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ABSTRACT: An analogue of the homopyrimidine oligodeoxyribonucleotide d(CT), has been synthesized. 
This analogue, d(CT)8 contains nonionic methylphosphonate internucleoside linkages. The pH-dependent 
conformational transitions of d(CT), have been studied and its ability to form duplexes and triplexes with 
the normal homopurine oligonucleotide d(AG)8 has also been investigated as a function of pH. Circular 
dichroism spectroscopy and ethidium bromide fluorescence enhancement have been used to monitor pH- 
dependent conformational transitions driven by the protonation of cytosine residues, and the different behavior 
of d(CT), and d(CT), has been compared. It was possible to form self-associated complexes by using either 
d(CT)8 or d(CT),, and both compounds combined with d(AG), to form duplex or triplex DNA. At neutral 
pH, the CD spectrum of d(AG),-d(CJ), duplex was quite different from the CD spectrum of d(AG),*d(CT), 
duplex, reflecting most likely a difference in conformation. The duplex to triplex transition characteristic 
of this D N A  sequence occurred a t  a lower p H  when d(C'J), was substituted for d(CT),; however, a t  p H  
4.2, triplex containing d(=)8 was similar in conformation to triplex containing d(CT)8. Several of these 
observations can be related to the alterations in electrostatic and steric interactions that occur when the 
negatively charged phosphodiester backbone of d(CT), is replaced with a nonionic methylphosphonate 
backbone. 

O l igodeox  yribonucleoside methylphosphonates are nucleic 
acid analogues containing nonionic methylphosphonate in- 
ternucleoside linkages in place of the naturally occurring, 
negatively charged phosphodiester linkages (Miller & Ts'o, 
1987). Methylphosphonates are nuclease-resistant and are 
taken up readily by mammalian cells in culture (Miller et al., 
1981). One goal in the development of such compounds is the 
regulation of gene expression in living cells. Methyl- 
phosphonates can regulate gene expression at the level of 
mRNA translation by binding to complementary mRNA or 
precursor mRNA targets (Agris et al., 1986; Kean et al., 1988; 
Yu et al., 1989; Kulka et al., 1989). In such cases, duplex 
formation between the methylphosphonate and the mRNA 
target prevents the translation or processing of a particular 
mRNA transcript. Another goal in the development of these 
compounds is the regulation of gene expression at the tran- 
scriptional level by sequence-specific triplex formation with 
DNA. As has been recently described, the target in this case 
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is a double-stranded, duplex DNA rather than single-stranded 
mRNA (Maher et al., 1989). The presence of a third strand 
in the major groove of a DNA duplex could hinder the binding 
of proteins or enzymes and thus prevent the production of a 
particular mRNA transcript. 

Methylphosphonate-substituted oligodeoxyribonucleotides 
can bind to single-stranded DNA, and the resultant hybrid 
duplexes (containing one phosphodiester strand and one me- 
thylphosphonate strand) have altered stability relative to 
phosphodiester duplexes (Quartin & Wetmur, 1989). The 
changes in stability are dependent upon ionic strength and are 
due in part to the alteration of electrostatic interactions that 
occur when negatively charged phosphodiester linkages are 
replaced with nonionic methylphosphonate linkages. A steric 
factor is also partially responsible for the altered stability of 
these hybrid duplexes. During synthesis of these compounds, 
one of the two stereoisomers (either R, or S, configuration) 
is formed at each methylphosphonate linkage (Miller et al., 
1979); thus, preparations of fully substituted methyl- 
phosphonate oligomers are a mixture of diastereomers, making 
it difficult to assess the contribution of the steric factor to 
duplex stability. The studies presented here empirically assess 
the effect of methylphosphonate substitution on the confor- 
mation of a hybrid duplex or triplex of deoxyoligonucleotides. 
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Triplex Formation by OligoDNA Methylphosphonates 

Additionally, the impact of methylphosphonate substitution 
on the apparent pK, of triplex formation is examined. 

Formation of triple-stranded polydeoxynucleotide helices 
has been well documented for the poly[d(A-G).d(C-T)] to 
poly [d(C+-T)d(A-G)-d(C-T)] transition at acidic pH (Morgan 
& Wells, 1968; Lee et al., 1979; Gray et al., 1987). Ethidium 
bromide (EB)' fluorescence enhancement is useful as a probe 
of DNA conformation (Morgan et al., 1979), and the use of 
EB fluorescence enhancement as an indicator of triplex for- 
mation has been demonstrated for poly[d(A-G).d(C-T)] (Lee 
et al., 1979, 1984). In the formation of triple-stranded DNA, 
a third pyrimidine deoxypolynucleotide strand is known to bind 
in the major groove of the DNA duplex, parallel to the purine 
strand (Moser & Dervan, 1987). It has been demonstrated 
that the presence of the third strand in the major groove 
diminishes the fluorescence enhancement normally seen when 
EB intercalates into double-stranded DNA (Lee et al., 1979, 
1984). Thus, for the sequence studied here, formation of 
deoxyoligonucleotide triplex may be monitored by observing 
the decrease in EB fluorescence as a function of pH. Addi- 
tionally, the circular dichroism (CD) spectra of poly[d(A- 
G).d( C-T)] and poly[d(C+-T).d(A-G).d(C-T)] have been 
reported (Lee et al., 1979; Gray et al., 1987), and the unique 
changes that occur in the CD spectrum are useful for moni- 
toring the duplex to triplex conformational transition. 

High-resolution NMR studies have indicated that oligo- 
nucleotides of this same sequence undergo a duplex to triplex 
transition similar to that seen in polymers (Rajagopal & 
Feigon, 1989a,b). The pyrimidine-purinepyrimidine base 
triads that form in  these triple-stranded helices are C+.G.C 
and T.A.T. Acidic pH is required for the protonation of 
cytosine residues, and for this reason the biological significance 
of such triple-stranded helices is uncertain. However, it has 
been demonstrated in both polymers and oligomers that sub- 
stitution of 5-methylcytosine for cytosine results in triple-helix 
formation at neutral pH (Lee et al., 1984; Povsic & Dervan, 
1989; Maher et al., 1989). Thus, the possibility exists that 
triple-stranded helix formation may occur in vivo, and i t  has 
been proposed that these unusual DNA conformations may 
play a role in gene regulation (Lee et al., 1987; Wells et al., 
1988; Maher et al., 1989). 

In this report, we use fluorescence and CD spectroscopy to 
show that the 16-base-pair oligodeoxyribonucleotides d(CT)* 
and d(AG), form triple-stranded helices at acidic pH in a 
manner similar to their corresponding polymers, i.e., poly[d- 
(A-G)] and poly[d(C-T)]. More importantly, it is also dem- 
onstrated that an oligonucleotide analogue containing nonionic 
methylphosphonate internucleoside linkages, d(CT)*, can also 
combine with d(AG), to form triple-stranded DNA at acidic 
pH. The studies presented here indicate that at low pH the 
conformations of the normal triplex composed of three charged 
phosphodiester strands and the hybrid triplex containing two 
uncharged methylphosphonate pyrimidine strands are similar, 
despite electrostatic and steric differences between phospho- 
diester and methylphosphonate backbones. At neutral pH, 
however, CD spectra indicate that the conformation of the 
hybrid duplex differs from that of a homoduplex containing 
only phosphodiester backbones. In addition, the pH at which 

~ ~ 

I Abbreviations: d(AG)8, d-Ap(GpAp),G; d(CT)8, d-Cp(TpCp),T; 
d(CJ),, d-Cp(TpCp),T, where p represents the 3 ' 4 '  internucleoside 
methylphosphonate linkage in either the R,  or S, configuration; EB, 
ethidium bromide: CD, circular dichroism: HPLC, high-performance 
liquid chromatography: DEAE, diethylaminoethyl; Tris, tris(hydroxy- 
methy1)aminomethane: EDTA, ethylenediaminetetraacetic acid; UV, 
ultraviolet; T,,,, melting temperature: res, residue. 
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the transition to triplex occurs is seen to be lower. An ex- 
planation of these effects is presented. 

MATERIALS AND METHODS 
Synthesis, Purification, and Characterization of Oligomers. 

The hexadecadeoxyribonucleotides d(CT), and d(AG), were 
synthesized on either a Biosearch or an Applied Biosystems 
automated DNA synthesizer and were purified by ion-ex- 
change HPLC and gel electrophoresis. Extinction coefficients 
at 254 nm in 0.01 M Tris and 0.002 M MgClz buffer, pH 8.2, 
were determined by enzymatic digestion with snake venom 
phosphodiesterase I (Pharmacia, Piscataway, NJ) (Miller et 
al., 1980). The values 5.75 X lo3 L.mol-res-'.cm-I for d(CT)* 
and 9.06 X lo3 L.mol.res-'.cm-' for d(AG), were obtained. 

The hexadecadeoxyribonucleoside methylphosphonate, d- 
(CT),, was synthesized as previously described (Miller et al., 
1986). This oligonucleotide analogue contains one phospho- 
diester internuceotide bond at the 5' end, and the remaining 
nonionic methylphosphonate internucleoside linkages were 
synthesized without any attempt to separate the stereoisomers 
formed at the chiral phosphates. Purification was achieved 
by DEAE-cellulose chromatography and reverse-phase HPLC. 
An extinction coefficient at 254 nm of 5.32 X lo3 L.mol- 
res-lcm-' was obtained by complete cleavage of the methyl- 
phosphonate base linkages in 1 M piperidine solution for 4 h 
at 37 OC (Murakami et al., 1985). 

Fluorescence and CD Studies as a Function of p H .  
Fluorescence and CD studies were performed on DNA solu- 
tions containing a total base residue concentration of 7.75 X 

M. An extinction coefficient of 6500 L-mol-'.cm-' was 
used for Escherichia coli strain K12 DNA (General Bio- 
chemicals). Solutions were unbuffered and contained 0.1 M 
NaCl and 1 X lob5 M EDTA. The pH of the solutions was 
monitored by directly inserting a combination pH electrode 
designed for microsamples (Wilmad Glass, Buena, N J) into 
1-cm fluorescence sample cuvettes containing 1.0 or 1.5 mL 
of sample. The pH of the sample was adjusted by adding 
dilute HCl or NaOH in 1-pL increments. In the fluorescence 
studies this resulted in less than 2% dilution of the sample over 
the course of an experiment. In the CD studies the dilution 
was 2-4%. CD spectra were corrected for this dilution effect, 
but fluorescence readings were not. 

Ethidium Bromide Fluorescence Enhancement Studies. 
The EB fluorescence enhancement studies were performed by 
adding a 10-pL aliquot of concentrated EB (Sigma, St. Louis, 
MO) solution directly into a 1-cm fluorescence sample cuvette 
containing 1.5 mL of DNA at a total base residue concen- 
tration of 7.75 X M. The final EB concentration was 0.5 
pg/mL. Uncorrected fluorescence readings were taken 
manually at room temperature on an Aminco-Bowman 
spectrophotofluorometer with 4-mm slit widths. Emission was 
observed at 600 nm. Excitation spectra were taken between 
285 and 565 nm and were similar to published DNA EB 
fluorescence enhancement spectra (LePecq & Paoletti, 1967). 
For pH-dependent studies, excitation was at 523 nm and 
emission was observed at 600 nm. A solution of E. coli DNA 
at a total base residue concentration of 7.75 X M was 
used as a fluorescence intensity standard. Spectra are reported 
by using arbitrary fluorescence units. 

CD Spectroscopy and Calculations. CD spectra were ob- 
tained on an AVIV 60DS CD spectropolarimeter (AVIV 
Associates, Lakewood, NJ). The instrument was calibrated 
by using (1s)-(+)- 1 0-camphorsulfonic acid (Aldrich, Mil- 
waukee, WI). Spectra were obtained at 0.5- or 1.0-nm in- 
crements with a constant bandwidth of 0.8 nm. Temperature 
was maintained at 21.2 f 0.1 "C by using a Neslab RTE-4DD 
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F I G U R E  1 : EB fluorescence assay of triplex formation as a function 
of pH: B, 2:I d(CT),:d(AG),; 0, 2:I d(=),:d(AG),; and +, E. coli 
DNA. Excitation was at 523 nm, and emission was observed at 600 
nm. All solutions are unbuffered in 0.1 M NaCI, 1 X IW5 M EDTA, 
and 0.5 pg/mL EB. Total base residue concentration is 7.75 X 
M. 
refrigerated cooling bath (Neslab, Portsmouth, NH). Three 
scans at each pH value were obtained and averaged on a 
dedicated microcomputer. A baseline was subtracted and the 
data were smoothed on a IBM PS/2 Model 60 using software 
supplied by AVlV Associates. CD calculations were also 
performed with this software. 

RESULTS 
Ethidium Bromide Fluorescence Enhancement Studies. 

The fluorescence enhancements of E .  coli DNA, 2:l d- 
(CT),:d(AG), and 2:l d(CT),:d(AG), solutions as a function 
of pH are plotted in Figure 1. The fluorescence enhancement 
of E. coli DNA was constant until a pH of approximately 4.5 
and then it dropped to approximately zero by pH 2.5. The 
fluorescence enhancement of 2: 1 d(CT),:d(AG), was only 
slightly less than that of E.  coli DNA between pH 8.2 and 
7.0 but began to drop between pH values of 6.5 and 5.0, 
indicating formation of triple-stranded DNA in this region. 
At high pH, the fluorescence enhancement of 2:l d- 
( a ) , : d (AG) ,  is much less than that of E. coli DNA or 2:l 
d(CT),:d(AG),. In addition, the transition of 2:1 d- 
(CT),:d(AG), to triple-stranded helix has an apparent pKa of 
4.5, while the apparent pKa of triplex formation appears to 
be 5.6 in the case of 2:l d(CT),:d(AG), (Figure 1). 

Circular Dichroism Studies. The CD spectra of single- 
stranded d(CT), and d(=), at 21.2 OC were seen to be de- 
pendent upon pH (Figure 2A). In both cases, the positive 
CD band was red-shifted from 275 to 282 nm as the pH was 
lowered from 6.8 to 4.2. While both d(CT)s and d(=), had 
similar CD spectra at pH 6.8, d(=)8 exhibited CD bands of 
greater intensity at pH 4.2 (Figure 2A). Both compounds 
exhibited a similar amount of red shift at low pH, and in both 
cases, the red shift occurred at approximately pH 5.5 (data 
not shown). As seen in Figure 2B, the CD spectrum of d(AG), 
did not change greatly between pH 7.0 and 5.5. 

The pH dependence of CD spectra was also monitored for 
2:l d(CT),:d(AG), and 2:1 d(CT)8:d(AG)8. In the case of 
2: I d(CT),:d(AG),, a conformational transition was seen to 
occur between pH 6.8 and 5.2 (Figure 3A). The large neg- 
ative band observed at 215 nm is believed to be indicative of 
a DNA triplex in the case of this particular sequence (Lee et 
al., 1979; Gray et al., 1987). A conformational transition was 
also observed for 2: 1 d(=),:d(AG), as the pH was lowered 
(Figure 3B). At low pH, the CD spectra of 2:l d(CT),:d(AG), 
and 2:l d(=),:d(AG), were quite similar, indicating that 
triple-stranded helix formed in both instances (Figure 3C). 
Figure 4 is a plot of Ac at 215 nm versus pH for 2:l d- 
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FIGURE 2: CD spectra at 21.2 OC O f  single-stranded d(CT)8, d ( a ) 8 ,  
and d(AG)8 as a function of pH in 0.1 M NaCl and 1 X M 
EDTA. Total base residue concentration is 7.75 X M. (A) 
d(CT)8 at pH 6.7 (-) and pH 4.2 (---); d(=), at  pH 6.8 (---) 
and pH 4.2 ( -e ) .  (B) d(AG), at pH 7.0 (-) and pH 5.5 (---). 
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FIGURE 3: CD spectra at  21.2 OC for 2:I d(CT),:d(AG)* and 2:I 
d(a),:d(AG), at various pH values in 0.1 M NaCl and 1 X 
M EDTA. Total base residue concentration is 7.75 X M. (A) 
2:1 d(CT),:d(AG), at pH 6.8 (-e-), pH 5.2 (---) and pH 4.1 (-). 
(B) 2:l d(CJ'),:d(AG), at  pH 6.8 (-.-), pH 5.2 (---) and pH 4.2 
(-). (c) Comparison of 2:l d(CT),:d(AG), at pH 4.1 (-) and 2:l 
d(=),:d(AG), at  pH 4.2 (---). 

(CT),:d(AG), and 2: 1 d(=),:d(AG), triplex formation. 
While the apparent pKa for 2:l d(CT),:d(AG), triplex for- 
mation was approximately 6.2, the apparent pKa for 2:l d- 
(CJ),:d(AG), triplex formation was approximately 5.2. 

In addition to the difference seen in the apparent pKa of 
triplex formation, a large difference was also observed in the 
CD spectra obtained at  neutral pH when d(CT), was sub- 
stituted for d(CT),. At pH 6.8 the CD spectrum of 2:l d- 
(=),:d(AG), was quite different from that observed for 2:l 
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FIGURE 4: Triplex formation as a function of pH, estimated by using 
the negative CD band at 21 5 nm as an indication of triplex formation: 
0, 2:1 d(CT),:d(AG),; +, 2:l d(CT),:d(AG),. Sample conditions 
are given in Figurc 3. 
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F I G U R E  5: Comparison of calculated and observed CD spectra for 
2: 1 and 1 : 1 d(CT),:d(AG),. (A) 1 : 1 experimental spectrum at pH 
7.0 (-); 2:l experimental spectrum at pH 7.0 (---); spectrum 
calculated by taking the weighted average of spectra of single-stranded 
d(CT), and duplex, both at pH 7.0 (-e). (B) 1:l experimental spectrum 
at pH 5.5 (-): 2:l experimental spectrum at pH 5.5 (---); spectrum 
calculated by taking the weighted average of spectra of single-stranded 
d(AG), and triplex, both at pH 5.5 (-e.). 

d(CT),:d(AG), (Figure 3A,B). The CD spectra at pH 7.0 

(Figure 6) are similar to those seen for the 2:1 mixtures. As 
discussed below, any observed differences between 1 : 1 and 2:1 
mixtures at neutral pH can be explained as being due to the 
presence of excess single-stranded d(CT), or d(CT),. 

CD Calculations. The observed differences between the CD 
spectra of 1:l and 2:l d(CT),:d(AG), at pH 7.0 can be ex- 
plained by weighting the observed duplex CD spectrum with 
a spectral contribution from free single-stranded d(CT)8 
(Figure SA). Similar results were obtained for 2:l d- 
(=),:d(AG), at high pH (data not shown). This indicates 
that the third strand, d(CT), or d(CT)8, respectively, does not 
interact with the duplex at  high pH. Similarly, when the pH 
of 1 : I  d(CT),:d(AG), is lowered to 5.5,  the resulting CD 
spectrum is different from that observed for a 2:l mixture at 
the same pH (Figure 5B). As shown by the calculated curve, 
this difference can be explained by taking into account a CD 
contribution from free, single-stranded d(AG)8, which is 
present in excess after the duplex dismutates to form triple- 

O f  I : I  d(CT),:d(AG), (Figure SA) and I:1 d(=),:d(AG), 
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FIGURE 6 :  Comparison of calculated CD spectrum for noninteracting 
d(AG), and d(CJ), single strands (-) and observed CD spectra for 
1:l  d(=),:d(AG), (-a). Calculated CD spectrum is the weighted 
average of single-stranded d(CJ)* and single-stranded d(AG), at pH 
7.0. 

stranded helix at  low pH. These results indicate that the 
triplex and the free d(AG), do not interact under these con- 
ditions. In addition, the CD spectrum of 1:l  d(=),:d(AG), 
is not simply the weighted average of free, single-stranded 
d(=), and single-stranded d(AG), (Figure 6). 

DISCUSSION 
For the nucleic acid sequence studied here, our results in- 

dicate that both phosphodiester and methylphosphonate py- 
rimidine strands can form pyrimidinepyrimidine self-associ- 
ated complexes, pyrimidinespurine duplexes, and pyrimi- 
dinepurinepyrimidine triplex DNA. However, the substitution 
of d ( a ) 8  for d(CT), does appear to alter the conformation 
of self-associated complexes, duplexes, and triplexes to some 
extent. In  addition, the apparent pK, of the duplex to triplex 
transition is decreased when d(CT), is substituted for d(CT),. 
Several important consequences of methylphosphonate sub- 
stitution are discernible in these alterations of conformation 
or pH-dependent conformational transitions. 

For single-stranded d(CT), and d ( Q ) * ,  the pH-dependent 
CD spectra indicate the formation of an ordered complex at 
low pH (Figure 2A), possibly a self-associated complex similar 
to that postulated for poly[d(C-T)] (Gray et al., 1987). As 
judged by the changes in the CD spectra, single-stranded 
d ( a ) ,  appears to undergo a much more significant confor- 
mational transition when the pH is lowered. At 21 "C, the 
low-pH CD spectrum of d(CT), is diminished in magnitude, 
possibly indicating that this self-associated complex has less 
structure than that formed by d(=),. Such an interpretation 
of the CD results is supported by the fact that both self-as- 
sociated pyrimidine strands exhibit cooperative UV melting 
transitions at low pH, with the T, for the methylphosphonate 
complex (40 "C) being substantially higher than that for the 
phosphcdiester complex ( 1  5 "C) (data not shown). It has been 
postulated that, in the poly d(C-T) self-associated complex, 
the thymine bases must loop out into the solution in order for 
the C+-C base pairs to form. Self-associated complexes of 
d(=), may be more stable than those formed by d(CT), 
because repulsions due to the negatively charged phosphate 
groups of looped-out thymine bases have been eliminated. 
Such repulsions have been postulated to have an effect on the 
stability of self-associated complexes formed by poly d(C-T) 
(Gray et al., 1987). 

At neutral pH, both CD spectroscopy and, to a lesser extent, 
EB fluorescence enhancement indicate that duplexes of d- 
(a ) , :d (AG) ,  form and are different in conformation than 
duplexes of d(CT),:d(AG),. The CD spectrum of 1:1 d- 
(=),:d(AG), (Figure 6) differs greatly from that of 1:1 d- 
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(CT),:d(AG), (Figure 5A). While the CD spectrum of the 
latter is characteristic of B-form DNA, the CD spectrum of 
1 : 1 d(CT),:d(AG), is composed of three negative bands be- 
tween 230 and 290 nm and cannot be assigned to any canonical 
form of DNA. As demonstrated in Figure 6, CD calculations 
indicate that the single strands d(CT), and d(AG), do asso- 
ciate and form a hybrid duplex, because the observed CD 
spectrum cannot be explained as the sum of free, noninter- 
acting single strands. Additional evidence for the formation 
of a hybrid duplex, to be published elsewhere, includes UV 
mixing and melting curves, as well as NMR studies which 
confirm that a 1 : 1 complex is formed that possesses a typical 
two-state helix-to-coil transition and hydrogen-bonded imido 
resonances assigned to Watson-Crick G*C and A-T base pairs. 
A difference in duplex conformation may be one reason why 
the 2:l d(m),:d(AG), mixture produces less EB fluorescence 
enhancement than 2:l d(CT),:d(AG), at high pH (Figure 1). 
It should be noted, however, that although the magnitude of 
the enhancement is decreased, the amount of enhancement 
observed does indicate that a hybrid duplex has formed. 

A combination of electrostatic and steric effects due to the 
presence of one nonionic methylphosphonate backbone con- 
taining a mixture of stereoisomers may produce the altered 
duplex conformation observed here. Given the large effect seen 
on duplex conformation, it is surprising that a triplex con- 
taining two methylphosphonate pyrimidine strands is very 
similar in  conformation to normal triplex DNA (Figure 3C). 
However, the effects of methylphosphonate substitution are 
evident when the pH dependence of the duplex to triplex 
transition is examined. 

In studies of the duplex to triplex transition, the EB 
fluorescence enhancement results are consistent with the CD 
results because both techniques indicate that 2: 1 d(CT),:d- 
(AG), triplex forms at a higher pH than 2:l d(=),:d(AG), 
triplex. The fluorescence assay indicates that while both 
triplexes have formed by pH 4.0, the apparent pKa of triplex 
formation is 5.6 for the 2:l d(CT),:d(AG), triplex and 4.5 for 
the 2:l d(CT),:d(AG), triplex (Figure 1). CD spectra taken 
over this pH range support such an interpretation of the 
fluorescence data. Figure 3A shows the CD spectrum char- 
acteristic of triplex DNA at pH 5.2 for 2:l d(CT),:d(AG),, 
but a similar CD spectrum was not observed for 2:l d- 
(CJ),:d(AG), until pH 4.1 (Figure 3B). At pH 4.1, both 
compounds appear to have formed triple-stranded DNA with 
approximately the same overall conformation (Figure 3C). It 
should be noted that the distinctive triplex CD spectrum ob- 
served here has also been observed for NMR samples of 2: 1 
d(CT)8:d(AG)8 at 1000-fold greater concentrations, under 
conditions where the presence of triplex has been unambigu- 
ously determined by NMR spectroscopy (unpublished data). 

For this DNA sequence, At at 215 nm may be used to 
monitor triplex formation (Lee et al., 1979; Gray et al., 1987). 
As seen in Figure 4, apparent pKas of 6.2 and 5.2 are observed 
for 2:l d(CT),:d(AG), and 2:1 d(a) , :d (AG) ,  triplex for- 
mation, respectively. EB fluorescence assays (Figure 1) seem 
to consistently indicate lower apparent pKas than the titrations 
monitored by CD spectroscopy. It is known that the inter- 
calation of EB stabilizes duplex DNA and causes an increase 
in the melting temperature (LePecq & Paoletti, 1967; Pate1 
& Canuel, 1976). This may explain the discrepancies observed 
between the EB fluorescence enhancement pK,s and those 
obtained by CD spectroscopy in the absence of EB. If the 
duplex conformation is stabilized by the presence of interca- 
lated EB, it is possible that lower pH values may be required 
to drive the duplex to triplex conformational transition. 

Callahan et al. 

Triplex formation involves the protonation of cytosine and 
the formation of C+.G.C base triads. This protonation provides 
two features favorable to the stability of the triplex, a positive 
charge for interactions with the negatively charged phosphate 
groups in the backbone and a proton for the formation of a 
hydrogen bond. Such factors have been seen to play a role 
in the formation of double-stranded protonated helical 
structures of poly[d(C)] at neutral pH (Akinrimisi et al., 1963; 
Inman, 1964; Hartman & Rich, 1965; Gray et al., 1987). 
These complexes contain C+.C base pairs. The large shift in 
apparent pKa values from 4.5 for the cytosine monomer to 
above 7.0 for the poly[d(C)] (Gray et al., 1987) is attributed 
to the stabilization of the protonated form by hydrogen- 
bonding and electrostatic interactions with the phosphodiester 
backbone (Hartman & Rich, 1965). As expected, this sta- 
bilization is strongly dependent upon ionic strength. Higher 
ionic strengths destabilize these complexes; thus, T,  is seen 
to increase with decreasing ionic strength (Akinrimisi et al., 
1963; Inman, 1964; Hartman & Rich, 1965). 

The loss of favorable interactions between the negatively 
charged phosphodiester backbones and positively charged 
protonated cytosines may be one factor responsible for the low 
apparent pKa of 2:l d(=),:d(AG), triplex formation. Pos- 
itive charges that develop on C+.G.C base triads can interact 
favorably with three negatively charged phosphodiester 
backbones in the 2: 1 d(CT),:d(AG), triplex. As determined 
by EB fluorescence assays, in this case the apparent pK, of 
triplex formation is 5.6 (Figure 1). When two of the three 
negatively charged backbones are neutralized, as is the case 
for the 2:l d(=),:d(AG), triplex, then the apparent pKa 
becomes 4.5 (Figure l), close to that of the cytosine monomer 
(Gray et al., 1987). 

It should be noted, then, that the 2:l d(CT),:d(AG), triplex 
is not an ideal model system for the study of methyl- 
phosphonate third strands interacting with an all-phospho- 
diester Watson-Crick DNA duplex, which is the situation 
expected in vivo. However, results presented here indicate that 
it may be possible to add single-stranded d(CT), to a 1:l 
d(CT),:d(AG), duplex and study the binding of d(CT), as the 
third strand. As seen in Figure 3, panels A and B, at pH 6.8 
the CD spectra of 2:l d(CT),:d(AG), and 2:l d(=),:d(AG), 
are almost inverted with respect to each other. The different 
CD spectra of the 1:l d(CT),:d(AG), duplex (Figure 5A) and 
the 1:l d(=),:d(AG), duplex (Figure 6) are responsible for 
this inversion. Thus, if d(=), is added to a 1:l d(CT),:d- 
(AG), duplex and strand exchange occurs, this will be im- 
mediately evident in the observed CD spectrum. Preliminary 
experiments have been performed (unpublished data), and CD 
spectroscopy indicates that no strand exchange occurs in such 
instances. Preliminary EB fluorescence assays have also been 
performed, and the apparent pKa of 1:l:l d(CT),:d- 
(AG),:d(CT), triplex formation is approximately 5.4, inter- 
mediate in value between the apparent pKas of 4.5 for 2:l 
d(=),:d(AG), and 5.6 for 2:l d(cT),:d(AG),. CD spectra 
of 1:l:l d(CT),:d(AG),:d(CT), at pH 5.5 also indicate the 
formation of triplex. This preliminary data lends support to 
the argument that triplexes form at higher pH when they are 
stabilized by favorable interactions between protonated cy- 
tosines and negatively charged phosphodiester backbones. 
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Recognition of Escherichia coli Valine Transfer RNA by Its Cognate Synthetase: 
A Fluorine-19 NMR Study? 
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ABSTRACT: Interactions of 5-fluorouracil-substituted Escherichia coli tRNAVa’ with its cognate synthetase 
have been investigated by fluorine- 19 nuclear magnetic resonance. Valyl-tRNA synthetase (VRS) (EC 
6.1,1.9), purified to homogeneity from an overproducing strain of E .  coli, differs somewhat from VRS 
previously isolated from E.  coli K12. Its amino acid composition and N-terminal sequence agree well with 
results derived from the sequence of the VRS gene [Heck, J. D., & Hatfield, G. W. (1988) J .  Biol. Chem. 
263, 868-8771. Apparent KM and V,,, values of the purified VRS are the same for both normal and 
5-fluorouracil (FUra)-substituted tRNAVa’. Binding of VRS to (FUra)tRNAVa’ induces structural per- 
turbations that are reflected in selective changes in the I9F N M R  spectrum of the tRNA. Addition of 
increasing amounts of VRS results in a gradual loss of intensity at resonances corresponding to FU34, FU7, 
and FU67, with FU34, at the wobble position of the anticodon, being affected most. At higher VRS/tRNA 
ratios, a broadening and shifting of FU12 and of FU4 and/or FU8 occur. These results indicate that VRS 
interacts with tRNAVa’ along the entire inside of the L-shape molecule, from the acceptor stem to the 
anticodon. Valyl-tRNA synthetase also causes a splitting of resonances FU55 and FU64 in the T-loop and 
stem of tRNAVa’, suggesting conformational changes in this part of the molecule. N o  19F N M R  evidence 
was found for formation of the Michael adduct between VRS and FU8 of 5-fluorouracil-substituted tRNAVa’ 
that has been proposed as a common intermediate in the aminoacylation reaction. 

Aminoacyl - t  RN A synthetases catalyze the first step in 
protein biosynthesis, i.e., attachment of a specific amino acid 
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to the 3’ end of its cognate tRNA. Because the fidelity of 
translation depends in large part on the specificity of this 
reaction, numerous experimental approaches have been em- 
ployed to investigate the interaction between tRNA and 
aminoacyl-tRNA synthetases, including aminoacylation studies 
of chemically modified, mutant, or dissected tRNAs; protection 
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