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Abstract

Thanks to rather large (5-9 Hz) long-range imino protd@-J-couplings, heteronuclear correlation experi-
ments in FO provide unambiguous assignment of imino protons by intranucleotide through-bond connectivities
to guanosine H8 and thymidine GHprotons, or sequence-specific assignment of non-exchangeable protons
when the imino protons are identified independently. This method is demonstrated in the Dickerson dodecamer
[d(CGCGAATTCGCG)} and in a human telomeric fragment of 22 nucleotides.

AbbreviationsHMBC, heteronuclear multiple-bond correlation; HSQC, heteronuclear single quantum coherence;
INEPT, insensitive nuclei enhanced by polarization transfer; JR, jump and return; JRHMBC, HMBC with JR
solvent suppression; JRHSQC, HSQC with JR solvent suppression.

Imino protons are precious for NMR structural stud- one can find a coherence transfer pathway involving
ies of nucleic acids. In the case of duplex structures, only one heteronucleus. Thus, correlation of an imino
they can be assigned by the classical sequential NOE proton to its geminat®N without isotopic enrichment
walk (Withrich, 1986; Wijmenga et al., 1993) be- can be used to distinguish imino protons of guanosine
tween imino protons whose spectrum is often rela- and uridine (Szewczak et al., 1993). Also, long-range
tively well resolved. The correlation between imino correlation of adenosine H2 and H8 protons has been
and non-exchangeable protons then provides an as-achieved with good sensitivity by natural abundance
signment method for the latter, whose spectrum is HMBC in D,O solvent (van Dongen et al., 1996;
usually less well resolved. This approach may be in- Phan et al., 2000). A correlation of imino and non-
adequate for non-canonical structures. In such cases.exchangeable protons at natural abundance requires
one would first assign the non-exchangeable protonsa large J-coupling of the imino proton to a distant
by model-independent strategies based on through-heteronucleus. In this paper, we demonstrate such
bond correlation instead of NOEs. Next, the imino J-couplings td3C5 and present an application of long-
protons would be assigned by correlation with the range heteronuclear correlation experimentsi®kb
non-exchangeable ones. the correlation of imino and non-exchangeable base
Methods for such correlations have been devel- protons in unlabeled DNA. The measurement requires
oped for3C-/15N-labeled RNA involving up to four  solvent suppression methods which avoid saturation of
J-couplings between heteronuclei (Simorre et al., the water magnetization and which operate rapidly, for
1995,1996; Fiala et al., 1996; Sklenar et al., 1996; sensitive detection of quickly exchanging protons.
Wohnert et al., 1999). However, isotopic labeling is The sequence of Figure 1A, which will be des-
not always possible or desirable, and for DNA itis still ignated JRHMBC, combines the refocused HMBC
expensive. Fortunately, it is sometimes unnecessary if sequence (Bax and Summers, 1986; Zhu and Bax,
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A The JRHMBC sequence may be compared to the
sequence of Szewczak et al. (1993), from which it
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pulse, applied at timé~21/(2bne-bond, Suppresses
one-bond correlations in the 2D spectrum, with only
slight perturbation of the long-range (smadhd-range
connectivities. This has proved useful in cases where
one-bond correlation cross peaks overlapped with the
cross peaks of interest due to spectral folding.

For long-range transfer, the standard delay
1/(2Jong—rangd is quite long and would lead to signal
B loss by transverse relaxation and by exchange with

water in the case of exchangeable protons. The opti-
= W xiase 1 o mum delayr is therefore shorter. The in-phase signal
IHJLD]IITW | b I ¢ IAI . in JRHMBC (the anti-phase signal is not given for
MHWUW simplicity) is proportional to a factor given by:
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Figure 1. Pulse sequences for long-range heteronuclear correla- Where o is the difference betweer? the frequency Qf
tion in HyO. First and second lines: RF events; third line: z-axis the observed protons and the carrier frequency which

pulsed-field gradient events. RF filled rectangles represent 180 s that of the water protons) is the JR delay. jis
(wide) and 90 (narrow) hard pulses; sets of open rectangles given by'

symbolize a 180 water-selective DANTE sequence (Morris and
Freeman, 1978). The pulse phases are indicated. The phase cycle (Tg)_l — (Tz)_l + ('Ce>0_1 2)
is: @1 = X,—X; &2 = 2(X),2(—X); &3 = 4(x),4(—X); receiver=
X,—X,—X,X. In addition,®1 is phase-cycled in hypercomplex mode where T is the transverse relaxation time ang; is
ésgfﬁ)et<§;"aé%8§$c(%JR?oMsBﬁ;zg Zc;?cm)sg :(o(%s “n“; the proton exchange time with water. The optimum
20 G/cm-); G = (2, 002 G/cm-); G = (0.5 ms, 9 G/cm).' ' Qe]ayr for the m—phqse S|gna}l is the value which max-
imizes the factor A in Equation 1 (van Dongen et al.,
1996). Since it is shorter than 1/(@-rangd, °C-
1993) with JR water signal suppression (Plateau and *H rephasing still occurs during the acquisition time,
Guéron, 1982) into a JR-echo method (Roy et al., unless'3C is decoupled. If so and if homonuclear J-
1984) supplemented by the use of gradients (Sklenarcouplings are negligible, as in the case here, a pure
and Bax, 1987; Szewczak et al., 1993). The princi- absorption spectrum can be obtained.
pal advantages of JR water suppression are simplicity ~ Figure 2B shows the JRHMBC spectrum of
(two hard pulses), the absence of phase-shift (and [d(CGCGAATTCGCG)}. The imino protons are cor-
therefore baseline roll), and the short duration of the related to guanosine H8 and thymidine £protons
sequence, which makes it resistant to radiation damp- via 13C5 (Figure 2A). The J-couplings of H8 and g¢H
ing, and good for detection of the fast-exchanging to 13C5 have been reported earlier (Schmieder et al.,
imino protons. The frequency of JR maximum sen- 1992). The present measurements show that the imino
sitivity is set for optimal detection of imino protons. proton13C5 J-coupling is in the range of 5 to 9 Hz.
The H8 and CH signals are not limiting, despite the More precise measurements are in progress.
reduction in signal by a factor of three to seven due to The sequence d(CCCTAASMCCCTAACCCUAAC
the sir? profile of the JR-echo sequence (Figures 2, 3). CCT), modified from a fragment of the cytidine-rich
One can also consider other water suppression proce-strand of the human telomere, folds into an intramole-
dures, using for instance water selective pulses which cular i-motif (Phan et al., 2000). The chemical shifts of
take place during the transfer delays (Gruschus andthe uridine and thymidine imino protons (11.3 to 10.5
Ferretti, 1998). ppm) indicate H-bonding to oxygen of the oligonu-
cleotide or of water. The imino proton of T4 was
identified by the NOE with its own methyl protons,
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Figure 2. (A) The bases of guanosine and thymidine. Arrows in- | | | i 1] 1146
dicate the coherence transfer pathways used in the experiments
11.5 11.0 105 2.1 1.6

(B—C) Spectra recorded by the sequences in Figure 1 for the DNA
duplex [d(CGCGAATTCGCGY (strand concentration 1.9 mM; pH g (ppm)
7; temperature 25C; 90% H0O, 10% 30) on a 500 MHz Varian

Unity Inova spectrometer. The spectra were recorded with spectral Fi9ure 3. (A) Schematic structure and (B) JRHMBC spectrum
widths of 12 kHz and 2 kHz, centered at 4.8 ppm and 113.3 ppm, of d(CCCTAASMCCCTAACCCUAACCCT) (strand concentration

respectively in thé-H and 13C dimensions, 36 complex points, 2.4 mM; pH 5; temperature TZ; 90% H0, 10% [;0). The max-
1024 complex # points, repetition delay of 1 s. For the JRHMBC imum s_ensmwty of the JR sequence wa.ls'set at' 11 ppm,.the residual
spectrum (B), 1024 scans per FID,= 30 ms, total measure- water signal was reduced further by a digital shift correction. Exper-
ment time of 24 h. For the JRHSQC spectrum (C), 2048 scans imental conditions are the same as for JRHMBC in Flgure 2, except
per FID,t = 50 ms, total measurement time of 48 h. The spec- 07 © = 17 ms; 8192 scans per FID; 21 complaxpints; total
trum is anti-phase in the proton dimension. Only positive contours Measurement time 109 h.

are shown. In both cases, the delayof the JR sequence was

set for maximum sensitivity at 13.5 ppm, the residual water sig- . 3 L.
nal was reduced further by a digital shift correction (Roth et al., IS ~70 ms for methyl protot#C5 and imino proton-

1980). The cross peaks of long-range correlation within adenosines 13C5, as explained above. The total measurement time
(1_H2—13C4), which are detected due to spectral folding, are labeled \yas 109 h, although it may be noted that the spec-
with an asterisk. . .

trum could have been assigned with only 5 complex

t1 points (not shown), i.e. a total measurement time of
and that of U16 by the absence of any such NOE. 26 h. Due to exchange broadening, the imino proton-
But the imino protons of T22 and T10 could not be 13C5 cross peaks are not seen for the other thymidines
thus assigned because both are connected to the twaand for uridine.
methyl groups by NOE cross peaks of comparable in- Another sequence for long-range correlation is
tensities (scheme in Figure 3A). We therefore resorted JRHSQC (Figure 1B). It combines a modified non-
to JRHMBC for the assignment of these imino protons refocused HSQC (Sklenar et al., 1994) which is
(Figure 3B). The T10 imino proton is assigned via the twice as short as a standard HSQC (Bodenhausen and
correlation to its identified CkJ obtained even though ~ Ruben, 1980), with JR water suppression. The water
this proton exchanges with water as fast as in isolated flip-back (Grzesiek and Bax, 1993) takes place during
thymidine (~50 ms at 12C). The transfer delay the INEPT (Morris and Freeman, 1979) period (be-
was 17 ms, much shorter than 1463 rangd Which tween pointsa andb), so as to minimize the duration
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