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Abstract

This paper describes NMR measurement$—1°N and 'H-1°N scalar couplings across hydrogen bonds in
Watson—Crick base pair@?JNN and "y, in a 17 kDaAntennapedidnomeodomain—DNA complex. A new

NMR experiment is introduced which relies on zero-quantum coherence-based transverse relaxation-optimized
spectroscopy (ZQ-TROSY) and enables measuremert&af; couplings in larger molecules. TH8Jyn and

h13,n couplings open a new avenue for comparative studies of DNA duplexes and other forms of nucleic acids free
in solution and in complexes with proteins, drugs or possibly other classes of compounds.

Abbreviations2D, two-dimensional; FID, free induction decay; PFG, pulsed field gradfertp, Antennapedia
TROSY, transverse relaxation-optimized spectroscopy; ZQ, zero-quantum.

Introduction measurements for a DNA—protein complex, and we
compare th&2Jyy andJyy couplings in the free 14-
Compared with conventional NMR correlation spec- mer DNA duplex representing thBS2 operator site
troscopy (Cavanagh et al., 1996), transverse relaxation{Muller et al., 1988) with the corresponding values
optimized!®>N-H correlation spectroscopy"fN,*H]- measured for the complex of this DNA duplex with
TROSY; Pervushin et al., 1997) yields about 70% the Antennapedidaomeodomain (Otting et al., 1989;
and 30% reduction of th&N andH linewidths, re- Billeter etal., 1993; Qian et al., 1993; Ferndndez et al.,
spectively, in the signals of the guanositiN;—'H 1998).
and thymidinet>N3—tH imino groups in'°N-labeled For measurements di2Jyy the previously de-
DNA (Pervushin et al., 1998c). The reduced TROSY scribed experimental scheme (Pervushin et al., 1998c)
linewidths then allow observation of scalar couplings yielded high quality spectra also for the DNA complex
across base pair hydrogen bonds either by direct mea-with the Antp homeodomain, thus enabling a direct
surement in resolved multiplet fine structures (Per- comparison of the free DNA and its protein complex
vushin et al., 1998c) or in more complex coherence without the need of further method development. In
transfer experiments (Dingley and Grzesiek, 1998; contrast, for the measurement®B8yn couplings the
Pervushin et al., 1998c). In this paper we report such previously used E.COSY-based approach (Pervushin
et al., 1998c) had to be replaced with a novel tech-

*To whom correspondence should be addressed. Fax: +41-1- .: i N
633 11 51 (K.W.): +81-426 77 2525 (M.K.). nigue, since for the 17 kDantphomeodomain—-DNA



(a) -x oy * (b) « £y o

1 T JL 1T ’{;)} 15 T ) {j’}
Ly 2 & € 2y V2 & e’

seangh o g el o g

15N, Ve WMS 15N, _,.:«l_r:n,_ v oy

oG (|;‘|1 ﬁlr&‘fs_x ﬁu ﬁ4 ﬁs ﬁs oG %1 gxr&i hh ﬁ;a ﬁs ﬁs

Figure 1. The 2DMJyN-quantitative $°N,1H]-ZQ TROSY experiment used to meast¥eyy scalar coupling constants across hydrogen

bonds in Watson—Crick base pairs. For the evaluatioﬁldﬁN, a reference spectrum is recorded with scheme (b), where magnetization
transfer viahlJHN is suppressed. The actual measurement relies on a difference spectrum obtained by subtraction of a data set measured with
scheme (b) from a data set measured with (a) (for details see below). The coupling constants are calculated with Equation 5 from the ratio
of the cross peak amplitudes in the reference and difference spectra (see text). In the experimental schemes, narrow and wide bars indicate
non-selective 90 and 180 pulses applied at theH and the 15N-upfield’ (1°Ny) frequencies, with the carrier offsets placed at 12 ppm and

153 ppm, respectively. After they3(1°N) pulse thel®N carrier is shifted to thel®N downfield’ ¢°Ng) frequency at 210 ppm, where the
band-selective, shapd@N pulses on the line markeHSNd are applieda, b, ¢, d ande indicate time points that are referred to in the text.
Water saturation is minimized by keeping the water magnetization along zkexis during the entire experiment, which is achieved by the
application of the off-resonance water-selectivé #pulses indicated by shaded shapes on theindPiotto et al., 1992). The delays for
the magnetization transfers ate = 5.4 ms andc = 40 ms. The line marked PFG indicates the pulsed magnetic field gradients applied along
the z-axis: G, amplitude 12 G/cm, duration 2 ms; 0.5 G/cm, 0.81; Gz, —0.5 G/cm, 0.81; G4, 20 G/cm, 1 ms; G, 23 G/cm, 1 ms.

The phases for the rf-pulses afie; = {x}; ¢2 ={—x}; ¢3 ={X}; ¢4 =1{X,

=X, =Y, yh U1 ={=XX =y, ¥k ¥2 ={y, =y, x, =x};

VU3 ={y} Vg4 ={X}; V5 ={y}; x on all pulses without phase specification. The pulsgincludes a two-band-selective adiabatic inversion
(Mz - —Mz) WURST-2 pulse (Kupe and Wagner, 1995; Kap and Freeman, 1996) with a duration of 8 ms aBd(max) = 830 Hz,
which inverts two bands of width 800 Hz each, with the centers separated by 2050 Hz (Figure 2d). Thisprdasists of a refocusing
(My — —My) RE-BURP pulse (Geen and Freeman, 1991), with a duration of 1.4 mgBar(thax) = 4.4 kHz. The pulse}s consists of an
excitation (M; — My) E-BURP-2 pulse (Geen and Freeman, 1991), with a duration of 1.4 mgBy{thax) = 3.1 kHz. For each individual
data set recorded with (a) or (b), a complex interferogram is obtained by recording a second FID fpdedeh withd, = {—x}, ¢ ={x},

da ={X, =X, ¥, =y}, and 3 = {—y}, which results in a phase-sensitive 2&H,1°N]-correlation spectrum that contains only the slowly
relaxing component of the 2BPN-1H multiplet. For the difference experiment each step in the phase cycle is performed twice, using the

experimental schemes (a) and (b), respectively, and then the two FIDs are subtracted. The reference experiment is performed only with the

experimental scheme (b). For the data processing we used the procedures of Kay et al. (1992).

complex the broad component of the multiplet, which

axis. Theh2Jyn coupling constants were indepen-

would be needed as a reference, was beyond detec-dently evaluated also from a 2[Jyn-correlation-

tion. To fully benefit from the use of TROSY, only the
narrowest component of tH8N—H multiplets should
therefore be used for th&'Jyn measurements. We
found that this can be achieved by a combination of
TROSY and theJ-quantitative class of experiments
(Blake et al., 1992), which enables studies"&fy

in larger nucleic acid fragments, and in nucleic acid
complexes with proteins and other compounds.

Methods

Measurement df2Jyy in the Antp
homeodomain—-DNA complex

The [1°N,'H]-TROSY experiment (Pervushin et al.,
1997, 1998a), when applied to tAetphomeodomain—
DNA complex at 15C, yielded sufficiently narrow
15N lines to enable direct extraction of A&y cou-
plings from the in-phase splittings along the(*°N)

[*°N,1H]-TROSY experiment, which transfers magne-
tization between the hydrogen-bondet\ spins via
the "2Jyn coupling (Figure 1c in Pervushin et al.,
1998c).

Measurements of tH&Jyn couplings in the Antp
homeodomain—-DNA complex

For studies of'lJyy couplings we introduce the 2D
h1Jun-quantitative  $°N,1H]-Zero-Quantum-TROSY
experiment (Figure 1), which employs the slowly re-
laxing component of the imindH doublet to relay
magnetization vidlJyn across the hydrogen bond to
the tertiary1°N of the second base in the Watson—
Crick base pair. In the following description the den-
sity matrix transformations during the experiment are
represented in terms of the single-transition basis op-
eratord?® = 3I; +1;S andl?* = 31, — I;S;, where

| andSrepresent théH and!®N spins, and stands for
‘Z', '+ or ‘—'. The abbreviation®Qi = 1Sy and
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ZQ+ = |+S; are used for double-quantum and zero- (a)

guantum operators, respectively. The relevant magne- 5-G'AZ A® A% G5 CB €7 A% T° T10ANIG12713G14-3'

tization transfer pathway is given by Equation 1: S |Tzs(|:24(l;23|62421 AzkoT‘séﬂlﬂecﬁ_s,
u+v 20 .y

uSz +Vlz—>——20_ exd(-R ¢ -ie®n] - (b) Ny(R) N5(C) N3(T) Ny(G)
UtV os 24 24 = = =

. ] 1 ] i

—— 12 exp (=R 4+ iQ27)12] 1) 4 [0 topmy 2225 195.5 1595 147.7

u and v represent the initial steady-stdfN and (¢)

IH magnetizations, respectively?; and Qg are the -
chemical shifts relative to the carrier frequency of the
spinsl and S, Jis the I-S scalar coupling constant,

Q%0 =Q; — Qg, 2% =Q;— 7y, R?Cisthe re- (d)
laxation rate of the zero-quantum coherence, BHd -
is the previously described relaxation rate of the in-
dividual single-quantum transition 2 4 (Pervushin 0}
et al., 1997). For an isolate®N-H spin system in
the slow tumbling limit, with the rotational correlation i
time ¢, these rates are given by Equations 2 and 3:

4

R*C = 8/5tc(3/] — 3s])? (2) 2 0 2 o(YN)[kHz]
24 5 Figure 2. (a) DNA duplex used for this study, with numeration
R = 8/5tc(Ipl — 18s]) (3) of the individual nucleotides. Underlined letters identify the nu-
, , ) . cleotides that contaif®N in the partially labeled duplex (see text).
The dipole—dipole (DD) coupling constant i p= Vertical lines connect the bases between wHigiyy and "Iqy

%(y,ygh/r%)z, and the chemical shift anisotropy were observed. (B°N chemical shifts of N(G), N3(T), N3(C) and
(CSA) interactions ares2 _ i(wSAGS)Z and N1(A) in the .DNA duplex of (a). The spregd of the shn‘ts among
S 18 the non-terminal bases of the duplex free in solution is shown as a
8? = %((D[AO’])Z. yr andys are the gyromagnetic  horizontal bar above the chemical shift scale. (c) Excitation profile
ratios ofl andS, # is the Planck constant divided by  of the E-BURP-2 pulse (Geen and Freeman, 1991) calculated with

; : B the parameters used in the experimental scheme of Figure 1. (d)
2m, 115 is the distance between the nu ndl, and Inversion profile of the WURST-2 pulse (K&e and Wagner, 1995;

Ao = o0zz — 05(oxx + C_Tyy)- Th? prin.cipal values  kypte and Freeman, 1996) calculated with the parameters used in
of the 1®N CSA tensors in nucleic acid bases have the experimental scheme of Figure 1.

been measured by solid state NMR and their relative

orientations have been derived from quantum chem- i i ,
ical calculations (Hu et al., 19098 = 110 ppm between the time pointsandd (Figure 1) has recently
for N1(G) and Ac = 90 ppm for Ny(T), with the also been used in TROSY-NOESY experiments, and

has been described in detail in this context (Pervushin
et al.,, 1999). Between the time poindsand e the
tensors in nucleic acid bases, thd<! CSA tensor TSOSY 'H multiplet component represented by the
values of tryptophan, as determined by solid state I _opera_ltor is used to transfer magnetlzatlon_to the
NMR (Ramamoorthy et al., 1997), were used, with Egrtlary mtro_gen across the hydrogen bond, using the
Ac = 12.5 ppm and the principal axis directed along  JHN coupling. Due to the small values of th&hn

the H—N bond. Based on this information we assume COUPIing constants (Pervushin et al., 1998¢) long de-
for simplicity that the angle between the directions of 2YST have to be employed (see caption to Figure 1),
the principal axes of the chemical shift tensors of the SO that the use of TROSY is essential during this po-

spinsSand and the N—H bond is zero (for a treatment larization transfer period. To maintain the TROSY

of non-zero angles and non-symmetrical CSA tensors effect the band-selective inversion and excitation of
see Pervushin et al., 1998a) the tertiary®N spins should be achieved with mini-

As indicated in Equation 1 the sensitivity of the Mal perturbation of thé®N spins of the imino groups
experiment is enhanced by the use of both the (see Figure 2). In the experimental scheme of Fig-

- 24 . . -
and!SN steady-state magnetizations (Pervushin et al., Ur€ 1a. a fraction of the™ magnetization (K in
1998a,b). The 2DN,*H]-ZQ-TROSY scheme used ~ Equation 4) is transferred to the tertia3N spin, and

principal axes directed along the H-N bond. Since
no experimental data are available for tHé CSA
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Figure 3. NMR observation of scalat®N-1°N couplings across
hydrogen bondsh2Jyy, in the Antp homeodomain—-DNA com-
plex. (a) Contour plot from alPN,1H]-TROSY spectrum of the
uniformly 13C 15N-labeled DNA duplex of Figure 2a in the com-
plex with the Antp homeodomain, showing the signals of the
A=T base pairs. (b) Cross sections along(1°N) through the
individual cross peaks in spectrum (a). 256 comptgxpoints

were acquired, withtymax

= 34 ms andtymax

= 51 ms,

resulting in 2.5 h of measuring time. (c) Contour plot from a
h23\n-correlation-£°N,1H]-TROSY spectrum, showing the re-
layed [°N(A),1H3(T)] cross peaks of the AT base pairs.
The spectra were recorded on a Bruker DRX750 spectrometer
equipped with atH-{13C 15N} triple-resonance probeheadftp
homeodomain—-DNA complex concentratienl mM, solvent 95%
H>0/5% D,0, pH= 6.0, T= 15°C). 128 complex; points were
acquired, withtymax = 14 ms andomax = 51 ms, resulting in 9 h

of measuring time.

with the last'®N pulse this magnetization is converted
to unobservable multiple-quantum coherence:

1% - (12%K, sin[n" N 2T 4+ Ow — DW
+(s — 1 B)]
+1%4cog " TN (2T + Oow — W
+(n — 1)B) 1} exp—R*21], 4)

W and B stand for the duration of the WURST-2 and
E-BURP-2 pulses, respectivelyw and »g are the
effectiveJ coupling scaling factorslgs = A\J; Levitt
etal., 1983; Kupe et al., 1998) for the WURST-2 and
E-BURP-2 pulses, respectively, which relate the effec-
tive coupling constant to the unperturb&doupling.
The values of the scaling factors for tiig, and {5
pulse shapes and durations of Figurenly = 0.37
and\g 0.52, have been calculated by numerical
integration of the Liouville-von-Neuman equation for
the density operator (Sgrensen et al., 1983). In the
experimental scheme of Figure 1b the magnetization
transfer vid'lJyy is suppressed by application of two
P4 pulses in the middle of each of the two transfer
delayst. To obtain the desired difference spectrum
the experimental schemes of Figure 1, a and b, are
used in an interleaved manner, and the two spectra thus
obtained are then subtracted (see also the caption to
Figure 1).

To properly account for transverse relaxation, a
reference experiment without magnetization transfer
via the"Jyy scalar couplings was recorded with the
use of the scheme of Figure 1b. The coupling con-
stants were then calculated from the ratios of the
signal amplitudes, A, in the aforementioned differ-
ence spectrum, &, and this reference spectrune\
according to Equation 5:

AdT /AT — (1 — cogn™Iun[2T + Ow — DW
Nsdif
Nsref

NS? and NS¢ are the numbers of scans used to
record the difference spectrum and the reference spec-
trum, respectively. The standard deviations of the
resulting scalar coupling constants were calculated by
the error propagation method, where the rmsd of the
noise in the spectrum was used as the uncertainty of
the experimental peak amplitude.

Two features of the experimental schemes of
Figure 1 deserve special comments. First, cross-
correlated relaxation due to interference between the
imino proton CSA and®N-'HN DD coupling across
the hydrogen bond could in principle affect the peak

+(e —DBIY 5)



Table 1.Values and standard deviations
of the 15N—1H scalar spin—spin couplings
across hydrogen bonds'?ZJHN, in Wat-
son-Crick base pairs of a 14-mer DNA du-
plex free in solution and in a complex with
the Antphomeodomain

"23hn (Hz)
Free DNA  Complex

Nucleotide
(see Figure 2)

T 6.7+01 6.6+£0.2
T10 7.0+£01 7.2+0.2
T16 65+01 6.7+0.2
T18 6.8401 7.2+0.2
721 65+0.1 6.5+0.2
T25 7.0+01 7.1+0.2
T26 6.9+01 6.4+0.2
727 7.0+£01 6.9+0.2
G° 6.0+£01 65+0.2
Gl2 6.3+01 6.2+0.2
G2 6.5+0.1 6.4+0.2
G23 6.4+01 6.2+0.2

8pata from Pervushin et al. (1998c).

amplitudes from which th8LJ,y values are derived
with Equation 5. Therefore, care was taken in the

schemes of Figure 1 to suppress possible effects from

cross-correlated relaxation in both experiments (a) and
(b) by proper positioning of the adiabatic inversion
pulsesy4. Second, the evolution of the magnetization
due to the homonuclear scalar couplirdgzn7 and
5JH3H6 in thymine, and4JH1H2 and pOSSib|)ﬁJH1H8

in guanine (approximately 1 Hz) during the long de-
lay 2t, which is needed for the magnetization transfer
via "y, is refocused by the application of the
IHN.selective RE-BURP pulse. A comparison with
an otherwise identical scheme in which the selective
d3-pulse of Figure 1 was replaced by a non-selective
180°(*H) pulse showed that a sensitivity gain of about
30% was achieved by selective refocusing of these
couplings (data not shown).

Results and discussion

The structure of the DNA duplex used for this study
(Figure 2a) corresponds to a minimal fragment of
the BS2operator site that is recognized by tAatp
andfushi tarazuhomeodomains (Miiller et al., 1988).
The synthesis of the uniforml}*C,!®N-labeled du-
plex, which yields*®N;—'H-correlation cross peaks
for all but the terminal base pairs, and the partially
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labeled duplex with isotope labels only on the under-
lined nucleotides (Figure 2a), which yield&N-H-
correlation peaks for & G'? and 7!, was described
elsewhere (Fernandez et al., 1998). In the protein
complex the uniformly labeled DNA was bound to
a uniformly 1°N-labeled 69-residue polypeptide con-
struct containing thé\ntp homeodomain in positions
1-60 (Muller et al., 1988). For the DNA duplex of
Figure 2a free in solution thBJyn couplings were
previously obtained (Pervushin et al., 1998c) from
the resolved fine structures in 2B°N,*H]-TROSY
spectra using inverse Fourier transformation of the in-
phase doublets, where the standard deviations given
in Table 1 were estimated from the quality of the
time-domain fitting (Szyperski et al., 1992). Indepen-
dently, the values of tHEIun coupling constants were
verified from the magnetization transfer efficiencies
in a 2D "2Jy-correlation-£oN, H]-TROSY exper-
iment. Using the same experiments with tAatp
homeodomain—DNA complex (Figure 3) yielded the
corresponding data for the complex (Table 1). The
h23uN couplings observed for the DNA free in solution
and in theAntphomeodomain complex are very simi-
lar, which can be rationalized by the overall very small
conformational changes observed in this DNA duplex
upon binding to théntphomeodomain (Billeter et al.,
1993; Fraenkel and Pabo, 1998; Fernandez et al.,
1999). It also appears that th&lyy couplings are not
very sensitive to certain variations in the DNA con-
formation that are, for example, implicated by small
chemical shift differences (Fernandez et al., 1998) and
appear to be manifested also in variations ofthieiy
values (see below). The principal result of the present
study of "2Jyn couplings is the demonstration that
this parameter can readily be measured in structures
with high molecular weights. This will be of special
interest for studies of supramolecular assemblies con-
taining distorted DNA structures, for example, with
individual bases flipped out of a double-helical DNA,
or with unwinding of a DNA duplex due to protein—
DNA contacts. It remains to be seen, from studies of
systems where complexation induces more important
changes of the DNA conformation than in thatp
homeodomain complex, whetH®dny values can fur-
ther be related to more subtle DNA conformational
changes than fraying of the base pairs (Pervushin et al.,
1998c) or complete breakage of base pairing.

For the measurements BfJyn the experimental
scheme of Figure 1, with the adjustments of the shaped
pulsesy4 and{is based on the data in Figure 2b and
the calculations in Figure 2, ¢ and d, was first applied
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reference difference
————————————————————— - - 010
F'i G2 G2
GS
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Figure 4. Reference spectrum recorded with the scheme of Figure 1b and differené'e%éél\{]—correlation spectrum recorded using both
experimental schemes of Figure 1 (see text) for the partt@M¢labeled DNA duplex of Figure 2a. In the contour plot of the reference spectrum
the signals of the three labeled G and T nucleotides (Figure 2a) are seen, of whicﬁ%iﬂ;h@drogen—bonded to a labeled base. The 1D slices
alongws(1H) taken at the position of the broken line, which were used to calculateling coupling constants, are shown as insets (DNA
duplex concentratios= 2.5 mM, solvent 95% HO/5% D,O, pH= 6.0, T= 15°C, 14 frequency= 750 MHz). For both spectra 32 complex

t1 points were acquired, with max = 3.84 ms andomax = 51 ms. For the reference spectrum, 192 scang;gacrement were accumulated,
resulting in 4.1 h of measuring time. The number of scans for the difference spectrum was 1216, with a total measuring time of 25.9 h.

Table 2.Values and standard deviations

with the DNA duplex of Figure 2a free in solution. of the 15N_1H scalar spin—spin couplings

To unambiguously identify the origin of the signals across hydrogen bonds'Myy, in Wat-
in the difference spectrum, an experiment was also son-Crick base pairs of a 14-mer DNA du-
recorded for the partially°N-labeled duplex, where plex free in solution and in a complex with
either none, one or both nucleotides in the individual theAntphomeodomain
Watson—Crick base pairs ateN-labeled (Figure 2a). Nucleotide "y (H2)
As expected, only thé>N;—H-correlation peak of (see Figure 2)  Free DNA _ Complex
G'?was observed in the difference spectrum, while the
cross peaks of Band 121 are only seen in’fN,H]- Tio 22+£04  30+£02
TROSY, since the base-paired nucleotidé$ and A8 T 27£07 2.7£03
are not!®N-labeled. These control experiments thus Tlg 24£08  3.0+04
provide direct evidence that the cross peaks in the 121 2“1&8'2 gi 8'2
difference spectra of the experiment of Figure 1 are 125 2:310:2 3:& 0:2
indeed due to th@lJHNlcoupllngs. _ 126 at03 30503
Co_mparlson_of th&8LJyn values measured with the 127 27408 3.0L08
experiment of Figure 1 (Table 2) with the correspond- G5 31401 33406
ing data obtained using an E.COSY-based approach cl2 30402 39404
(Pervushin et al., 1998c) shows quite good agreement G22 27403 3.9+06
for the G=C base pairs, whereas the results obtained G23 30402 4.1+06

for the A=T base pairs are more widely different, with
T2 and 121 showing differences extending slightly be-
yond the standard deviations. These differences are

apparently due primarily to the fact that the resonances ;o 121 125 126 12 G22 and G3. For these

of some A=T base pairs in the free DNA duplex residues, larger values of th&Jyn couplings are ob-

are somewhat broadened, which also caused the large : . .

L 2 served for the homeodomain complex, which might
standard deviations for some of the measurements in. .
Table 2 imply subtle changes in the DNA duplex structure

Table 2 further compares tH&Juy counling con- upon complex formation, with the tendency to de-
P HN COUPTING crease the hydrogen bond distances from N to HN
stants measured for the DNA duplex in free form and . . . A
. : Do . for some nucleotides involved in protein binding in
in the homeodomain complex. Significant differences

between correspondiiduy couplings are observed the complex. A more precise structural interpretation
P HN coupling of the "Wy data, which should then also include an



reference

difference

(a)

1y =3.0% 02 Hz

45

This paper demonstrates that with the use of the
experiment of Figure 1"1Jyn couplings in DNA can

be measured in structures of molecular weights up to
at least 20 to 30 kDa. However, the present results also
show that the precision of thelJyn measurements

is critically dependent on the signal-to-noise ratio in
the difference spectrum of the 2BJyn-quantitative
[1°N,'H]-ZQ-TROSY experiment (Figures 4 and 5).
Equation 4 shows that the transverse relaxation dur-
ing the long polarization transfer delayss the major
factor that limits the application of th&quantitative
approach for measurements of small coupling con-
stants in large molecules (Blake et al., 1992a, b). The
use of TROSY enables to expand the size of the struc-
tures for which such couplings can be measured and
analyzed, but even slight line broadening by mech-
anisms that are not affected by TROSY can greatly
reduce the precision of the measurements, as observed
for some A=T base pairs in the free form of the DNA
duplex of Figure 2a (Table 2). Although there are indi-
cations that th&Jyy values might be quite sensitive
to subtle changes in DNA conformation (see Table 2),
the ease with which2Jyn can be obtained for larger
structures (Figure 3) might make this latter parameter
particularly valuable for studies of systems includ-
ing DNA molecules with major distortions relative to
canonical duplex structures.

G12
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(b) 1 un=3.9% 0.4 Hz
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