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Use of Cross-Links To Study the Conformational Dynamics of Triplex DNA

Robert J. Caihand Gary D. Glick*
Department of Chemistry, Usrsity of Michigan, Ann Arbor, Michigan 48109-1055
Receied June 5, 1997; Résed Manuscript Recegéd September 18, 1997

ABSTRACT. The conformational dynamics of a 34-base-long pyrimiefoeine-pyrimidine motif intramo-
lecular DNA triple helix possessing three cytosine residues in the Hoogsteen styaamt(a disulfide
cross-linked analod were studied by two-dimensional exchange and NOE spectroscopy and by measuring
base-catalyzed imino proton exchange rates. Under acidic conditions that stabilize triplexes containing
Hoogsteen strand cytosines (pH 6.0 antC), sequence$ and2 exhibit a small and identical degree of
conformational heterogeneity. However, at a higher temperature (pH 6.0 atd)3¥ exhibits much

more extensive conformational heterogeneity thaiThe exchange times for Watse@rick imino protons

are ~1 h for both triplexes. However, the Hoogsteen base-pair lifetimek ajuld not be measured
because this sequence is conformationally labile under the alkaline conditions necessary to conduct these
experiments. Because of the extraordinary pH stability conferred by the cross-link, it is possible to estimate
the base-pair lifetimes fa2. The lifetimes of the Hoogsteen base pairs range from about 3 to 370 ms,
and in all cases are shorter than that of the Watgorrick base pair contained in the same triplet. These
experiments represent the first measurement of base-pair lifetimes within Hoogsteen triplets. The ability
to measure individual base-pair lifetimes may prove useful in studies that attempt to modulate triplex
properties through rational design.

DNA triple helices can form when a third strand binds in length (i.e., the number of triplets formed), composition, and
the major groove of duplex DNA via Hoogsteen base pairing the presence of base-pair mismatches, as well as solution
(Felsenfeld et al., 1957; Dervan, 1992; Plum et al., 1995; conditions, including pH and mono- and divalent counterion
Soyfer & Potaman, 1996; Thuong & Hme, 1993; Sun et  concentrations (Soyfer & Potaman, 1996). For example, a
al., 1996). Triple helices have generated considerable interesmajor factor in the stability of triplexes that contaifG-C
because their existence in vivo has led to speculation andtriplets is the necessity of protonation of thg pbsition of
research into possible biological roles for this structural motif cytosine, which generally limits the stability of small triple
(Mirkin & Frank-Kamenetskii, 1994). In addition, sequence helices of this type to pH<7 (Singleton & Dervan, 1992).
specific recognition can be achieved by designing oligo- While a significant body of data exists describing the
nucleotides that bind in the major groove of duplex DNA “static” structure of triplex DNA (Radhakrishnan et al., 1991;
forming either pyrpur-py? or purpur-pyr triple helices Radhakrishnan & Patel, 1993, 1994a; Macaya et al., 1992)
(Moser & Dervan, 1987). This recognition is a powerful and its water-binding properties (Radhakrishnan & Patel,
tool in a number of laboratory and diagnostic protocols and 1994b,c), relatively little is known regarding the conforma-
could have implications for antigene therapeutics (Heider & tional dynamics of this motif. On a fundamental level, such
Bardos, 1995). The affinity and specificity of third strand information will contribute to our understanding of the factors
binding are effected by a number of factors such as sequencehat stabilize WatsonCrick and non-WatsonCrick struc-
tures, and practically may aid in the design of oligonucle-
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! Abbreviations: dA, 2deoxyadenosine; dC;-Beoxycytosine; dG, base-pair triplets and were only possible because the disulfide
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2 Hoogsteen base pairing is signified with a dgt and Watsor Materials Triplex samples were synthesized and purified
Crick base pairing is designated with a dast).( as described previously (Osborne et al., 1997). For NMR
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A T,=T,, B The intensities at each delay time were measured by fitting
the spectra to a set of Lorentzian peaks. For each inversion
recovery series, the spectrum measured using the longest

x34Y8_A13 1 O . . . . . ay
> ‘orac, 2 S—S delay time was fit first. The line widths an_d .peak positions
5 TiA-T, 3 IxMN 'y NH were then held constant in subsequently fitting peaks to the
4 Tpa-m, 4 CE-P-O N)\o oligo-P- 0 NB/KO spectra measured with shorter delay times. As the catalyst
5 Yoea—c. s %07 0 concentrations were increased, some resonances became
30 4 17 . e . o s .
6 TgA-T, 6 ' significantly exch_ang_e broadenc_ad, makmg it impossible to
7 Yoeamc, 7 OH 0-P-oligo measure the longitudinal relaxation times of some of the fast
& Taa-T, 8 te'xchangmg resonances at high exchange catalyst concentra-
ions.
The exchange times due to added catalyst were determined
Ta=Tos according to the equation
Ficure 1: Triplex base-pairing scheme and the chemical structure _
of the cross-link. (A) WatsonCrick base pairs are represented with T 1= Utgy + UMygac (2)

dashes ), and Hoogsteen base pairs are represented with dots . T . .
(). The numbering schemes for the Wats@rick and the  WhereTi is the longitudinal relaxation time measured at a

Hoogsteen base pairs and imino protons are indicated in italics to given catalyst concentratiofyaacis the longitudinal relax-

the right and left of the structure, respectively. Thus, the Hoogsteen ation time measured without any added exchange catalyst,
base pair dT3HAS is referred to as base pait Zhis numbering and 7, is the proton exchange time at the given catalyst
scheme is used throughout the text. BoiX34 and Y8 are both o ncantration (Guther, 1995). This technique is useful for
thymidine residues. (B) Chemical structure of the cross-link. determining exchange lifetimes that do not greatly exceed

experiments that did not use added exchange catalyst, DNATaa The lifetimes of individual base pairs were determined
samples were dissolved in PBS (500) containing MgC} by fitting plots of zex versus 1/[cat] to a straight line, as
(0.5 mM) and 10% BO. The pH was adjusted in the NMR ~ described below.

tube with either HCI (1 N) or NaOH (1 N). For the samples  For real-time exchange experiments, the samples were first
containing exchange catalyst, TRIS buffer concentrations €quilibrated under the desired solution conditions and then
were varied by addition of a stock solution of TRIS (0.93 lyophilized and dissolved in #D (50.L) and inserted into

M) in NaCl (50 mM), EDTA (2 mM), and 10% BD. an NMR tube. The sample and a pipette containing@ D
Between additions of the stock solution, the sample was (450 uL) were then cooled in an ice bath. Immediately
lyophilized to maintain a constant solution volume. The pH before the NMR experiment was started, theODwas
was adjusted to 7.8 0.05 with NaOH (1 N) or HCI (1 N) injected into the sample to effect mixing. Spectra were
and measured with a microelectrode (Microelectrodes, Inc., collected continuously until the samples were fully ex-
MI-412) inside the NMR tube at 22.2C before and after ~ changed. After normalization for the number of scans, the
each NMR experiment. The concentration of the unproto- fully exchanged spectrum was subtracted from the spectra
nated, exchange catalyst form of TRIS, [cat], was calculated acquired previously. The peaks were then quantitated by

according to fitting to Lorentzian peaks using the procedure described
above. Plots of peak intensity versus time were then fit to
[cat] = [B]/[1 + 10PK«PH) 1) a single-exponential decay.
Base-Pair Opening Dynamics: Theoryimino proton
where [B] is the total TRIS concentration and th&,jpf the exchange can be modeled as a two-state process:

TRIS was determined by titration at 22¢& (Cain & Glick, 1 K,
1997). The variation of pH with temperature was calculated AHT == A+HT =*MA4+HT
according to a TRIS I§, change of—0.031 ApKj, unit/°C. (closed state)* (open state)

Thus, T: measurements, measured in TRIS buffer at 4, 21, Ky = U(tky) (3)
and 38°C, reflect pH values of ca. 8.4, 7.8, and 7.3,
respectively. where 74 is the base-pair lifetimek, is the closing rate

NMR SpectroscopyNMR spectra were measured on a COnstantkexopeniS the rate constant for exchange of the imino
Bruker AMX 500 spectrometer. The data were transferred proton in the open state, adlis the exchangeable imino
to a Silicon Graphics workstation and processed using FELIX proton. For a stable base paiK{ < 1), the exchange

software (Biosym Technologies). The.® signal was lifetime of the imino proton at a particular exchange catalyst
suppressed using a 1-1 read pulse in all experiments (Plateagoncentrationze, is given by
& Guéron, 1982). NOESY spectra{ = 100 ms, TPPI T =T+ 1/kex,0perKD 4)

phase cycling) were measured with a homospoil pulse (10

ms) inserted into the mixing time to alleviate radiation The catalyst concentration, [cat], iS proportionalkigcpen
damping (Ernst et al., 1987). The proton longitudinal so that a plot ofex versus 1/[cat] affords a straight line that
relaxation times were measured using the inversion recoveryextrapolates tay at infinite [cat] (Gueon & Leroy, 1995).
technique. An I-BURP pulse (4 ms) was used for the  Within each triplet of pyspur-pyr triple helices, there exist
selective inversion of the imino protons (Geen & Freeman, both a Watsor Crick and a Hoogsteen base pair. For these
1991). A spectral width of 25 000 Hz was used to achieve imino protons, there are many possible exchange mecha-
the flattest baselines which were necessary for the subsequemisms, involving different open and closed states. The two-
peak fitting procedure. For each measurement, 1320 state model divides these configurations into two categories;
values for the recovery delay were used. those that lead to detectable imino proton exchange constitute
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‘Watson - Crick Strand:

1,
A THAHT ot rp gt Lot pyp 4 i

(closed state) ch‘ 4 {open state)

B TH AHT b T4 AHT __Fo__ TH 4+ A+ TH S omen 7o 4 A 4 TH

{closed state) ka 5 (closed state) kap (open state)

Hoogsteen Strand: ’ ‘ ‘ I I | ‘ | ‘ “

Triplex 2 % « %
k 173 wepenc '
THe A-HT D€ o TH + AHT =22 TH' + A-TH —— T , .
* (closed state) £ (open state) 16.0 15.0 14.0 13.0
- ppm
kip [ Ficure 3: 500 MHz NMR spectra ol and2 (pH 6.0 and 1°C).
D: (ﬂﬁlﬁﬂ “hp Té{,;sé;ST — ) The resonances are labeled with the number of the base pair

. . . containing the imino proton.
Ficure 2: Possible exchange mechanisms for the Watgenick

and the Hoogsteen imino protons. AAFT base triplet is taken as A B
an example. The Hoogsteen nucleotide is in italics. Mechanism A .
represents opening of a Watse@rick base pair with the Hoogsteen | ‘
base pairing intact. Mechanism B represents opening of the | |
Watson-Crick base pair after the Hoogsteen strand (in whole or \
in part) has dissociated. Mechanism C represents opening of a| !
Hoogsteen base pair with Watse@rick base pairing intact.
Mechanism D represents Hoogsteen base-pair opening via dis-
sociation of the Hoogsteen strand.

ot (ppm)

the open state, and all others correspond to the closed state
Several possible exchange mechanisms are presented in

X

xa

Figure 2. It is possible that the Watse@rick pairs open ) Pe S S
from within closed triplets (mechanism A), or they may open s 16.0 140
only after the Hoogsteen strand has dissociated (mechanism @2 (ppm)

B). The Hoogsteen pairs may open individually within - Figure4: NOESY spectral expansions containing the imino proton
triplets (mechanism C) or cooperatively by dissociation of to imino proton cross-peaks,{ = 100 ms, 1°C). The NOE

part of or the entire Hoogsteen strand (mechanism D). connectivities involving the Hoogsteen imino protons are delineated
Certainly, there are additional possible mechanisms, but these22ove the diagonal, and the connectivities involving the Watson

hani fit into the two-state (closed stat d Crick imino protons are delineated below the diagonal. The
mechanisms can fit into the two-state (closed state and operogonances are labeled with the number of the base pair containing

state) formalism represented by eqs 3 and 4, provided thatthe imino proton. The peaks marked with arare exchange peaks
Kp andrty are redefined. In the case of complex, multistep due to conformational heterogeneity and are discussed in the text:

mechanisms such as mechanism B of Figure 2, the values(A) triplex 1 and (B) triplex2.
of 7o cannot be interpreted directly as individual rate _ . _ _ _
constants, but the experimentally determined values,of  involving the terminal two triplets in which the low popula-

will retain their meaning as the average lifetimes of the closed tion conformer substantially converts to the predominant
states. conformer in less than 100 ms. Integration of the peaks of

In duplex DNA, it is known that imino protons exchange interest shows that for both base pairs, the major conformer
by a two-state model with a single mode of base-pair opening iS present at an approximately 5-fold excess over the minor
being responsible for all the measured exchange, but thatconformer. There are two additional minor peaks at 13.82
assumption cannot be made here (@ueet al., 1987). If ~ and 14.12 ppm present in the one-dimensional spectrum of
there are two or more exchange mechanisms for which ~1and2. The peak at 13.82 ppm exhibits an exchange cross-
and Tex opendiffer, then one mechanism could domindke peak close to the diagonal with thé 8nino protons.
exchange at low [cat] and another could dominate exchangeSignificantly, these minor peaks thand?2 are identical in
at high [cat]. In such a case, the two-state model presentedboth intensity and position which indicates that the cross-
above may not hold for triplexes. The decision about link does not alter these dynamic processes of the triplex.

whether the two-state model applies can only be made by Examination of the NOESY spectrum bfacquired at pH
judging whether the plots ofex versus 1/[cat] are linear 6.0 and 37°C (Figure 5) reveals extensive conformational
(Leroy et al., 1985). heterogeneity. The cross-peaks that are boxed in this figure
RESULTS are the peaks expected of the sequential imino proton NOE
connectivities from the triplex structure. The remaining
NOESY SpectraThe imino proton assignments of both cross-peaks (labeled) cannot represent transfer between
1 and2 were reported previously (Osborne et al., 1997). The the major diagonal peaks (labeled at the top of the spectrum)
imino protons of base pairs 8 and&xhibit cross-peaks in  because they are only aligned with a major peak in one
the NOESY spectrum of and2 (z,, = 100 ms, pH 6.0, 1  dimension. Thus, these peaks demonstrate the presence of
°C) that correlate with low-intensity peaks in the one- significant conformational heterogeneity along the melting
dimensional imino proton spectrum (peaks marked with an pathway ofl. Some of these peaks may represent exchange
x in Figures 3 and 4). For these resonances, the intensitycross-peaks with a very low population duplex form, but
of the cross-peaks far exceeds that of the diagonal peaksothers appear not to be. For example, the imino proton of
This finding is consistent with a conformational equilibrium base pair 4 exhibits a cross-peak (labeled) with a
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Table 1: Proton Exchange Lifetimes (s) at@ as a Function of
pH for Sequencd. in PBS Buffer (90% HO/10% D,O) with MgCl,

(0.5 mMp
imino base-pair
proton type pH 5.8 pH 6.4 pH 6.9
1 T-A - - -
2 G-C — — -
3 A-T 951 475 252
4 A-T 3766 3477 240
5 G-C 3153 3936 3099
o @ z 6 A-T 2955 2029 —
0 ) s 7 G-C 1984 1559 230
4 L = 8 A-T — - —
g A S
s 2 0 . - -
Y o i 5 CctG 990 - —
o 6 T-A 860 — —
7 CctG 490 - —
14‘0 1(;.0 14.0 13‘.0
w2 (ppm) aThe values marked with hindicate amino proton exchange. The

remaining values represent imino proton exchange. The WatSook

base pairs are indicated with a hyphen) @nd the Hoogsteen base
pairs are indicated with a dot)( A dash indicates that the exchange
lifetimes were too low to be detected by real-time exchange experiments
(i.e., less than ca. 180 s).

Ficure 5: NOESY spectral expansions of the imino proton region
(tm = 100 ms, 37°C). Panels A and D are one-dimensional
projections of the spectral region shown fioand?2, respectively.
Panels B and E are vectors at thd frequency of HO that
represent transfer from J@ to the imino protons oflL and 2,
respectively. Panels C and F are the NOESY expansiorsdaod

2, respectively. The peaks enclosed by boxes arise from sequentialeychange experiments (Table 1). The longest exchange times

NOEs among the imino protons of the triplexes. This network of L i
NOEs is delineated in Figure 4 for the spectra of both molecules among the WatsonCrick imino protons are cal h and

at 1°C. The peaks marked with ar are due to conformational ~ OCCUr at pH 5.8 where the triplex form greatly predominates.
heterogeneity as explained in the text. At this pH, measurable exchange lifetimes are exhibited by

the Hoogsteen imino protons from base paitsadd 6
resonance that is downfield of any of the duplex resonances(dT-dA base pairs) and the hydrogen-bonded amino protons
noted in previous studies at pH 7.4 and 8.0 (Osborne et al.,from the Hoogsteen cytosines of base pairartd 7. The
1997), and the imino proton of Hoogsteen base pair 4 lifetimes of the cytosine imino protons of base pairasd
exhibits a cross-peak (labeled), although the Hoogsteen 7' were too short to measure in these experiments. At higher
base pairs do not exist in the duplex form. Examination of pH values, all the Hoogsteen imino and amino proton
peaks in the NOESY vector at thel frequency of the water  lifetimes are less than-180 s and cannot be accurately
resonance (Figure 5B) reveals considerable transfer ofquantified. Curiously, the longest imino proton exchange
magnetization between,® and most of the imino protons lifetime for base pair 5 is measured at pH 6.4. It may be
of 1. While these peaks can arise via NOE and/or proton that acid-catalyzed proton exchange becomes more efficient
exchange, the fact that many of these peaks are greater irat pH 5.8. Acid-catalyzed exchange of guanine imino
intensity than the diagonal peaks suggests that considerablgrotons has been noted elsewhere (Nonin et al., 1996).
exchange is occurring among all Hoogsteen and many of A significant population of the duplex conformer bfis
the Watson-Crick imino protons. The simultaneous exist- expected at pH 6.9, which is only 0.2 pH unit below the
ence of three efficient magnetization transfer pathways (NOE, pK, of cytosine residues i (Vélker et al., 1997). Consistent
chemical exchange, and conformational exchange) evidentwith this expectation, two weak peaks from this duplex
in this spectrum makes a more precise interpretation of theseconformer are seen in the pH 6.9 spectrum (indicated with
peaks impossible. Importantly, the cross-peaks between thean * in Figure 6). The remaining peaks from the duplex
triplex imino resonances and the water protons should notconformer overlap and cannot be unambiguously identified.
be considered evidence of fast exchange between the triplexThe presence of this equilibrium concentration of duplex
protons and water, because the peaks may arise due to gonformer does not present any difficulty in determining the
multistep transfer pathway involving a chemical exchange exchange times of the triplex protons, because duplex imino
of water protons into the duplex form followed by a duplex protons exchange quickly<(l s) and are fully exchanged
to triplex conversion. before the first spectrum is measured (ca. 1 min after mixing).

The imino proton melting spectra gfat pH 6.0 are similar ~ Therefore, when the final spectrum of the fully exchanged
to those ofl. However, examination of the imino protonto sample is subtracted from the spectra acquired during
imino proton region of the NOESY spectrum 2ficquired exchange, the duplex imino peaks cancel completely.
at 37°C (Figure 5F) reveals only cross-peaks representing The imino proton lifetimes of could reflect a combination
the sequential connectivities of the triplex structure. Thus, of exchange from within the triplex and exchange upon
for sequence?, the cross-link inhibits the conformational conversion to the duplex; i.e., exchange could occur via
heterogeneity that is observed in the spectruni @it 37 mechanisms A and B of Figure 2. Estimated integrals for
°C. the duplex peaks, marked with asterisks in Figure 6B, lead

Exchange Measurements of SequehceThe exchange to the conclusion that at least 17% of the equilibrium
lifetimes of the imino protons ot as a function of pH in population ofl at pH 6.9 is duplex form. The existence of
the absence of added catalyst were measured by real-timex Watson-Crick imino proton lifetime as high as 3099 s in




1460 Biochemistry, Vol. 37, No. 5, 1998 Cain and Glick

A a0 ﬁ s 7N’A B a e 75 Table 2: Imino Proton Exchange Lifetimesy, and Base-Pair

1o i il 1o4s | | | Lifetimes, 7o, of Sequence as a Function of Temperature at pH
7.8
5Ww695 LAV U 4| ST VN W e

mess g M imino base-pair Tex (S) _ w(ms)
proton type 1°C 21°C 38°C
27365 A A 2600 s A
4980's 5160 % -(I;_é % <237 <rg
64705 103605 3 AT 1016 69 6
Fully exchnged, ;; L oty etangst, M 4 AT 3748 184 27
. . : i ‘ . i : ; : . 5 G-C 6342 - 232
16.0 14.0 oo 12.0 10.0 16.0 15'Oppm 14.0 130 6 A-T 1865 36 21
7 G-C 1460 104 14
Ficure 6: Imino and amino proton spectra fiiras a function of 8 A-T m m m
exchange time and pH measured af@ Real-time exchange o cHG m m m
spectra were collected as explained in Materials and Methods. The 3 T-A 0 <3 <3
time indicated on each spectrum is the midpoint of the coadded & TA 2437 10 <3
FIDs that comprise the spectrum. The signal to noise increases in 5 cHG 2113 126" 34
successive spectra because more FIDs were coadded to produce TA 1499 67 6
the spectra at longer exchange times. The peaks lab&leand 7 c+G 276 m m
5 are resonances of amino protons from the cytosines of base g T-A m m m

pair 7 and 3, respectively. All the remaining peaks are imino proton - —
peaks from the base pairs indicated. The peaks labeled with an * *Both the Watsor Crick and Hoogsteen base-pair lifetimes) @re
are due to a minor population of the duplex conformation: (A) pH greatest in the middle of the sequence and decrease near the termini.
5.8 and (B) pH 6.9. In every case measured, the lifetime of the WatsGrick base pair
exceeds that of the Hoogsteen base pair which is contained in the same

. A . triplet. The exchange lifetimes were measured in PBS buffer (969¢ H
the presence of a substantial equilibrium duplex population 10% D,0) with MgCh (0.5 mM), while the base-pair lifetimes were

indica_tes that th_e triplex to duplex Conversmﬂ ra_te _is VErYy measured in the presence of an increasing TRIS catalyst concentration.
slow in comparison to the rate of Watse@rick imino Resonances that were too exchange broadened for measurement are

proton exchange from within a duplex{ s). Therefore, indicted with an m. Resonances for which fhevalue did not change
the Watsor-Crick imino protons ofL will exchange with sufficiently for accurate measurement are indicated with a dash (

| tripl to duol . der th Generally, this means that the resonances exhibit long exchange
nearly every trplex 10 dupiex conversion unaer tNese |iimes (i.e., ca. 300 ms). Resonances for which overlap is too severe

conditions, and the measured exchange rateJlfor the are designated ovP.All errors are under 25% except for these
base pair 5 imino proton at pH 6.9 (32104 s™1) should resonances. These exchange times are for the amino proton of the
be considered an upper bound for the rate of triplex to duplex cytosine in this base paif.These values of, are estimated directly
conversion under the conditions of these measurements, 0™ theTs values (see the text).

Exchange Measurements of SequeBceThe base-pair
lifetimes of 2 were characterized by measuring imino and (Figure 7). The remaining Hoogsteen imino protoris43
amino proton exchange lifetimes as a function of exchange and 8, exhibit a far different response to exchange catalyst.
catalyst concentration and temperature at pH 7.8. TheseAt 38 °C, the 3, 4, and 6 protons exhibit narrow resonances
experiments could not be conducted fbrbecause this  in the absence of added catalyst, but these resonances nearly
sequence exists predominately in the duplex state at the highbroaden into the baseline upon addition of catalyst. This
pH necessary for efficient exchange catalysis used in thesefinding indicates that the exchange rate for the base pair 5
measurements. Without added catalyst, the imino protonimino proton, in contrast to those of the other Hoogsteen
exchange times at 2C can be measured in real-time protons, at 21 and 38C is not catalyst-dependent. This
exchange experiments (Table 2). The exchange timescould result from particularly efficient exchange from the
measured in the absence of added catalyst are higher thaprotonated cytosine, which in the open state may exhibit a
any measured fot despite being measured at a higher pH, pKavalue similar to that of an isolated cytosiné{p= 5.5;
and the highest exchange lifetimes tend to be in the middle Singleton & Dervan, 1992).
of the triplex. Upon addition of TRIS catalyst (12.7 mM), all the imino

Line broadening of the imino resonances of base pairs 1, proton exchange lifetimes become too short to be measured
2, and 3is clearly evident due to enhanced proton exchange in real-time experiments{180 s). Therefore, the exchange
catalyzed by the unprotonated form of the TRIS buffer times of these imino protons in the presence of added catalyst
(Figure 7). The broadening of the base pair 1 and 2 imino were determined by measuring the selectiyéimes of the
protons is not surprising because these base pairs seem tonino proton resonances as a function of exchange catalyst
fray early in the melting profiles (Osborne et al., 1997) of concentration. The exchange lifetimes of the more slowly
2, and therefore, enhanced exchange is suspected. Thexchanging imino protons could not be determined, because
broadening of the base pairignino proton is less expected exchange lifetimes much greater than Th@alues measured
because it is not seen in the melting profile2f Interest- in the absence of added catalyst but shorter than 180 s cannot
ingly, the base pair '3imino proton of 1 is exchange  be obtained with this technique (Gua & Leroy, 1995).
broadened at pH 7.4 and°C. Thus, the fraying pattern  Plots showing the variation of imino proton exchange time
observed forl is reflected in2, but only after the addition  (zey) with inverse catalyst concentration at 21 and°@8are
of added exchange catalyst. presented in Figure 8, and the extrapolated valuas afe

The imino proton of base pair Swhich is substantially  given in Table 2. The most complete data set is achieved
exchange broadened without added catalyst at 21 afil@38 for exchange at 38C, because the exchange rates are
does not broaden further upon addition of exchange catalystgenerally fast enough to be measured at this temperature.
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16.0 14.0 15.0 14.0 13.0 15.0 14.0 13.0
ppm

Ficure 7: Imino proton region of 500 MHz NMR spectra @fas a function of TRIS exchange catalyst concentration at pH 7.8 in PBS
buffer (90% HO/10% D,O) with MgCl, (0.5 mM). The peaks are labeled according to the nomenclature introduced in Figure 1.

Base-Pair 2 ‘I’ 600 Base-Pair 3 ’/,,I
T
(ms)
200 4
0
2000 A
TEX
(ms)
1000 1
0
T Base-Pair 6
1000 4 e 2000 4
Tex ,// L tiae -
(ms)
500 1 ol 1000 e
/3, _mT
:Mn———/”’x e -
0 T T T J 0 T T T r
[} 20 40 60 80 0 20 40 60 80
Base-Pair 4 Base-Pair 5~
400 <8 600 1
Ty - - -
(ms) "‘/,—‘ % 400
200 /_——"" (ms)
i X 200 _
Preid o = N g %
0+ "0 =
0 20 40 60 80 o 20 40 60 80

0 2 P 60 8
1/[cat) M™)
Ficure 8: Variation of imino proton exchange time with inverse catalyst concentration. The data markers and fitting lines are designated
as follows: Dashed lines and open circles indicat€@land solid lines and open triangles indicate°83 The curves are straight lines

fit to the data and weighted according to the error. The error bars indicate the propagated errors ffomehsurements. Not all imino
proton exchange times could be measured under all conditions (see the text for details).

The melting temperature @fas determined by UV measure- melting process, such as occurs with this triplex, should yield
ments conducted under solution conditions similar to those uniform values ofrp, whereas a large range nfvalues were
used in these NMR studies (without catalyst) is"@Avhich measured here.

raises the possibility that some of the exchange measured at The variation of longitudinal relaxation time with tem-
38°C may result from thermal denaturation rather than from perature and catalyst concentration is unique for the cytosine
internal modes of base-pair opening. However, a cooperativeimino proton of base pair'5 At 21 and 38°C, the
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longitudinal relaxation time of this proton is invariant with

A o
respect to increased catalyst concentration. This behavior [—® .
could result from two circumstances: Either the imino ARERNEL < :_' )

Cain and Glick

protons exchange too slowly to effect these measurements,
or the exchange is fast and not dependent on catalyst B

5" 3
concentration because exchange occurs with each opening 5,"]‘-‘-”“3' &
event even in the absence of catalyst. Several lines of

evidence point to the latter alternative. First, the melting
spectra for2 (Osborne et al., 1997) reveal that tharino

proton broadens at a much lower temperature compared to

most of the protons and is severely broadened &Cland
pH 7.4, in the absence of added catalyst.
imino proton resonance df does not move upfield upon

c |

_—

Second, the 5FIGURE 9: Schematic presentation of the thermal denaturation

pathways apparently exhibited Hy and 2. Watsonr-Crick and

melting (Osborne et al., 1997) as do all the remaining imino Hoogsteen base pairs are designated by vertical lipend dots

protons. Imino protons shift upfield during melting because

of an equilibrium between closed and open states, but when
exchange occurs every time the base pair opens, then ng,

(+), respectively. The disulfide cross-link is designated by a thick
line linking different parts of the strand. Thé &nd 3 ends of the
strands are indicated. (A) The pathway exhibitedlbgt pH 7.4
nd 8.0. An initial denaturation from the triplex to the duplex

upfield shift can occur because the same proton will not conformation is followed by a duplex to single-strand conversion.
exchange back from water. Third, the measured values of (B) The predominate pathway exhibited byt pH 6.0. The triplex

T, for the B proton at 21 and 38C are far below that of the

other stable base pairs (see the Supporting Information)
which is consistent with fast exchange causing fast longi-

tudinal relaxation. For th&; of the 3 imino proton of2 to

denatures directly to the single-strand conformation. While this
appears to be the predominate pathway for this denaturation, there
may be significant populations of intermediate conformers as
explained in the text. (C) The pathway exhibited dgt each pH
studied. The triplex denatures in an apparently two-state manner

be both dominated by proton exchange and independent ofwith no evidence of intermediate structures.

exchange catalyst concentration, exchange for this proton

should be opening-rate limited.

The exchange lifetimes of thé Bnino proton at 21 and
38 °C are therefore estimated directly from the longitudinal

variety of solution conditions and at relatively high temper-
atures (Oshorne et al., 1997; Mer et al., 1997). Thus,
cross-linked triplex2 is an ideal construct for measuring base-

relaxation time because exchange dominates the measuref&r Opening dynamics. . _
T, values. Furthermore, because under these conditions Effect of the Cross-Link on Conformational Heterogeneity

exchange is opening-rate limited and therefore independentNOESY spectra o2 measured at pH 6.0 and 3T clearly

of exchange catalyst concentration, thevalues reported
in Table 2 for base pair'sat 21 and 38C are the average

show that the cross-link suppresses the conformational
heterogeneity observed inunder the same conditions. This

of the exchange lifetimes at various catalyst concentrations,OPServation is consistent with UV thermal denaturation and

DISCUSSION

Base-Pair Opening DynamicsThe base-pair opening

calorimetric studies which indicate thhtnelts directly from
triplex to single strand at pH values below 5.75, but melts
from triplex to duplex to single strand at a pH value above
6.25. Thus, the pH range from 5.75 to 6.25 represents a

dynamics in duplex DNA has been the subject of intensive “gray area” for the melting of where significant populations

investigation. A motivating factor behind these experiments of triplex, duplex, and single strand may coexist. On the
is that base-pair opening is implicated in a number of basis of UV melting curves acquired under solution condi-
important chemical, biological, and mechanical processes thattions similar to those used in the NMR experiments, we

involve DNA (Ramstein & Lavery, 1988, 1990; Frank-

Kamenetski, 1985; Tari & Secco, 1995). Previous work has

estimate thal is approximately 510% denatured at 37C.
Effect of the Cross-Link on Proton Exchange Dynamics

established that within duplex DNA, base pairs can open The real-time exchange results presented in Tables 1 and 2

individually and that base-pair opening is sensitive to

reveal that for boti and2, the presence of the Hoogsteen

structural perturbations. However, the base-pair openingstrand profoundly affects the exchange kinetics of the

dynamics of triplex DNA has not been reported. Thus, itis
not known whether the base pairs (Hoogsteen and Watson
Crick) that comprise the triplets of triple-helical DNA open

to any significant extent within a stable triplex.

Small intermolecular triple helices that contain cytosine
residues in the Hoogsteen strand exhibit apparkat/plues
of ~5.5, and intramolecular cytosine-containing triplexes
exhibit pK, values of up to 7.0 (Singleton & Dervan, 1992).

Watson-Crick base pairs. Rates of third strand dissociation
vary dramatically with sequence length, composition, and
temperature (Xodo, 1995; Shindo et al., 1993; Bates et al.,
1995; Yang et al., 1994; Kang et al., 1992; Wang et al.,
1995), but tend to be low, often on the order of.hin this
context, the slow rate of triplex to duplex conversion noted
for 1 (k < 3.2x 104s1) is not surprising. However, there
must be efficient mechanisms for the Hoogsteen imino

Thus, for pyrpur-pyr triple helices, such measurements are protons ofl to exchange from within the triplex at pH 6.9
not possible because base-pair lifetimes can only be measurethecause these exchange rates far exceed the upper bound

at alkaline pH to have efficient imino proton exchange. At

for the rate of triplex to duplex conversion.

such pH values, most triplexes containing Hoogsteen strand The Watsonr-Crick imino proton exchange lifetimes @af
cytosines are conformationally labile. The studies described measured in the absence of added catalyst are somewhat
here along with work described elsewhere have shown thatlonger than those fot despite a higher pH. Surprisingly,
sequence is remarkably stable and homogeneous under a given the fact that the Hoogsteen imino and amino protons
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of 1 at pH 6.9 exchange efficiently from within the triplex, imino exchange mechanisms that may involve end effects.
these protons i@ at pH 7.6 exchange with lifetimes greater In all cases, the lifetime of a Hoogsteen base pair is shorter
than 1500 s for base pair§ &, and 6. Whether this added than that of the WatsenCrick base pair contained in the
exchange stability is due to a dynamic effect of the cross- same triplet, and is consistent with the greater stability of
link or to an effect of the increased pH on the exchange Watson-Crick compared to Hoogsteen base pairs (Plum et
dynamics of the triplex is unclear. al., 1995). The rate of triplex to duplex conversion foat

Upon the first addition of TRIS t@, all the base-pair 1 °C and pH 6.9 is low with an upper bound of 3210~
lifetimes become too short to be measured with real-time S The imino protons o exchange slowly in PBS with
exchange experiments: {80 s) which indicates that the rate- €xchange times as long as 1 h, but the base-pair lifetimes
limiting step in imino proton exchange is not base-pair are all less than 3 min, reflecting the fact that imino proton
opening. As mentioned earlier, the assumption that exchangeexchange is not opening-rate limited. At 21 and°88 all
occurs via the same mechanism at all catalyst concentrationdut one of the base-pair lifetimes are less than 250 ms. With
can be assessed by ]udgmg the |inearity&fver5us 1/[Cat] the data reported here, the structure, dynamics, and thermo-
plots. The condition of linearity seems to be satisfied here dynamic stability ofl and2 have been addressed. Taken
in most cases. However, in several cases, it is possible thatogether, these data provide a reasonably thorough under-
two separate mechanisms may be involved. For example,standing of the factors that govern the structure and stability
the exchange plots for base pairs 3 and 4 at@hand base  ©f this sequence. In addition, these experiments demonstrate
pair 5 at 38°C may be linear but are also consistent with the Uti”ty of our disulfide Chemistry in studies of nucleic
two mechanisms (Figure 8). If that is the case, then the acid chemistry and biophysics.
values ofrq reported in Table 2 will be greater than the true
base-pair lifetime, i.e.. [(Ehmemanen) - (Lomochonar)] . SUPPORTING INFORMATION AVAILABLE
and thus could be considered an upper limit for the base- Imino proton longitudinal relaxation times measured as a
pair lifetimes. function of exchange catalyst concentration and temperature

The base-pair lifetimes measured at°88are longer than (1 page). Ordering information is given on any current
would be seen in duplex DNA, indicating that the Hoogsteen masthead page.
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