. For example, (CAAAATTITG), bends substantially 
whereas (GTI'ITAAAAC),, does not (3, and (A5T5), bends where- 
as (AIoTIo), does not (22). To accommodate this, Ulanovsky and 
Trifonov (23) have introduced a modification of the wedge model in 
which the average deviation of each AA dinudeotide is distributed 
between a 2.3-degree tilt and a 8.7-degree roll. Crothers (22) has 
suggested a junction model in which a run of dA residues induces a 
junction tilt of 11 degrees at each end and in which junctions 
between runs of A and runs of T introduce a roll of 11 demees. All 
of these models, including the simple ones, yield similar kul t s  for 
the ori sequences since the A origin does not contain these special 
sequences. 

;The junction model was selected for our presentations because it 
accurately predicted closure of substrates I and 11 at the correct 
average cirde size. Examples of ring closure experiments pertbrmed 
by the computer with substrates I and 11 are shown in Fig. 1C. Helix 
trajectories were plotted by a computer program based on the 
method of Levene and Crothers (24). The picture drawn by the 
computer by the dot matrix printer also includes connecting lines 
that correspond to the base paris. This is an approximate model, but 
it gives a reasonable idea of the DNA trajectory that might exist in 
the origin. 

~ i ~ u k  4A shows a stereo model of iteron I1 as it might interact 
with protein if we assume that the bound form is fully bent. Since 
the program does not depict flexibility in non-bent DNA, the helix 
parameters supplied to the computer to make this drawing are those 
which close the smallest circles observed with substrate 11 (20 
degrees at each end of a dA run). Points of phosphate contact with 
the protein are indicated by dots between the base pair planes. These 
occur on one side of the helix, and it appears that the bend at the 
iteron core does not appreciably disturb the symmetry of these 

Substrate 1 clone Substrate II clone Substrate Ill clone 

1 2 3 4 5  1 2 3 4 5  1 2 3 4 5  

Bound - rC * L 

Unbound -m d 

phosphates relative to the dyad axis of the site. If the 0 protein 
dimer were to be assembled so that the DNA binding half-sites that 
interact with the major groove were at an angle, it could easily be 
explained why 0 protein binding requires a bendable DNA struc- 
ture at the center of the binding site and why 0 protein binding 
would enhance bending. Although the direction of bending cannot 
be derived h m  ring closure results alone, it can be deduced h m  
our nuclease footprinting, ethylation interference, and dimethyl 
sulfate protection data (5). Thus, we have chosen the sign of the 
angular displacement associated with the bend so that the surface of 
contact with the 0 protein is on the inside of the curve. The 0 
protein therefore contacts one face of the helix (as indicated by the 
phosphate interference data), in two successive major grooves (as 
deduced h m  the pattern of dimethyl sulfate protection) (5). This is 
the only way to form a structure with the dimensions of the 0-some 
(6). 

Figure 4B is a stereo projection of the iteron region of ori with the 
same helix parameters and display conventions as Fig. 4A. The basic 

Table 1. O b ~ e ~ e d  circle sizes, inco ration, and predicted angh. The 
bend angles per subunit are d & t e d T  dividing the degrees in a cirde by 
the total number of subunits per cirde. The number of subunits of 21-bp 
oligomcr per circle is indicated. Bp is the size of the circle in base pairs. 
Junction angles (J) were used in the DNASTAR program as follows: a tilt 
angle of +J degrees was introduced at each end of each dA tract (length 
r 2), except that junctions between dA and dT tracts were assigned a roll of 
+J degrees and dT tracts followed by dA tracts were assigned a roll of - J 
degrees. Junction angles needed to dose the ends are shown (optimal circles 
in parentheses). Note the agreement in these values between substrates I and 
11. The percentage of circles is derived by dividing the integrated optical 
density of each circle by the sum of the integrated optical density of all circles 
in the ligation. 

Substrate I* Substrate II t  
Sub- 
units BP sub- 

(No.) 

T w o  dA tracts per subunit. tone dA tract per subunit. 
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fbrm assumed by the DNA is a 300-degree turn, the diameter of 
which, 110 is remarkably close to that determined fiom electron 
microscopic observation of the 0-some (6). This model predim 
that three of the four bound proteins lie roughly in a plane with the 
DNA cutving about them. The =rich spacer between iterons I 
and 11 does not bend, and hence the first binding unit (iteron I) falls 
out of the curve. The ability of the 0 protein to impose a change of 
about a three-quarter linking number in covalently dosed DNA 
containing the origin (6) may be the simple result of an 0 protein- 
induced twist that brings all of the bound 0 protomess into a planar 
array on the inside of the curve. This twist may also aid in separating 
the strands fbr replication initiation. Thus, we predict that, with the 
help of protein-protein interactions between bound 0 subunits 
(25), this open structure is converted into the condensed 0-some. 

Substrate l clone 

DNA barding and flexibility. In these experiments, a graded 
series of substrates differing only in the disposition of bend sites has 
been directly compared with respect to ring dosure under a 
consistent experimental protocol. We found a high percentage of 
cydization under conditions designed to favor the fbrmation of 
hear  polymers. In fact, circle formation was so eflicient that few 
hears were seen above the ten-subunit size range (Fig. 1, A and B). 
Although our assay did not require it, a high propomon of circles 
fbrmed were covalently dosed. Either these molecules are reason- 
ably flexible in the torsional dimension or the use of a 21-bp repeat 
coincidentally allows excellent alignment of the strands with mini- 
mal torsional distortion regardless of cirde size. 

The average circle sizes found suggest that the ori sequences 
contain static bends. That DNA bends are static was argued by Koo 

Substrate II clone 

trand 

+ 
r-stran 

Fig. 3. Ethylation interference with cloned iteron substrates. The ethylation Vertical bars indicate the extent of the cloned iteron. Arrowheads indicate 
interference method of Siebenlist and Gilbert (20) as modified (5) was used. the positions of the interfering phosphate groups. Lanes are labeled as 
The r-strand data were obtained with the 5' end-labeled Taq I-Sph I follows: (-) no protein was added, (+) 100 ng of 0 protein amino terminus 
fragment and I-strand data with the Nar I-Hind III fragment. In each case, added, (U) unbound fraction; (B) bound fraction. The fractions (U and B) 
37 ng of DNA @ent was used. Maxam and Gilbert sequencing standards represent the eluates of the unbound and bound DNA isolated from gels like 
(G, A, T, C) are run alongside of each ethyladon experiment for alignment. those shown in Fig. 2. 
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et al. (8)  and by Hagerman (26) on the basis that coherent phasing 
of ApA repeats is a prerequisite for electrophoretic anomalies. 
Additional evidence that sequence-directed bends are static comes 
from the electron micrographic obsenlations of Griffith e t  al. (27) 
where the curvature of a kinetoplast DNA can be visualized and is 
consistent from molecule to molecule. 

The range of circle sizes that we see suggests, however, that the 
ori DNA is flexible enough to bend to a considerably smaller radius 
of curvature than the average dictated by the angle of a static bend. 
It is not known whether the bend sites themselves are also flexible or 
whether the ori flexibility is confined to the interstitial segments 
between bend sites. We suggest that both are flexible to accommo- 
date our smallest circles within the Shore-Baldwin minimal cunra- 
ture. But the proposal that sequence-dependent bends are rigid is 
supported by physical studies of Levene et al., which indicate that 
the bent region from kinetoplast is stiffer than normal DNA (28). 
More data are needed to ascertain how fixed the bent structure of 
the origin may be. In either case, it is likely that an element of 
flexibility is critical in the packaging of the O-some by decreasing the 
radius about which DNA can be curved. The question of whether 
the existing junction bends are the preferred sites of further protein 
induced deformation awaits an x-ray crystallographic analysis of the 
0 protein-DNA complexes. 

Replication and bending. The relevance of DNA bending to 
DNA replication is unclear. It has now been implicated, however, in 
at least five systems-lambda (4), SV40 (291, R6k plasmid (30), 
plasmid pTI81 (31), and yeast autonomously replicating sequences 
(32). Iteron-like sequences are also found at the origins of the 
lambdoid phages $80 and $82 (2). The F plasmid origin (33) has 
four 19-bp initiator protein binding sites with core sequences of 
AAATI (identical to  iteron I1 and substrates I and 11). This suggests 
that similar bending effects may also occur at these origins. In the 
case of SV40, a dA run appears to be a determinant of high affinity T 
antigen binding, and T antigen may also bend this site (29). One 
hypothesis is that replication initiation requires assembly of proteins 
about a highly condensed structure (34). The minimal circle size 
determined for substrate I (four subunits) would have a diameter of 
90 A, close to the measured size of the condensed 0 protein-origin 
complexes observed in the electron micrographs of Dodson et al. 
(6). The function of the 0 protein may be to condense the four 
iterons of ori into a structure similar to the smallest observable 
circles. Since the smallest circles formed with substrates I and I1 are 
very small proportions of the total circles, we conclude that their 
formation is energetically unfavored by thermal flexibility of the 
DNA. Such highly localized DNA bending (or twisting) will, 
therefore, result in storage of substantial free energy. This stored 
energy may be used in subsequent stages of the initiation reaction 
such as strand separation (25). Binding of XP protein or a P-dna B 
protein complex to this condensed structure via the exposed carbox- 
yl terminus of 0 and consequent DNA unwinding appear to be the 
next steps in the initiation reaction (19, 35). 

Protein-DNA interactions and DNA deformation. There are 
other examples of site-specific DNA binding proteins that appear to 
bend DNA (36, 3 3 ,  the best characterized being the Escbericbia coli 
catabolite gene activator protein (CAP) (12). Kotlarz et al. (38) have 
demonstrated that CAP increases the rate of cyclization of short 
pieces of lac operon DNA, presumably because of its ability to bend 
them. In contrast to the h origin, CAP binding sites do not bend in 
the absence of protein (12). In CAP binding, the induced bend is 
estimated to be 90 to 180 degrees (39). The CAP binding site, 
however, does not contain a typical bend site, and therefore 
considerable difference in mechanism may be indicated. A static 
bend in DNA seems to be an absolute requirement for binding in 
the case of the 0 protein. 

Fig. 4. Helix trajectoty plots (stereo) of iteron substrate I1 and the iteron 
region of the natural origin and the regions contacted by the 0 protein. (A) 
Iteron substrate 11. Helix parameters are as in Fig. 1C and Table 1, except 
that the junction tilt angle is -20 degrees. The substrate I1 sequence 
ATCCCTCAAAITGGGGGATCG is plotted. The small square at lower 
margin shows the 5' end of the sequence, and base pair planes are noted by 
lines connecting the two complementary strands. Phosphate contacts are 
shown by large dots between the base pair planes. Shaded areas show only 
amino-terminal contact portions of an 0 protein duner interacting with two 
successive major grooves of the iteron. The volume of a complete 0 protein 
dimer would correspond to a sphere with a diameter 2.7 times the DNA 
helix diameter. (B) Iteron region of the origin. The sequence between 
coordinates 39013 to 39129 of the A map (42) is plotted. Phosphate contacts 
are shown as in (A), as are areas of close contact with the 0 protein 
(shading). The iterons are numbered I to JY. Helix parameters are the same 
as those in (A). An O-some composed of four complete 0 protein dimers 
packed as a sphere would have a diameter 4.4 times that of the DNA helix 
and would f i U  the space surrounded by DNA. 

Drew and Travers have studied the detailed path of the DNA 
helix around nucleosomes reconstituted on tyrT DNA (40), to 
which the deduced path of DNA around the 0 protein (Fig. 4A) 
bears a striking resemblance. The direction of bending that we 
predict for the iteron is in agreement with the inner orientation and 
minor groove compression observed for most of the short dA runs 
in the nucleosome data. If we use a junction model of bending, it is 
clear that the base pair tilt at the junctions of the iteron half-sites 
with the dA run at the iteron core will cause such a compression and 
bring the half-sites into closer proximity. This compression could 
also be achieved by base pair roll of the iteron cores into the minor 
groove as predicted for bending of nucleosome cores (40) and for 
CAP protein (39). The minor grooves of the dyad symmetry 
elements (GIC blocks) are predicted to face out (away from the 
bound motein). a result also-deduced bv Drew and Travkrs 140) for , , \ ,  

nucleosome core structure. Therefore, 0 binding obeys the "rules" 
of DNA bending outlined by Drew and Travers (40); DNA is 
deformed in the same specific way whether by protein-induced or 
other types of deformation. 

The striking similarities to DNA bending around nucleosomes 
suggest that 0 binding represents an extreme case of the "bendabili- 

RESEARCH ARTICLES 421 



ty" of a DNA site determining the detailed interaction of a 
regulatory protein with its DNA substrate. That is, pcriodicities in 
base sequence are also used to facilitate the tight bending of DNA as 
it wraps around an 0-some. 
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