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A triple helix is formed upon binding of an oligodeoxynucleotide to the major groove of 
duplex DNA. A benzo[e]pyridoindole derivative (BePI) strongly stabilized this structure and 
showed preferential binding to a triplex rather than to aduplex. Energy transfer experiments 
suggest that BePl intercalates within the triple helix. Sequence-specific inhibition of tran- 
scription initiation of a specific gene by Escherichia coli RNA polymerase by a triplex- 
forming oligodeoxynucleotide is strongly enhanced when the triplex is stabilized by BePI. 
Upon irradiation with ultraviolet light, BePl induces covalent modifications of the target 
within the triple helix structure. 

Homopyrimidine oligonucleotides can 
bind to the major groove of DNA at ho- 
mopurine-homopyrimidine (1) sequences, 
forming a local triple helix (1-3). Se- 
quence-specific binding in a parallel orien- 
tation to the purine strand rests upon 
Hoogsteen hydrogen bonds between thy- 
mine and T-A base pairs (T.A*T triplets) 
and between protonated cytosine and C.G 
base pairs (C.G*C+ triplets) (4, 5). Tri- 
plex-forming oligonucleotides could inter- 
fere with transcription (6-9), which opens 
a new field of studies aimed at the design of 
sequence-specific gene regulators (1 0). 
However, triplex stability under physiolog- 
ical conditions appears somewhat limited; 
this limitation led to the design of chemical 
modifications that could increase the affin- 
ity of the third strand for its target (1 1, 12). 
One of the possibilities involves covalent 
linkage between an oligonucleotide and an 
intercalator that provides an additional 
binding energy (1 1). 

In contrast to duplex DNA, little is 
known about the interaction of ligands with 
triple helices. Intercalators such as ethid- 
ium bromide interact with a tri~lex but 
with a lower affinity than for a duplex (1 3, 
14). We report that a benzo[e]pyridoindole 
derivative (BePI, R = -OCH,) (Fig. 1A) 
interacts more tightly with a triplex than 
with a duplex and strongly stabilizes the 
triplex structure, thus increasing its thermal 
stability by more than 20°C. BePI and a 
triple helix-forming oligonucleotide inhibit 
transcription of the p-lactamase gene by E. 
coli RNA polymerase in a cooperative man- 
ner. BePI induces covalent modifications of 

both Watson-Crick strands of the tri~lex 
upon irradiation with near-ultraviolet 
(near-UV) light. These adducts are ob- , - 
served at very low BePI concentrations (10 
nM) and with high efficiency. These strong 
and specific binding sites disappear in the 
absence of the third oligonucleotide, which 
demonstrates a synergistic action of the 
chromophore and the oligonucleotide. 
Such triplex-specific ligands could be used 
to stabilize triplex structures under physio- 
logical conditions. 

LJ 

The density of negative charges around a 
T.A*T-rich trblex and the geometrv of the 
base triplets led us to investigte the possibil- 
ity of discovering triplex-specific cationic li- 
gands that would have a higher affinity for a 
triple helix than for duplex DNA. Ethidium 
bromide interacts with a triplex structure, 
probably by intercalation (1 3, 14). Its lower 
affinity for a triplex in comparison to that for 
a duplex was demonstrated by a decrease in 
the thermal stabilitv of the tri~le-stranded 
structure in the presence of the dye. However, 
a triplex-specific ligand should increase the 
melting temperature (T,) of the triplex, dis- 
  la cine the eauilibrium 

duplex + monomer triplex 

to the right; this phenomenon is observed 
with DNA ligands that bind weakly to 
single-stranded sequences and increase the 
T, of the duplex (15). Several putative 
triplex ligands were investigated for their 
effects on the stability of various triplex 
structures, which differed by the relative 
number of T.A*T and C.G*Cf triplets, as 
well as bv their re~artition in the seauence 
(Fig. 1 ~ ) ' .  Benzo[e'lpyridoindole deriGatives 
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the melting curves obtained upon raising 
and decreasing temperature, an enthalpy 
AH of -70 +- 7 kcal/mol was calculated for 
the binding of the 14C3 oligonucleotide to 
a 26-bp duplex (Fig. 1B). Addition of 
increasing amounts of ethidium bromide 
decreased the thermal stability of the tri- 
plexes formed with the 14C3 and 14C5 
oligonucleotides, as expected (1 3, 14). In 
contrast, concentration-dependent stabili- 
zation was induced by BePI, which led to a 
reversible melting curve for the 14C3 tri- 
plex with a T, increase of 20°C with 15 
pM BePI (Fig. 2A). From the thermody- 
namic parameters, a value of the free energy 
AG of -2.9 kcal/mol was calculated for the 
14C3 triplex in the absence of BePI at 
37"C, the melting temperature for the same 
triplex in the presence of BePI. At this 
temperature the apparent association con- 
stant (K,,,) for triplex formation in the 
presence of BePI is-1.3 x lo6 M-' (AG = 
-8.8 kcallmol; the triplex concentration 
was 1.5 pM, and at 37°C one-half of the 
third strand was dissociated). Thus, the 
binding of BePI provides an additional free 
energy of binding of -5.9 kcallmol. This 
selective binding of BePI can therefore be 
used to increase triple helix stability, which 
appears to be limited under physiological 
conditions because of electrostatic repul- 

~'TTCTTCTCCTTTC 
5' CGAG~=d~TGAGc3' + Z°C 
3'GCTC TTCTTCTCCTTTC M C T C G 5 '  

Fig. 1. (A) Structure of the compounds investi- 
gated. The most active tetracyclic compound 
(in terms of triplex stabilization) was the ben- 
zo[e]pyridoindole derivative with R = -OCH, in 
position 9 (BePI); its synthesis is described 
(21). (B) Sequence of two triplexes studied in 
this report. Stabilization of each triplex structure 
by BePl is expressed as a AT,, of the triplex- 
to-duplex transition with saturating concentra- 
tions of BePl (15 pM). See Fig. 2 for an example 
of melting curves obtained with the 14C3 oligo- 
nucleotide. The two structures differ by only two 
triplets (bold). 
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sions between the duplex and the third 
strand and a requirement for protonated 
cytosine, which is unfavorable at a neutral 
pH. The stabilizing effect of BePI is much 
larger than that of a polycation such as 
spermine (1, 1 1, 1 7) (Fig. 2B). 

A long stretch of T.A*T triplets was 
necessary for triple helix stabilization by 
BePI. When the triple helix contained six 
adjacent T.A*T triplets, the maximum T, 
increase was 20°C (Fig. 1B). In contrast, 
stabilization of a 14-mer triplex (14C5) that 
contained no more than three contiguous 
T.A*T triplets was 2°C at a BePI concen- 
tration of 15 yM. An ellipticine derivative 
binds to the triplex-duplex junctions, espe- 
cially on the 5' side of the third strand (1 8). 
The binding of the two oligonucleotides 
14C5 and 14C3 to their 26-bp duplex 
sequences (Fig. 1B) creates the same junc- 
tions, although the observed stabilization 
was very different (2" and 20°C, respective- 
ly), which indicates that BePI binds to the 
triplex region and not to the junctions. 

Other triplex-forming oligonucleotides 

Temperature ("C) 

-. -. .--..- 
-A-- ---....- 

A - - . - . - + 

Ethidium on 14C3 

Dye concentration (wM) 

Fig. 2. (A) Denaturation profile of the 14C3 
oligonucleotide (1.8 pM strand concentration) 
hybridized to a 26-bp double helix (1.5 pM) 
obtained in the absence (A) or in the presence 
(0) of 15 pM BePI. The denaturation profile for 
the triplex alone was not reversible, which 
shows that triplex formation was very slow with 
0.1 M NaCI, 10 mM cacodylate (pH 6.2), and no 
spermine or magnesium. Arrows indicate the 
melting profiles when heating and cooling at a 
rate of O.l°C per minute. (B) Modification of the 
denaturation temperature of the 14C3 triplex as 
a function of concentration for BePl (W), ethid- 
ium bromide (A), and spermine (0) and of the 
14C5 triplex as a function of BePl concentration 
(0). All experiments were performed in a 0.1 M 
NaCl and 10 mM cacodylate (pH 6.2) buffer. 

were investigated: (i) an I I-nucleotide (nt) 
sequence d5' (TTTCCTCCTCT)3' whose 
triplex was stabilized only by 3°C; (ii) a 13-nt 
sequence d5' (CXTITTCCTTCTC)3 ' that 
formed a triplex that contained five adjacent 
T.A*T triplets and was stabilized by 10°C; 
and (iii) a 14-nt sequence d5'(Tl0C4)3', 
which formed a triplex that contamed ten 
contiguous T.A*T triplets whose T, was in- 
creased by more than 30°C. The presence of a 
stretch of adjacent T.A*T triplets appears to 
be critical for BePI preferential binding. This 
sequence preference can be explained by the 
presence of a positive charge in a C.G*Cf 
triplet, which hampers the binding of a cat- 
ionic dye such as BePI. These positive charges 
help determine the sequence specificity of 
binding of charged agents. A high density of 
negative charges was present at T.A*T 
stretches, which do not contain any positive 
charge. 

The binding of BePI to a triplex induced 
hypochromic and bathochromic changes in 
absorption spectra (absorption maximum 
Amax = 361 nm and extinction coefficient 
E,,, = 5500 M-' cm-' for free BePI; A,,, 
= 367 nm and emax = 4000 M-' cm-' for 
BePI bound to a triplex). The absorption 
and fluorescence excitation spectra of free 
BePI were identical, as expected from a 
single excited species. In contrast, a large 
difference between the excitation and ab- 
sorption spectra of bound BePI was ob- 
served below 300 nm, as shown by the 
wavelength dependence of the fluorescence 
quantum yield of BePI (Fig. 3). The nucleic 
acid bases, the only other species absorbing 
at wavelengths below 300 nm, were respon- 
sible for the observed enhanced emission at 
420 nm. Only excitation energy transfer 
from bases to BePI can account for these 
experimental results (1 9). Occurrence of 
fluorescence energy transfer from the base 
triplets to BePI can be considered as evi- 
dence for dye intercalation into the triplex, 
because the l/r6 distance dependence of 
excitation energy transfer and the very low 
quantum yield of the bases (lop4 or less) 
give a very short Forster critical distance 
between the bases and BePI (1 7, 19). Com- 

petitive binding of ethidium bromide and 
BePI showed that BePI could easily displace 
ethidium from the triplex, which indicates 
that BePI affinity for the triplex was much 
higher than that of ethidium, which has a 
K,,, of 0.8 x lo6 M-' per site, as deter- 
mined on a short triplex (1 3). 

Oligonucleotides directed to a precise 
DNA sequence provide an interesting ap- 
proach to artificially control the transcrip- 
tional process (7, 10). The bla gene from 
transposon Tn3 contains a 13-bp homopu- 
rine-homopyrimidine sequence located just 
downstream from the RNA polymerase 
binding site (positions +22 to +34, refer- 
ring to the initiation site at f l ) .  A 13-nt 
homopyrimidine oligonucleotide targeted 
to this sequence was tested for its effect on 
transcription of the p-lactamase gene in 
vitro (Fig. 4A). In the buffer (pH 7.8) used 
in our experiments, no footprint of 13C5 
oligonucleotide on the homopurine-ho- 
mopyrimidine region was observed at 25"C, 
even at 70 yM oligonucleotide concentra- 
tion (Fig. 4B), showing that the triplex was 
not stable under these conditions probably 
because of the basic pH, which hampers 
cytosine protonation. In contrast, a clear 
footprint of this region was obtained upon 
simultaneous addition of BePI and 13C5 
(Fig. 4B). This effect was correlated with a 
10°C increase of the triplex-to-duplex T,. 

We used the cooperativity of binding of 
the oligonucleotide and BePI to inhibit the 
initiation of transcription of the p-lactam- 
ase gene by E. coli RNA polymerase (Fig. 
4C). BePI alone had no effect on transcrip- 
tion at a concentration of 1.5 yM. Where- 
as the 13C5 oligonucleotide alone inhibited 
transcription by less than 10% at a concen- 
tration of 50 yM, a 70% inhibition was 
observed when both 13C5 (50 yM) and 
BePI (1.5 yM) were added. The conse- 
quence of the simultaneous presence of 
13C5 and BePI was to block the holoen- 
zyme at its start site. At pH 7.8, 13C5 
alone was able to form only a loose complex 
with DNA and had a weak effect on tran- 
scription, even at high oligonucleotide con- 
centration (8). Addition of BePI strength- 
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Fig. 3. Evidence for BePl intercalation into a 255 nm 
triplex. BePl has a low fluorescence quantum 
yield (@ c 0.01), but fluorescence measure- 5: 
ments could still be performed at 1 pM dye - : 

concentration or higher. The apparent relative 5 4: 
fluorescence quantum yield as a function of : 
excitation wavelength is presented. This curve 3 1  
is the ratio between corrected excitation and $ 2: absorption spectra of BePl (3 pM) bound to a 

1 triplex formed upon binding of 14C3 to a 14-bp 
duplex (3 pM strand concentration). Fluores- o :  
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cence intensities were normalized at an excita- 200 250 300 350 400 
tion wavelength of 310 nm where DNA bases Wavelength (nm) 
do not absorb light. The experiment was performed at O°C, with the 14C3 oligonucleotide fully 
hybridized to a 14-bp-long duplex. All experiments were performed in a 0.1 M NaCl and 10 mM 
cacodylate (pH 6.2) buffer. Emission was measured at 420 nm with a SPEX spectrofluorimeter. 



ened the triplex and led to a much more 
efficient inhibition. No inhibition of tran- 
scription was observed on a different gene, 
governed by the tetR promoter of plasmid 
pSC101, which did not contain any bind- 
ing site for 13C5. These results show that 
BePI and 13C5 did not alter the RNA 
polymerase itself but acted through triple 
helix formation. 

All experiments described above were 
performed in the dark, and no irreversible 
modification of the triplex could be detect- 
ed under these conditions. However, upon 
irradiation with near-UV light, BePI was 
able to induce covalent modifications of 
both strands of DNA when the triplex was 
formed with 14C3, as shown by denaturing 
gel electrophoresis (Fig. 5). Up to two 
molecules could be covalently linked to the 
same pyrimidine strand. More than 90% of 
the pyrimidine strand formed adducts with 
100 nM BePI. Adducts were still observed 
with 10 nM BePI, provided that the third 
strand was present. Much higher concen- 
trations of BePI were required to obtain 
measurable adducts in the absence of the 
third strand (Fig. 5). Similar adducts were 
observed on the 14C5 triplex but for higher 
BePI concentrations (a factor of 6 or great- 
er), which suggests that the affinity of BePI 
for this triplex was lower, which is in 
agreement with the thermal denaturation 

experiments above. Monoadducts were ob- 
served on the purine strand, but with a 
lower efficiency (maximum yield of conver- 
sion was 50% at a BePI concentration of 
300 nM). Treatment with piperidine (1 M 
at 95°C for 1 hour) after UV irradiation led 
to cleavage in the stretch of T-A*T triplets, 
which suggests that BePI binds inside the 
triplex and not at the duplex-triplex junc- 
tions as observed for an ellipticine deriva- 
tive (18) or for other double helix interca- 
lators (20). No modification of the target 
was observed with 10 nM BePI if the triplex 
site did not contain a stretch of adjacent 
T-A*T tri~lets. 

In our experiments, we compared the 
affinitv of different BePI derivatives. All of 
these molecules shared the same geome- 
try-that is, four or three planar rings-but 
differed by the nature and location of sub- 
stituents (2 1-24). Tricyclic analogs of BePI 
(pyridoindole derivatives that lacked the 
leftmost benzene ring shown in Fig. 1A) did 
not provide any stabilization of the triplex; 
instead, they destabilized it. In order to 
intercalate into a triplex, a dye must un- 
stack two base triplets instead of two base 
pairs in duplex DNA, which would lead to 
a higher energy penalty (25). On the other 
hand, the intercalated dye might recover 
more binding energy by stacking with base 
triplets rather than with base pairs, depend- 

A 
RNA Polymerase -BePl +BePI 

- - .........................a 5' 

RNA Polymerase lkiplex 

Flg. 4. (A) Scheme of the fragment used in an in vitro 
transcription assay, showing the RNA polymerase binding 
site, the site (or sites) of transcription initiation (+A), and the 
homopurine-homopyrimidine target for 13C5. (B) Deoxyribo- 
nuclease I (DNase I )  footprinting performed at increasing 
13C5 concentrations in the absence (lanes 1 to 5) or in the 
presence (lanes 6 to 10) of 1.5 WM BePl at 25°C. Concentra- 
tions of 13C5 oligonucleotide were: lanes 2 and 6. 10 pM; 
lanes 3 and 7.30 pM; lanes 4 and 8.50 pM; and lanes 5 and 
9. 70 pM. Lanes 1 and 10, control in the absence of 13C5. 
The transcription start site is indicated as + l .  Experiments 
were performed as described (28). The 267-bp fragment (5 
nM; lo5 cpm) was preincubated with 13C5 in a 120-p1 
solution containing 10 mM tris-HCI (pH 7.8), 5 mM MgCI,, 
100 mM NaCI, 5 mM CaCI,, and 1 mM dith~othreitol. After a 
30-min incubation, DNase I was added (0.2 pglml final 
concentration), and the digestion was stopped after 10 s by 
addit~on of a solution containing 50 mM EDTA, 2% SDS, and 
20 pg of tRNA. After two ethanol precipitations, the digests 
were analyzed by 8% polyacrylamide gel electrophoresis. 
(C) In vitro transcription. Quantification of the full-length 
transcription product (95-nt mRNA) as a function of 13C5 
concentration at 25OC in the presence of 1.5 pM BePl (dark 
bars) or in the absence of BePl (gray bars) (29). 

Ollgonucleotlde (pM) 

ing on the size, shape, and location of its 
aromatic rings. This might explain why four 
rings are required for stabilization. The 
position of the methoxy group on the benzo 
ring was also shown to be critical: a meth- 
oxy group in position 10 or 8 induced a 
AT, of 6°C and T C ,  respectively, as com- 
pared to a AT, of 20°C for BePI (methoxy 
group at position 9). Replacement of the 
methoxy group in position 9 by a hydroxyl 
or by a hydrogen atom led to AT, of 13°C 
and 3"C, respectively, as compared to a 
AT, of 20°C for -OCH3. 

Some of the benzo[e]pyridoindole deriv- 
atives have been tested for antitumor activ- 
ity in vitro on leukemic and solid tumor 

A BePl (nM) 

Two adducts 

I I 
-Third strand +Third strand 

(1 CIM) 

0.6~ , Duplex + hv . Triplex + hv 
r- Triplex - hv .- 

'El 
0 0.2- 

3 
0 
0 0.2 0.4 1 

[BePu (PM) 

Fig. 5. (A) Photoinduced adducts of the ho- 
mopyrimidine-containing strand of the 26-bp 
duplex (sequence as in Fig. 1 B) as a function of 
BePl concentration from 1 to 1000 nM, in the 
presence (right) or in the absence (left) of the 
third strand 14C3 (1 pM). The center lane 
(where hv is the energy of the photon) is a 
control of the triple helix with BePl but without 
irradiation. The 26-bp duplex (10 nM) was 
incubated at 0°C with or without 14C3 and BePl 
for 12 hours, irradiated for 15 min at wavelength 
>300 nm, and then loaded on a denaturing 
20% polyacrylamide-7 M urea gel. The pyrim- 
idine strand of the 26-bp duplex was 5'-la- 
beled. Bands corresponding to the unmodified 
(native) pyrimidine strand and the two products 
of BePl photoinduced addition are indicated at 
the right. Adding the dye without irradiation did 
not alter the migration of the control. (B) Frac- 
tion of unmodified pyrimidine strand of the 
26-bp duplex as a function of BePl concentra- 
tion in the absence (+) and in the presence (A) 
of the third strand 14C3. Irradiation conditions 
were as described in (A). The open triangle (A) 
corresponds to the nonirradiated triplex. 
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cells and in vivo on various experimental 
tumor models (2 1, 24). They appear to be a 
promising new class of antineoplastic 
agents. One of their possible mechanisms of 
action involves interaction with topoisom- 
erase 11-DNA complexes (2 1). The exper- 
imental data presented here suggest that 
these drugs might also promote intramolec- 
ular triplex formation in vivo (such as by 
stabilizing H-DNA structures) and there- 
fore might interfere with transcription and 
replication, which represents a new poten- 
tial mechanism of action for these antitu- 
mor drugs. 
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Hydrogen Exchange Measurement of the Free 
Energy of Structural and Allosteric Change 

in Hemoglobin 

S. Walter Englander," Joan J. Englander, Russell E. McKinnie, 
Gary K. Ackers, George J. Turner, Judy A. Westrick, 

Stanley J. Gill 
The inability to localize and measure the free energy of protein structure and structure 
change severely limits protein structure-function investigations. The local unfolding model 
for protein hydrogen exchange quantitatively relates the free energy of local structural 
stability with the hydrogen exchange rate of concerted sets of structurally related protons. 
In tests with a number of modified hemoglobin forms, the loss in structural free energy 
obtained locally from hydrogen exchange results matches the loss in allostericfree energy 
measured globally by oxygen-binding and subunit dissociation experiments. 

M u c h  is now known about the structure of 
proteins but very little is known about how 
they work. In working proteins such as 
hemoglobin (Hb) , structural changes con- 
vert the energy of ligand binding or other 
sources into a functionallv useful form. It 
has not before been possible to localize and 
measure structural free energy and changes 
therein in any general way although this is 
fundamental for understanding structure- 
function relations. Results presented here 
indicate that measurement of the normally 
occurring hydrogen exchange behavior of 
proteins can provide this information. 

The local unfolding model for protein 
hydrogen exchange (HX), diagrammed in 
Fig. 1, holds that slowly exchanging hydro- 
gens are slow simply because they are 
blocked by hydrogen bonding and that ex- 
change requires transient hydrogen bond 
breakage (I) ,  which tends to occur in co- 
operative local unfolding reactions (2). Lo- 
cal unfolding and refolding occur constant- 

S. W. Englander, J. J. Englander, R. E. McKinnie, The 
Johnson Research Foundation, Department of Bio- 
chemistry and Biophysics, University of Pennsylvania, 
Philadelphia, PA 191044059. 

ly. Since the rate-limiting chemical ex- 
change step is relatively slow, the kinetics 
of exchange of a set of peptide group NHs 
depends on the equilibrium constant of the 
unfolding reaction that exposes them to 
exchange (Eq. 1 in legend to Fig. 1). This 
connects HX rate with structural free ener- 
gy [(2); see Eq. 2 in legend to Fig. 11. 

From the unfolding model, some rather 
surprising predictions can be drawn. Hydro- 
gens exposed to solvent by the unfolding of 
a cooperative structural unit should all tend 
to exchange at similar rates, independent of 
their relative exposure to solvent in the 
native state. However, chemical and phys- 
ical mechanisms can operate to obscure this 
behavior (legend to Fig. 1). Deeper predic- 
tions of the unfolding model relate to 
change in the HX rate of hydrogens placed 
on a concerted local unfolding unit (un- 
foldon). When a modification alters the 
stability of a protein, this can be measured 
in a global, reversible denaturation experi- 
ment. The same modification will produce 
a change in the local unfolding equilibrium 
of any affected unfoldon and therefore a 
concerted change in the HX rate of all of 

G. K. ~ c k e r s  and G. J. Turner, Department of Bio- the NHs by that unfoldon (Eq. 2b 
chemistry and Molecular Biophysics, Washington Uni- 
versity, St. Louis, MO 631 10. in legend to Fig. 1). Thus, measurement of 
J. A. Westrlck and S. J. Gill, Department of Biochem- a change in HX rate may localize and 
istry, University of Colorado, Boulder, CO 80309. quantify a change in structural free energy 
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