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Summary

While both *'P and '"Cd are present at locations of interest in many different macromolecular systems,
heteronuclear-detected relaxation measurements on these nuclei have been restrained by limitations in
either resolution or signal-to-noise rativ. We have developed heteroTOCSY-based methods to overcome
both of these problems. Two-dimensional versions of these experiments were utilized to measure *'P T,
and T, values in DNA oligonucleotides; the additional resolution offered by a second dimension allowed
determination of these values for most of the *'P resonances in a DNA dodecamer, The results (rom the
experiments indicated that there was little significant variation in T, values for the different phosphates
in the DNA dodecamer; however, the T, values showed a clear pattern, with lower values in the interior
of the sequence than at the ends of the hetix. Furthermore, a significant correlation between *'P chemical
shifts and T, values was observed. One-dimensional, frequency-selective versions of these experiments
were also developed for use on systems containing a smaller number of heteronuclear spins. These
methods were applied fo investigate the heteronuclear relaxation properties of "*Cd in '""Cd,LAC9{61),
a Cys,Zn, DNA-binding domain. Data from the experiments confirm biochemical evidence that more
significant differences occur in the metal-protein interactions between the two metal-binding sites than

has been previously identified for proteins containing this motif.

Introduction

Solution NMR studies of *N and *C relaxation rates
have been applied t0 many protein systems to examine
backbone and side-chain dynamics. A key to the success
of this approach has heen the development of a large
number of proton-detected multidimensional experiments
to obtain the relevant information. This class of experi-
ment offers two main advantages over directly detected
versions: (1) enhanced sensitivity, due to the large gyro-
magnetic ratio of 'H, and (2) improved resolution, result-
ing from the ability to separate peaks with two different
chemical shifts,

Although these methods are commonly used in studies
of N and “C nuclei, investigations of the relaxation
properties of other biologically relevant spin-1/2 nuclei,

including phosphorns-31 and cadmium-113, could benefit
from a similar approach. "'P is present in the phospho-
diester backbones of RNA and DNA, a key location for
probing dynamics along the length of these molecules.
"BCQd has been substituted into binding sites in proteins
for a wide variety of metals, including zinc, calcium and
iron. Hence, both nuclei are present at locations of par-
ticular interest in many different macromolecular systems.
The two nuclei also have similar NMR characteristics,
including relatively high gyromagnetic ratios and chernical
shift anisotropy (CSA) dominance of their relaxation
mechanisms in many biological environments. Additional-
lv. prior heteronuclear-detected relaxation studies of these
nuclei in model compounds and macromolecules provide
a database of information for comparative studies.
Previous *'P and '“Cd relaxation measurcments have
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been hampered by two different limitations in the meth-
odology: *'P studies arc inhibited by difficulties in resolv-
ing resonances within the narrow range of phosphorus
chemical shifts, while 'Cd experiments are limited by
poor signal-to-noise ratios. To circumvent these problems,
a number of proton-detected experiments are patentially
adaptable for measuring these heteronuclear relaxation
rates. The proton-detected heteroCOSY experiment is
quile sensilive, but the antiphase multiplet structure re-

b4

b X babgds 4
W (1) i

c

"H ([..z.z]l)J

Fig. 1. HeteroTOCSY-based experiments for determining hetero-
nuclear relaxation rates. Unless otherwise noted, large black boxes
represent 180° pulses, while thinner black boxes represent 90° pulses.
SL, represents a spin-lock pulse. Large dark shaded boxes represent
DIPSI-2 (Shaka et al., 1988) heteronuclear mixing sequences applied
at high power; lighter grey boxes represent DIPSI-2 sequences applied
al lower 1f field strength to facilitate selective heteronuclear transfer
by heteroTOCSY (Gardner and Coleman, 1994). (a) Two-dimensional
inversion recovery heteroTOCSY sequence. ¢, = {3%,X,X,X,—X,~X,—X.—X}.
0,=0r = {¥—¥1: P= IX.X-X,—x}, &= {y¥—¥.—¥}. 1 Cycle: proton pre-
saturation during relaxation delay; typically 40 cycles were applied
with 50 ms between 180° pulses. j Cycle: proton saturation during
mversion recovery delay T. (b) Two-dimensional CPMG  hetero-
TOCSY method. i Cycle: same as in (a). j Cycle: CPMG sequence,
repeated as described in Materials and Methods. ¢, =6, = {y,-y},
§. = {X,0,0.%,X,~X,—X,—x}, ¢, and ¢, cycled as in (a). {c) Selective one-
dimensional CPMG heteroTOCSY. i Cycle: ORDANTE sequence
(Kay et al, 1989) to presaturate H,O while the proton carrier is
upficld of the water resonance. Pulse lengths are 1/(4D), where D is
the separation (in I1z) between the carrier and the water resonance. i
Was set to generate 40-30 ms of ORDANTE pulsing while ensuring
that i is a multiple of 4. j Cycle: performs the same function as the i
cycle in {a) and (b). and is set to a similar duration. k Cycle: DANTE-
Z (Boudot et al., 1989} using 22.5° pulses (k=4) by an appropriate
value to cnsure that only desirable heteronuclear resonances are ex-
cited. m Cycle: CPMG sequence, using values as described in Materials
and Methods. ¢, ={%,-X}, &= {¥.y,—v.—¥}, 0= {x,x.x.x, =x,—x.—x,—x1,
b= {¥—yy. ¥
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duces resolution and can atlenuate cross-peak mtensity
{Sklenaf et al.. 1986). Other experiments, such as HMQC
and HSQC, are not as advantageous for either *'P-'H or
"MCd-"H correlations as they are for “C-'H and "N-'H
correlations in proteins (Byrd et al., 1986). The three-
bond scalar coupling constants for *'P-'"H and '"Cd-'H
cover a wider range (*'P: ~0-10 Hz; '“Cd: ~ 0-60 Hz) and
are significantly smaller than ' values for PC-"H (~140
Hz) and "N-"H (~90 Hz). Thus, these cxperiments are
harder to optimize, and the long delays necessary lor com-
plete refocusing of heteronuclear couplings negate most
of the modest sensitivity gain from proton excitation,

An alternative to these methods is offered by the het-
eronuclear I cross-polarization spectroscopy (hetero-
TOCSY) experiment (Bearden and Brown, 1989; Arte-
mov, 1991; Morris and Gibbs, 1991), which has been used
to obtain 'P-'H correlations in both oligoribonucleotides
(Keilogg, 1992) and oligodeoxyribonucleotides (Kellogg
and Schweitzer, 1993), as well as '""Cd-'H correlations in
metalloproteins (Gardner and Coleman, 1994). This ex-
periment offers a variety of benefits over the previously
described methods, including the fact that it does not re-
quire long pericds for refocussing, 1s less sensitive to rf in-
homogeneities (Majumdar and Zuiderweg, 1995), and
gives rise to absorptive, in-phase cross peaks. Theoretical-
ly, this method should offer signal-to-noise improvements
of roughly (v,/)" over heteronuclear-detected experi-
ments (Ernst et al., 1987); signal-to-noise enhancements
over other proton-detected experiments have also been
previously observed (Zuiderweg, 1990; Gardner and Cole-
man, 1994). The method also allows the observation of
several different protons thal are J-coupled to & given
heteronucleus, offering improved decay rate statistics and
help in resolving peak overlap. In the present study, we
have adapted the heteroTOCSY experiment for measuring
T, and T, values both in a selective and a nonselective
fashion. These new experiments have been applied here to
examine the backbone dynamics of a DNA oligomer
modified with an antineoplastic drug, and to characterize
the '"Cd relaxation characteristics in the Cys,Cd, LAC9
protein.

Materials and Methods

Sample preparation

The control DNA dodecamer duplex d(CGCGAA-
TTCGCG), and the araC-cantaining dodecamer duplex
d(CGCGAAT THaraCyd(GCG), were synthesized and
purified as previously described (Schweitzer et al., 1994).
The purified (>98%) DNA was dialyzed twice against
Chelex-100 (Bio-Rad), lvophilized 1o dryness, and dis-
solved in 0.4 ml of buffer containing 50 mM NaCl, 0.5
mM EDTA and 50 mM sodium phosphate, pI1 7.0. This
solution was repeatedly lyophilized to dryness, first from
aqueous bulfer and then from 99.96% D.O. Finally, 0.4
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Control Dodecamer:

Phosphorus position: 1
Sequence:

AraC Dodecamer:

Phosphorus pesitien: 1
Sequence:

2

2 2 4 56 7 8 9

5'-CpGpCpGpApApTpTparaCpGpCpG-3'

3 4 5 67 8 9 10 N1

5'-CpGpCpGpApApTpTpCpGpCpG-3'

10 11

Fig. 2. Sequence and numbering scheme for the control and araC dodecamers. Only one strand of the selfcomplementary duplex is showt.

ml of 99.996% D,0 was added to give a final duplex
concentration of ca. 5 mM.

LAC9(61) is a 6l-residue internal fragment of the
LACY protein (Lys* to Arg'*, with an N-terminal methi-
onine residue added during cloning). LAC9(61) was over-
expressed in Escherichia coli and purified as previously
described (Pan et al., 1990; Gardner and Coleman, 1994).
The '°Cd, form of LACY was generated by incubating
protein samples with 4 three- to fivefold molar excess of
"BCdCl, (95% isotopically enriched in 'Cd) for 24 h,
followed by dialysis against metal-lre¢ buffer. The sample
used for NMR measurements had a protein concentration
of 3 mM in 10 mM sodium phosphate buffer and 500
mM NaCl, pH 5.7.

NMR spectroscopy

All NMR experiments were carried out on a Bruker
AM-500 spectrometer (500.13, 202,45 and 110.92 MHz
for protons, phosphorus and cadmium, respectively). *'P
resonances were referenced to an external sample of tri-
methylphosphate, '*Cd resonances were referenced to an
external sample of 1.0 M Cd(ClQ,),, and 'H resonances
were referenced to an external sample of sodium-2,2-di-
methyl-2-silapentane-3-sulfonate (DSS) in a bulfer iden-
tical to that of the NMR sample.

The *'P inverse recovery (IR)-heteroTOCSY and *'P
Carr-Purcell-Meiboom -Gill (CPMG)-heteroTOCSY ex-
periments were carried out using the pulse schemes shown
in Figs. la and b, respectively. In these experiments, [our
power settings on two channels were used; the decoupler
channel was used for the proton pulses at high power for
the presaturation sequence and at a lower power for the
remaining pulses. The presaturation sequence is designed
to eliminate all proton magnetization prior to the first
heteronuclear pulse (Kellogg, 1992).* The transmitter (set
to *'P) was equipped with a fast low-power switch and a
fast-switch linear amplifier. The power level of the tran-
smitter was adjusted manually to meet the Hartmann-

*We have repeated several of our experiments using 120° presaturat-
ion pulses (Markley et al., 1971) and have obtained higher quality
proton saturation. However, no differences were observed between
relaxation parameter values obtained with 180° or 120° presaturation
pulses.

Hahn matching condition during the contact time of each
experiment (Kellogg, 1992). Data were recorded in the
phase-sensitive mode with time-proportional phase incre-
mentation (TPPL; Marion and Wiithrich, 1983).

In the *'P IR-heteroTOCSY experiment, recovery of
magnetization was measured at T=0.05, 0.5, 1.0, 1.5, 2.0,
3.0, 4.0, 5.0, and 6.0 s. In the 'P CPMG-heteroTOCSY
experiments, a CPMG sequence was used during the
relaxation delay period using t=2.5 ms, and setting T=
10, 20, 30. 40, 60, 80, 100, 120, 200, and 250 ms. Data
were acquired at each T value with 1024 points in t, and
with 16 transients for each of the 48 t, points. Each ex-
periment was carried out using *'P and 'H sweep widths
of 252.5 and 4386 Hz, respectively. Heteronuclear transfer
between phosphorus and protons was achieved using a
simultancous DIPSI-2 mixing sequence (Shaka ct al.,
1988), applied for 49.0 ms with a 4.2 kHz radiofrequency
field strength.

Parameters lor the sclective '“Cd CPMG-hetero-
TOCSY experiment {Fig. 1¢) were chosen using the guide-
lines for the analogous selective heteroTOCSY experiment
(Gardner and Coleman, 1994). Selective excitation of the
H3Cd nucleus was accomplished using a DANTE-Z pulse
scheme (Boudot ¢t al., 1989) consisting of m/4 pulses
separated by 151 ps; this cycle was repeated four times.
T, measurements used a CPMG sequence during the
relaxation delay period with 1=1.5 ms, and setting T=
6.5, 13.0, 19.4, 25.9, 324, 389, 51.8, and 648 ms. T,
measurements used a 1.3 kHz «f field strength spin-lock
pulse during relaxation delays of T=46, 12, 18, 24, 30, 36,
48, and 60 ms. Selective heteronuclear transfer between
cadmium and protons was achieved using a DIPSI-2
mixing sequence, applied simultancously to both channcls
with an rf field strength of 2.1 kHz and a duration of
14.0 ms. A total of 512 scans were recorded for each time
point. A 1D '*Cd spectrum (see the inset of Fig. 6) of
LAC9(61) was collected using 3300 scans with a recycle
time of 0.4 s and a 60° cadmium pulse width.

NMR data were processed using the program FELIX,
v. 2.1 (Biosym Technologies, San Diego, CA). For the *'P
heteroTOCSY experiments, the t; dimension was zero-
filled to 128 points; no zero-filling was used in the t,
dimension. The residual water signal was removed using
deconvolution (Marion et al., 1989). Data sets were apo-



dized with a squared sine-bell window shifted 90° in both
dimensions prior to Fourier transformation, The first time
peint of each dimension was estimated by linear predic-
tion. Cross peaks were manually picked and volumes were
measured using FELIX. For the '“Cd heteroTOCSY
experiments, time-domain FIDs were subjected to lincar
prediction of the first two datapoints and 5 Hz exponen-
tial linebroadening prior to Fourier transformation. Base-
lines of the spectra were fit to fifth-order polynomial
equations in order to improve flatness, after which peak
volumes were measured. All T, decays were fit 1o a three-
parameter exponential equation of the form: I(T)=1_-
[1.-T;]exp(-T/T ), while T, and T,, decays werc fit to the
two-parameter equation I{T)=T,exp(-T/T,) and [(T)=1,
exp(-=T/T,,), respectively, where I, is the peak volume at
infinite relaxation delay and 1, is the peak volume at a
relaxation delay of 0 s.

Results

P velaxation measurements: AraC

The nucleoside analog 1-p-D-arabinofuranosylcytosine
{araC) 1s a potent agent in the treatment of various forms
of human leukemia (Bodey et al., 1969; Frei et al., 1969).
AraC is converted by cellular kinascs into the active
metabolite araCTP {Coleman et al., 1975; Hande and
Chabner, 1978), which in turn is incorporated into cellu-
lar genomic DNA (Kufe et al., 1980; Major et al., 1982).
It is this misincorporation of araC into DNA that is the
lethal event in cells (Kufe et al., 1980). In vitro experi-
ments have shown that araC at a 3' primer terminus or in
the template strand of a DNA substrate strongly inhibits
replication by the Klenow fragment of E. coli DNA poly-
merase I, T4 polymerase, DNA polymerase o, and reverse
transcriptase (Mikita and Beardsley, 1988; Perrino and
Mekosh, 1992). A high-resolution X-ray structure of a B-
type decamer duplex containing araC has been described
by Gao et al. (1991). In addition, our laboratory has
recently determined the NMR solution structure of a
dodecamer duplex containing araC (Schweitzer et al.,
1994). Both studies indicated that incorporation of araC
into a B-DNA context produces a rather small amount of
distortion and concluded that it would be difficult to
correlate this distortion with the biochemical effects of
araC. In the present study, we analyze the effect of araC
on the structure and dynamics of the sugar—phosphate
backbone of DNA by measuring the longitudinal and
transverse ’'P relaxation rates in an araC-containing
duplex and a control duplex.

The control and araC-containing DNA duplexes used
in this study have been used previously in structural work
(Fig. 2; Schweitzer et al., 1994). One-dimensional *'P
spectra of these oligomers acquired at either 4.7 T or
11.74 T indicated that the dispersion of the resonances is
insufficient to accurately determine *'P relaxation rates
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using conventional one-dimensional methods (not shown).
Most of the phosphorus resonances were found to be
clustered in a 0.5 ppm range. Only one phosphorus reson-
ance in the araC duplex was clearly resolved from the
other 10 resonances; using a heteroTOCSY-based assign-
ment strategy, this resonance has previously been assigned
to the phosphorus located between residues dC(11) and
dG(12) (Schweitzer et al., 1994). One-dimensional *'P
inversion-recovery and CPMG experiments at 20245
MHz gave T, and T, values of 1.35 s and 71 ms, respect-
ively, for the dC(11) phosphorus (Fig. 3). ‘

In our previous work, most of the phosphorus reson-
ances in the two oligomers could be resolved in the 2D
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Fig. 3. (a} 1D versus 2D determinaticn of ¥'P T, values. The data
shown arc for the dC(11) phosphorus resonance in the araC duplex.
One-dimensional data (filled triangles) were acquired with an inver-
sion-recovery 'P-dctected pulse sequence. Two-dimensional data
(open squares) were obtained with the pulse sequence described in
Materials and Methods. The 1D and 2D data sets were acquired se-
quentially, without removing the sample from the magnet. T| values
obtained from the 1D and 2D data sets were 1.35 and 1.40 s, respect-
ively. (b) 1D versus 2D determination of *'P T, values. The data
shown are for the dC(1 1) phosphorus resonance in the araC duplex.
One-dimensional data {filled triangles) were acquired with an inver-
sion-recovery “'P-detected pulse sequence. Two-dimensional data
{open squares) were obtained with the pulse sequence described in
Materials and Methods. The ID and 2D data sets were acquired se-
quentially, without removing the sample from the magnet. T, values ob-
tained from the 11 and 2D daia sets were 71 and 76 ms. respectively.
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Fig. 4. (a) ¥P T, values and (b) P T, values for the control and araC dodecamers. Data for the contro! duplex (open squares) and for the araC
duplex (filled triangles) are plotted as a function of phosphorus position. Each point is the mean of two (a) or three {b) separate experiments.

'H-*'P heteroTOCSY experiment (Kellogg and Schweit-
zer, 1993; Schweitzer et al., 1994). For the present study,
we medified the heteroTOCSY pulse sequence so that the
initial pulse on phosphorus was replaced with an inver-
sion-recovery sequence or a CPMG sequence to allow the
measurement of the *'P T, and T, values, respectively.
The mixing times in these experiments were kept short, in
order to eliminare interresidue sequential cross peaks
{Kellogg and Schweitzer, 1993) and thus improve resol-
ution. We were pleased to observe that the *'P T, and T,
values for the dC(11) phosphorus of the araC duplex,
measured by either the conventional 1D or the new 2D
method, were nearly identical (see Fig. 3).

P T, and T, values measured by the heteroTOCSY-
based experiment for the remainder of the phosphorus
resonances (except for dC(1), which was obscured by the
residual solvent signal) are shown in Figs. 4a and b for
the control and araC duplexes, respectively. In Fig. 4a, it
can be seen that the *'P T, values show little variation
with phosphorus position. Also, few significant differences
appear lo be present between the control and araC-mod-
ified DNA fragments, except at position 9, where the T,
value at the araC incorporation site is slightly less than
that of the control. The T, values, on the other hand, do
appear to vary considerably with position (Fig. 4b). A
clear pattern can be observed: T, values are low (ca. 50
ms) in the center of the helix and gradually increase on
going to the ends of the helix. This pattern is observable
in bath the control and the araC duplex. Two sites, one
at the araC incorporation site and one at position 4,
display highly significant differcnces in T, values in the
control and araC duplexes. It should be noted that in the
selfcomplementary duplex, position 4 is opposite the araC
site on the complementary strand.

1n Fig. 5, the T, values for the conirol and araC du-
plexes are plotted versus *'P chemical shift. It can be seen
in this plot that the T, values appear to be highly corre-

lated (R =0.91) with *'P chemical shift. Interestingly, this
correlation is preserved in the control and araC duplexes,
despite some fairly large differences between some of the
*P chemical shifts (e.g., phosphates 9 and 10 (Schweitzer
et al., 1994)). The possible significance of this observation
will be discussed in more detail below.

IBCd relaxation measurements: LACY

Over 25 yeast transcription factors contain a canserved
motif of six cysteines in their DNA-binding domains. This
was originally identified in the Saccharomyces cerevisiae
protein GAL4, a transcriptional activator of enzymes
involved in galactose metabolism (Johnston, 1987). Do-
mains containing this motif must bind Zn(Il) or Cd(IT)
for the protein to have specific DNA-binding activity
(Pan and Coleman, 1989). Previous '"Cd NMR studies
demonstrated the involvement of all six conserved cys-
teines in binding two metal atoms in a binuclear cluster
arrangement (Pan and Coleman, 1990; Gadhavi et al,,
1991; Gardner ¢t al., 1991). Subsequent structural studies
of the GAL4 DNA-binding domain showed that the
protein structure of this domain organizes around this
cluster {Baleja et al., 1992; Kraulis et al., 1992; Shirakawa
et al., 1993) and that these domains interact with their
DNA-binding sites by utilizing groups oriented by the
first three conserved cysteine ligands (Marmorstein et al.,
1992).

To hetter characterize the structural and dynamic
features of the metal-binding sites in this motif, we inves-
tigated the relaxation properties of the two '"“Cd nuclei
bound by one of these proteins. We focused our studies
on the DNA-binding domain from the Kluyveromyces
factis LACY pratein, a CysZn, motif-containing tran-
scription factor that is highly homologous to GAL4, both
in amino acid sequence and in biological function (Pan et
al., 1990). We previously used '“Cd-'H heteroTOCSY
methods 1o assign the metal-liganding cystcines in '"Cd,-



LAC9(61) (Gardner and Coleman, 1994), demonstrating
the feasibility of using selective heteronuclear correlation
methods to study the cadmium-liganding environment.
Metalloprotein systems like this one typically have a
small number of heteronuclei present; as such, we have
developed 1D selective NMR techniques for studying the
metal-protein interactions, as the additional resolution
offered by a second heteronuclear dimension is not
needed. To monitor "*Cd relaxation rates, we modified
our selective heteroTOCSY protocols in a manncr analog-
ous to the 2D methods modified Lo probe phosphorus
relaxation rates by inserting the appropriate sequences to
generate and follow the decay of the desired type of het-
eronuclear magnetization (CPMG for T, determinations;
spin-lack for T\,; Fig. lc). After allowing relaxation to
proceed for a given amount of time, we transfer cadmium
magnetization to the cysteine p protons (\I4,: 5-60 Hz)
for detection.

We used a 11D CPMG selective heteroTOCSY experi-
ment to determine the cadmium relaxation rates of Cd.-
LACY(61). T, relaxation times were measured lor each of
the cadmium nuclei separately (Fig. 6). By fitting these
intensity curves to an exponential decay equation, we
determined T, values of 21.711.2 ms for the downfield
cadmium resonance (706 ppm) and 14.7+0.4 ms for the
upfield resonance (691 ppm). These values were lower
than those observed in measurements of the '"Cd T,
values (24.5= 1.0 ms (706 ppm), 15.920.3 ms (651 ppm)).
Due to the increase in sensitivity offered by the proton
detection used in these methods, we were able to conduct
this series of experiments in a shorter amount of time
(less than 3 h per heteronucleus) than a comparable cad-
mium-detected experiment would have taken.

§0.0
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70.0

P T, (ms)

60.0

50.0

40.0 n — L. L L 1
4.4 -4.3 4.2 4.1 -4.0 -39 3.8

*'P chemical shift {ppm)

Fig. 5. "'P T, values versus "'P chemical shift. Numbers represent the
position of the phosphate in the DNA sequence. P chemical shifts
for the control (position numbers not circled} and araC (posilion
numbers circled) duplexes were taken from Schweitzer et al. (1994).
The drawn line is the best fit line (correlation coefficient R=091)
determined by linear regression.
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Discussion

In this study, we have demonstrated that heteroTOC-
SY-based experiments can be employed to measure he-
teronuclear relaxation rates in DNA oligonucleotides and
proteins. These experiments give results that are very
similar to those obtained by conventiona! 1D techniques
for phosphorus and cadmium resonances that can be
resolved in 1D spectra. For phosphorus relaxation measu-
rements, the advantage of the 2D heteroTOCSY-based
experiment over the 1D experiments is the ability to re-
solve most, if not all, of the individual phosphorus reson-
ances in small to moderately sized oligodeoxyribonucleo-
tides. To the best of our knowledge, the relaxation data
presented in Figs. 4a and b represent the most complete
set of relaxation values for oligonucleotides of this size,
In addition, this determination of '"*Cd transverse relax-
ation times represents one of the first direct measurements
of cadmium T, values in a metalloprotein system. Most
values reported previously have been derived from line-
width determinations in '""Cd 1D spectra, which suffer
from poor signal-to-noise ratios. Below, we discuss how
the information obtained using these new techniques
provides insights into the dynamic processes of the sys-
tems under study.

“P results

The availability of a virtually complete set of relax-
ation data for an oligonucleotide allows a more thorough
analysis of the DNA backbone than has been previously
possible. We were unable to detect a steady-state *'P{'H}
NOE (data not shown), which is in agreement with carlier
work by Williamson and Boxer (1989) who showed that
at 11.74 T, both theory and experiment indicated that
< 3% of the total phosphorus relaxation was due to di-
polar interaction with protons. The T, and T, relaxation
rates due to the CSA mechanism for an isotropically
tumbling molecule that has an axially symmetric CSA
tensor are given by:

1/ Tyeea = 115 {@P* Ac? Jeop)} (N

and
1/ Tyegn = 1/90 {wP? Ao? [3H(ap) +4J(0)]} (2)
(Abragam, 1961), These equations ¢an be simplified to

the following expression, relating the phosphorus relax-
ation rates to the cffective rotational correlation time:

1[3(T, J 7"
T v el 3
) (Dp[2(T3 4} 3)
Equation 3 is true only when o1.>1 (Williamson and
Boxer, 1989). If the T, and T, values for the control ol-



186

10 ;

\

\\

\“.

08 [ i
Vo
juen
m | o
£ -
506 -
[} VT
3 T
© Y N
m \\ N
[
E 04 kY S
=] B -
c X N——
@
02 r -

0.0

J ]
\ M !
e

40 ) 60 80

decay time (ms)

Fig. 6. Determination of 'PCd transverse relaxation (T,) times in LAC9(61). Data were generated using the selective CPMG hetereTOCSY
experiment (Fig. 1c), using parameters given in Matcrials and Methods. Each data point is the mean of two independently acquired experinents.
The T, values were determined by fitting the decay of the cysteine B-proton peak volumes as a function of the total delay period T. T, values are
21.7£1.2 ms (dashed line, Cys'"%, Cys'"* and Cys'™ B-protons coupled to cadmium at 706 ppm) and 14.7 +0.4 ms (solid line, Cys*, Cys™ and Cys'®
B-protons coupled fo cadmium at 691 ppm). Inset: a directly detected 1D "*Cd NMR spectrum of LACY(61), used to directly obtain T¥ from the
half-height line widths, Data were generated using the parameters described tn Materials and Methods.

igonucleotide are averaged and used in Eq. 3, a value of
4.25 ns 1s obtained for 1. This value is exactly identical
to that previously calculated for this duplex from NOESY
data (Schweitzer et al., 1994). The agreement between the
rotational correlation times obtained from phosphorus
and proton relaxation supports the conclusion that all of
the phosphorus relaxation was due to CSA, and that
there is little contribution to the *'P T, values from chem-
ical exchange.

In B-type DNA, when the P-03' ({) conformation is
g(—60°), the C-O3 conformation () is usually t{180°)
(Dickerson and Drew, 1981). This &(t), {(g") state (also
known as the B,(t,g) conformation {Dickerson and Drew,
1981})) is the most common backbone conformation, and
represents the low-energy phosphate state (Gorenstein,
1687). The other common conformation is the &(g"), £(t)
or B, conformation, which has been shown by molecular
orbital calculations to have a 1.0 kcal/mol higher encrgy
than the B, conformation (Gorenstein et al., 1977; Goren-
stein, 1987). A ‘crankshaft’ motion interconverts B; and
B, with only a modest movement of the phosphate; mol-
ecular dynamics simulations have shown that this conver-
sion can occur on a picosecond time scale (Kaluarachchi
et al., 1991),

Roongta et al. {1990) found a linear relationship be-
tween *'P chemical shift and the C4'-C3"-Q3'-P torsional

angle € in a series of short oligodeoxyribonucleotides.
From these results, it was estimated that a phosphate in
a purely B, conformational state should have a *'P chemi-
cal shilt of ca. —4.6 ppm, whereas a phosphate in a purely
B, conformational state should have a *'P chemical shift
of ca. =3.0 ppm (Roongta et al., 1990). An analysis of *'P
chemical shifts and Jy,_p coupling constants also revealed
a positional effect on backbone conformation — phos-
phates at the end of the helix tend to have more down-
field *'P chemical shifts and more B, character, while
phosphates in the interior will have upfield chemical shilts
and nearly 100% B, conformation (Roongta et al.. 1990).
We have observed the same positional effects on the *'P
chemical shifts in the two duplexes used in this study
(Schweitzer et al., 1994); 4 notable deviation occurs at the
site of araC incorporation, where the phosphorus reson-
ance is shifted 0.4 ppm upfield.

It has been suggested that the change from a ‘pure’ B,
conformation in the interior of the helix to a mixture of
B, and B, conformations at the ends of the helix is due to
increased conformational freedom ar the ends (Goren-
stein, 1987, Roongta et al., 1990). The data presented in
this paper support this hypothesis. Figure 4 shows that
the P T, values are lower in the interior of the helix,
consistent with the greater conformational constraint
imposed by the stacked, base-paired geometry. In Fig. 35,



Y'P T, values are shown to be highly correlated with *'P
chemical shift; extrapolation from the wark by Gorenstein
and co-workers suggests that the lower T, values are
associated with a ‘static’ or stable B; conformation. On
the other hand, a higher T, value implies more frequent
transitions to a B, conformation. Thus, the lower T,
value and the upfield *'P chemical shift of the phosphate
at position 9 in the araC duplex indicate a more stable B,
conformation than found for the corresponding phos-
phate in the control duplex. To a lesser extent, this is also
the case for the phosphate at position 4. Alternatively, the
large difference in T, values at these positions may be
indicative of an intermediate exchange process, although
little, if any, broadening of these phosphorus resonances
could be observed.

Preliminary analysis of the relaxation rates using the
model-free formalism (Lipari and Szabo, 1982) with fast
internal motions suggests that the observed changes in T,
and T, along the length of the DNA duplex can be at-
tributed chiefly to a decrease in the $* order parameter at
the ends of the helix. §° is substantially increased at both
positions 4 and 9 of the araC duplex, supporting the
conclusion that backbone mobility is decreased at the site
of araC mcorporation. Further studies at different field
strengths and on DNA duplexes of different sizes are in
progress to investigate this phenomenon in more detail.
"Cd results
One interesting [eature of the GAL4 DNA-binding
domain structure (Baleja et al., 1992; Kraulis et al., 1992;
Marmorstein et al., 1992) is the presence of a pseudodyad
symmetry axis running through the center of the zinc
binuclear cluster. This symmetry is strongest in the imme-
diate vicinity of the metal-sulfur complex, with two tetra-
hedral arrangements of ligands around the metal atoms.
It is further reflected in a symmetric network of hydrogen
bonds between backbone amide protons and the cysteine
sulfur atoms (Kraulis et al., 1992; Mau et al., 1992; K.H.
Gardner and LE. Coleman, unpublished results) and in
the arrangement of protein secondary structural elements.

Although the presence of this symmetry suggests that
the two metal-binding sites are equivalent, several func-
tional differences have been observed between them.
Maximal DNA-binding affinity by GAL4 is abscrved
when two equivalents of zine are bound, yielding K,
values of approximately 10 nM for GAL4(149%) binding
to a UAS,; site (Rodgers and Coleman, 1994). However,
one of the zinc atoms can be removed from Zn,GAL4
fragments by extensively dialyzing the protein against an
EDTA-containing buffer (Gardner et al., 1991; Rodgers
and Coleman, 1994), resulting in a protein that binds
DNA with a four- to eightfold reduced affinity compared
to the /n, specics. Additionally, experiments examining
the metal exchange kinetics using radioactive isotopes of
either zinc or cadmium exhibit twe different rate constants,
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demonstrating that the two metal-binding sites have differ-
ential lability (Rodgers and Coleman, 1994). Taken to-
gether, these results suggest a greater degree of dissimilarity
than the structural studies have previously identified.

These differences appear to he echoed in the different
relaxation rates observed between the two '“Cd nuclei
bound to the LACY cysteine cluster. Possible reasons for
the differences include both geometric and dynamical
sources; we are currently evaluating other relaxation data
to identify the contributions of these two possibilities. An
interesting observation is that the T, values determined
via the heteroTOCSY technique are substantially longer
than the T values calculated from the half-height widths
of 1D "*Cd spectra (see inset in Fig. 6). Interpreting the
line widths of these spectra as T% = [/{Av ,r) generates
values of approximately 3 ms for both nuclei. As noted
previously (Kordel et al.. 1992), many other cadmium-
substituted metalloprotein systems display short T7 times,
on the order of 1 10 ms, that have been attributed to
exchange between different protein conformations. This
mechanism 1s also supported by the observation that
T,,> T, potentially due to the refocusing of exchange
processes on the millisccond time scale. We will be con-
ducting further research to define this phenomenon and
its sources.
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