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TOPOGRAPHY OF NUCLEIC ACID HELICES IN SOLUTIONS. XXVIII.
EVIDENCE FOR A DYNAMIC STRUCTURE OF DNA IN SOLUTION.
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Summary

Proton magnetic resonance (pmr), ultraviolet absorption, induced
circular dichroism (CD), and viscometric evidence is presented which
show that reporter molecules 1 and 2 bind to DNA via an intercalation
process. Preliminary kinetic studies show that the DNA-1 complex forms
rapidly (i.e., <1 msec), whereas the DNA-2 complex forms at a consider-
ably slower rate (t,>100 msec). The kinetic results, and the steric
requirements for infercalation of 2 can be explained on the basis of a
dynamic structure of DNA. h

Through the use of hydrogen-exchange techniques (1-5) as well as
the rates of reactions of formaldehyde with native and denatured deoxy-
ribonucleic acid (6), it has been shown that the conformation of DNA
is "subject to continuous thermally-induced local fluctuations and
distortions'" (4). One type of transient conformation involves
unstacking of adjacent base-pairs with a concomitant H-bond breakage to
form an open DNA structure. This communication presents further
evidence for the dynamic structure of DNA in solution as well as addi-
tional data on the interaction specificity of novel reporter molecules
with DNA.

To accomplish the above objective, two types of reporter molecules
were synthesized (1 and 2), and their interaction specificities with
native salmon sperm DNA (s.s. DNA), polydAT-polydAT, and polydG-polydC
were examined. It is noted that the 1,8-naphthylimide ring of 1 may
intercalate readily between base-pairs of DNA without the necessity of
breaking H-bonds between base-pairs. However, in order to intercalate
the 1,8,4,5-naphthyldiimide ring of 2 between base-pairs of DNA,

unstacking of adjacent base-pairs and local melting (H-bond breakage)
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of the helix must occur. (If the 1,8,4,5-naphthyldiimide ring of 2
intercalates, the N-benzyl, N,N-dimethyl side chains must occupy
opposite grooves in DNA {i.e., one side chain in the minor, the other
in the major groove) since the distance between side chains of 2 is
approximafely 11.2 A°, Moreover, it has been shown in this laboratory
that a t-butyl group on an aromatic ring blocks the intercalation
process (7). Since the N-benzyl, N,N-dimethyl group of 2 is larger
than a t-butyl group, it is therefore concluded that intercalation of
the aromatic ring of 2 must be preceeded by local opening,vi.e., melting,
of the helix. This conclusion is supported by the kinetic study (see
below)). | .

The evidence for intercalation of reporters 1 and 2 between base-
pairs of DNA is briefly summarized. (1) The.prdton magnetic resonance
signals of the‘aromatic and side chain protons of 1 and 2 are totally

broadened and are indistinguishable from base-line noise in the
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presence of salmon sperm DNA. (For a detailed discussion of the pmr
signals of intercalated molecules see references (8) and (9)). (2) It

is noted from the viscometric titration studies shown in figure 1 that
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Figure 1. The effect of increasing concentration of 1 (00 ),

and 2 (@—o ) on the specific viscosity of ss DNA solu-

tion (2.65 x 10°% M P/1) in 0.01 M MES buffer pH 6.2.

complex/nDNA
Sp sp
increases with increasing concentrations of reporters 1 and 2 and

the relative specific viscosity, n , of the DNA solution
finally levels off at a base-pair to reporter ratio of 2.30 and 1.74
for reporters 1 and 2, respectively. It should be noted that inter-
calation of planar molecules between base-pairs of DNA leads to an

increase in the length of the helix and is usually accompanied by an

increase in the viscosity of the solution (10-12). (3) A large hypo-

chromic effect and an induced circular dichroism in the absorption band

1085



BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Vol. 51, No. 4,1973

‘sA0QE SEB
SUOTITPUOD UGT3BIIUSDUOD SWES oYl PUE 1o3ewos3dads gz-r odser € SUTSN STT9D WM Q5 UT UaYel 8ldm BI353ds wSTOLYITP JBTMDIT)

*soprioaTonuifod sy) JO 9duasqe

d

xey® PUB 0%H, axaym ‘gotT (0°T - xNMu\onmmv = (H3) L3toTwoaynodLy sBejusdiag

ue xd 20 o T
P ERYETE] 8Y3 UIl SIUSTOTLFIOOD UOTIOUTIXS SY3 ale xeu Yeu

ssxnjexsdusl jusatquUEe e LEN K 0070

pue 0g'9 HA (SIN) I93Fnq 2IBUOFINSOURYIS(OUTTOYAION-N)-Z W T0°0 UT ‘AT2ATIDadsal ‘W o 0T X § PUE T/d W , 0T X 0'T Jo uomen

-uedued 19310del PUB UOTIBIJUSOUCD PIOE OISTONU ® JB 1o3iaworx3zdads §T A1e) B Sursn STTd ww QT UT ueyel alsom eviidads uot3zdrosqy e

005%-  SS¢ 006 -  80¥ ‘ILT 0S6°0T y8¢ vPT  000°2T #8¢ 6vT  00L°TI 8¢ 00L°62 T8¢ Z
00ST-  91¢ 008T LSS 0ZT  0L9°S 124 8L 0T9°L LS v1T  09g‘9 Lvs (ETARAS 13724 1
wuu wu wu wmu
z 1ol zX cfel X H3 xeu’ xew’ H% xeu” xew® nmw xeu® xeu' xeu®  xem!
YNO_SS YNd_SS QpL104-9PAT0d _ _LYypA10d- L¥PATOd I833ng O%H xa3zoday
SUSTOIUD TP JETAOIT) p2E309ds uoridrosqy

*Z pue T $aInddToW ia3xodey yo eI3Idadg

wWSToay>TQ IBN>IT) padnpul pue uotidiosqy ayl uo DPAT0d-9pAT04 Pue LVPATod-LvPA1od ‘ (VN S§) VNQ wieds wowres jo 32933d 1 °IqEl

1086



BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Vol. 51, No. 4, 1973

"SOAIT-JITBY ¢ 2SBOT 1B I0F NHPAT0d-oHpLT1od pur JLypAT10od-LypA1od 103J POAISSQO d1® SDOTIJUTY I9PI0 3ISITH

‘4¢3 03 o1qronpoidel sir 2A0QE USATE S31UBISUOD 83BI oYL

P
‘(ssox8o0ad ur iom ‘oueyeiseg ‘Y pue ‘Aeqqey -q) sossodsoxd ISpAO 3ISAITI SNOSUBITNUTIS JO SITIIS
B 01 PO11TF 9Q UBD 1T ‘I9AOMOY $SDTI9UTY JI8pio 15113 aTdwts MOTTOF 10U DPIP 7 YiTM YNO JO UOTIOESI 9ay] s
*(o9suw T> ‘r9°T) JUSUNIISUT
syl 3o 3Twiy A3T7tqeded Syj UBYl I91SBF 9Q O3 PUNOF SI9M SPIdE OTI9[dnNuU 03 [ 30 Jurpurq Jo sdTI8UTY oYL q
‘069 Hd (VLQgEN TP W T0°0 PU® ‘TDBN W 8T°0 ‘“"Od?HEN Z0'0 ‘*"OdHYBN W 80°0) 1e83Jnq S3idg url
‘A1earitedsar ‘7 pue T s198310doI JI0J WU 8¢ PUB §pS 1B PIMOTTOJF SBM UDTIDEII 9YL °YIeq SUTIBINDIID
M/Z-Y epneT B yitm peoirrersowssayl snieaedde morF-dols wniang B U0 INO POTIIEBDI SIIM SITIaUTY MOTF-doasg e
05" 6 SR IRt AR > ] (0s°2) 7
9¢°1 e R A > 0T (05°2) 7
LSS ----=  ---- 08°9 §8°8 0v°Z1 > 0z (sz°1) T
8" ¢ ov'v 0b'S  0S°L SI'B S6°T1T > 0z (0s°2) 7
q q e q 0z (0s°2) T
1785 1°8 $°IT L'vs $°69 0°6¢1 0.6 2,1 Amwmﬁlm1mqim
nmo-OH X 1) Uﬁ>ﬁoa-uvmﬂom mm@-OH X D) LvPATod-1vpAT0d (5.0T X D) VNG
mﬁ-umm .mnox

“SPTIOY OISTOnN 03 7 puB T jo Jurpurg sy3 3o

SDTIBUTY ‘II °TQqEl

1087



Vol. 51, No. 4, 1973 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

of the reporter molecules 1 and Z are obtained upon binding to salmon
sperm DNA, polydAT-polydAT, and polydG-polydC (Table I). These obser-
vations also suggest an intercalation mode of binding of reporters 1
and 2 to DNA (8).

Preliminary kinetic studies of the intercalation process of
reporter molecules 1 and 2 to nucleic acids were studied by stop-flow
techniques (Table II). The results support the "breathing model" of
DNA as postulated by von Hippel et. al. (1,2,4,6). For example, the
following points should be noted. (1) Intercalation of the 1,8-naphthyl
imide ring of 1 between base-pairs of nucleic acids occursrapidly
(<1 msec), whereas the corresponding process of intercalation of 2
with nucleic acids. is significantly slower. (2) The binding of 2 to
polydAT-polydAT and to polydG-polydC exhibit first order kinetics for
at least 3 half-lives; however, complex kinetics are obtained with
salmon sperm DNA. (Complex kinetics of binding of reporter Z to DNA
may be due to the presence of 10 different possible intercalation sites
in the latter (13)). (3) The reaction of 2 with polydAT-polydAT and
polydG-polydC is first order with respect to reporter concentration.
For example, first order kinetics are observed for the binding Z to
polydAT-polydAT at DNA phosphate to reporter ratios which varied from
103/1 to 3.5/1 (Table II}. (4) A sequence-dependent dynamic structure
of nucleic acid may also be indicated by the data shown in Table II,

i.e., the observed rate constant, kOb for intercalation of 2 to

s?
polydAT-polydAT is approximately 2.5 times as great as that noted for
intercalation to polydG-polydC.

The above kinetic data is consistent with a "dynamic" structure
of DNA helix in solution. The slower rates of binding of reporter
Z to nucleic acid helices, as compared with 1, togethér with the

steric requirements for intercalation of 2 strongly suggests that the

helix exist in rapid equilibrium between a closed and an opened helical
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structure. This conclusion is completely in line with the 'breathing
model" proposed by von Hippel, et al. (1,2,4,6).

Current work is in progress to ascertain (i) the kinetic order
in polynucleotide concentration, (i1) the dissoclation rate constants,
and (1i1i) to fit the kinetics of binding of 2 to s.s. DNA to a set of
parallel first order processes.
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