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ABSTRACT

A 12 bp long GCN4-binding, self-complementary duplex
DNA d(CATGACGTCATG)2 has been investigated by
NMR spectroscopy to study the structure and dynamics
of the molecule in aqueous solution. The NMR structure
of the DNA obtained using simulated annealing and
iterative relaxation matrix calculations compares quite
closely with the X-ray structure of ATF/CREB DNA in
complex with GCN4 protein (DNA-binding domain). The
DNA is also seen to be curved in the free state and
this has a significant bearing on recognition by the
protein. The dynamic characteristics of the molecule
have been studied by 13C relaxation measurements at
natural abundance. A correlation has been observed
between sequence-dependent dynamics and recog-
nition by GCN4 protein.

INTRODUCTION

Specific protein–DNA recognition is a basic step in genetic
expression and regulation. Protein–DNA interactions have
been found to be sequence specific and one of the following
mechanisms is used to achieve this specificity (1,2): (i) hydrogen
bonding and van der Waals interactions of DNA base pairs
with protein side chains which support only the correct DNA
sequence; (ii) a sequence-dependent ability of DNA to distort
upon protein binding; (iii) reorganization of DNA into a
distorted structure bound only by the appropriate protein. This
shows the importance of knowledge of the precise structure
and the inherent dynamics of the DNA molecule for the
sequence-specific recognition process. Indeed, sequence-
dependent dynamic variations in DNA have been reported in
the literature (3,4)

The yeast transcriptional factor GCN4, belonging to a large
family of eukaryotic bZIP proteins, recognizes cognate DNA
via a motif (the leucine zipper) located at the C-terminus of its
60 residue long DNA-binding domain (5,6). The protein binds
DNA as a dimer in aqueous solution and has similar affinities
for two sequences: ATGACTCAT (AP1 site) and ATGA-
CGTCAT (ATF/CREB site) (7,8). Crystal structures of
complexes of the DNA-binding domain with both the above
sequences have been published (9,10). The structures reveal

that stabilization of the structure is attained by direct inter-
action of the protein with DNA. The protein holds the DNA
with a forcep-like arrangement, in which the two arms of the
fork are long helices, each interacting with ∼3–4 bp in the
DNA segment in a symmetrical manner. We notice that the
two recognition sequences listed above are identical except for
an additional G in the middle in the ATF/CREB sequence that
displaces the two ATGA contact surfaces by an axial translation
of 3.4 Å and a twist angle of 34°, thus providing a classic
example in which to determine the extent of adaptability of the
structures. It is observed that in the complex the CREB DNA is
bent in the middle by ∼20° and this brings the two half-sites in
the DNA into the correct positions for protein interaction. The
tertiary structure of the protein (relative orientation of the
interacting arms) also undergoes changes as compared to that
in the AP1–protein complex to accommodate an extra base
pair, with a consequent twist in the orientations of the half-
sites. The ability of GCN4 to bind to both the sequences as
specific targets could be a result of flexibility of the α-helical
segment of the protein or induced structural arrangements of
one or both of the DNA targets or intrinsic deformation of the
B-form structure of one target site. These observations suggest
that the course of the DNA backbone, its deformability and
dynamics help significantly in bringing about specific inter-
actions. With this in mind we have here investigated by NMR
the solution structure and dynamics of the ATF/CREB DNA
sequence. A previous report on the solution structure of the CREB
site DNA by NMR (11) was based on rather few NOEs for the
size of the molecule and the structure essentially represented an
unrefined model of the DNA. We also observed some differences
from our data in the stereospecific assignments of the sugar H2′
and H2′′ protons. Therefore, we have independently determined
the structure with our own NMR data and this constitutes the
basis of dynamics investigations by heteronuclear relaxation
measurements at natural abundance. The results have provided
an interesting insight into the role of local flexibility in the
recognition process.

MATERIALS AND METHODS

Sample preparation

The oligonucleotide was synthesized on an Applied Biosystems
392 automated DNA synthesizer on the 10 µM scale using
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solid phase β-cyanoethyl phosphoramidite chemistry, cleaved
from the support and purified by standard procedures (12,13).
Purity was checked by electrophoresis on a 20% polyacrylamide
gel. The sample was dissolved in 10 mM phosphate buffer
prepared in H2O or D2O to which 0.1 M NaCl and 0.1 mM
EDTA were added. Sodium 3-trimethylsilyl-(2,2,3,3-2H4)
propionate was added for internal referencing of 1H chemical
shifts.

NMR data acquisition
1H experiments. NMR data were obtained either on a Varian
Unity-plus 600 MHz or a Bruker AMX 500 MHz spectrometer.
Standard presaturation techniques were used for solvent
suppression. Phase-sensitive NOESY (14) and TOCSY (15)
spectra in D2O were recorded with mixing times of 80, 125,
160, 225, 275 and 375 ms for NOESY and 80 ms for TOCSY at
35°C with 2048 × 512 data points and 16 scans. High resolution
E-COSY (16) and DQF-COSY (17) spectra were acquired
with 4096 × 600 data points for 1H-1H coupling constants
estimation. Zero filling to 4096 × 2048 real data points and a
sine-squared bell window function shifted by 45° along both
dimensions were used for data processing by Felix v.97.0 soft-
ware (MSI).

Heteronuclear experiments. 1H-13C gradient HSQC (18) and
gradient 13C-edited TOCSY with sensitivity enhancement with
a TOCSY mixing time of 60 ms were recorded with 32–80 scans
having different spectral widths and offsets to cover the entire
13C frequency range and achieve maximum resolution along
the F1 axis. Moreover, a spectrum with a full F1 spectral width
of 24 140 Hz was also acquired for referencing purposes. Two-
dimensional 1H-31P heteroTOCSY, hetero/homoTOCSY and
heteroTOCSY-NOESY experiments (19) were recorded at 308 K
with different TOCSY mixing times and a NOESY mixing time
of 200 ms with an F1 spectral width of 270 Hz, and 320 scans
were used for averaging. Pulse sequences with different cross-
polarization mixing sequences, like DIPSI-2, DIPSI-3 and
DIPSI-2rc (20), using gradients and cw presaturation or
multiple pulse presaturation were tested. DIPSI-2rc with
multiple pulse presaturation yielded the best results.

Structure calculations

Experimental restraints. Cross-peaks in the NOESY spectra
were integrated and intensities in the low mixing time spectrum
were translated into inter-proton distances using H5-H6 cross-peaks
of Cyt as the reference (2.46 Å). A range of ±0.3 Å was allowed for
the distances to account for any errors in integration. Pseudo-
atom corrections were used for methyl and other equivalent
protons. Force constants of 100, 10 and 1 kcal/mol/rad were
fixed for strong, medium and weak peaks. Two hydrogen bond
constraints per hydrogen bond between base pairs were also used.
Further constraints were derived from analysis of the E-COSY
spectrum, which provided dihedral angle ranges for protons in
the sugar rings and indicated that the sugar geometries were in
the S-domain.

Molecular modeling and simulated annealing. Since the
coupling constant data and the sequential NOE correlations
indicated that the topology of the duplex belongs to the B-DNA
family, we decided to perform a conformational search within
this domain only, rather than wasting computational effort

doing an ab initio search from random conformations. An
initial model of double helical B-DNA structure was generated
using the Biopolymer module of InsightII v.97.0 (MSI) on a
Silicon Graphics Indigo2 workstation. The 3′- and 5′-ends
were capped to terminate biopolymer building. The energy of
the molecule was minimized first with 100 steps each of
steepest descents and conjugate gradients to remove any short
contacts in the starting structure using the Amber force field in
Discover v.97.0 (MSI). A distance-dependent dielectric
constant (1.0*r) was used. A conformational search was
performed by the following simulated annealing–restrained
molecular dynamics (rMD) protocol. The molecule was
‘heated’ to a temperature of 1000 K and equilibrated at this
temperature for 5 ps. Dynamics was continued for 50 ps during
which 15 structures were saved at regular intervals. Each of
these was then slowly cooled to 300 K in 50 K steps. At each
temperature step the molecule was equilibrated for 5 ps. At the
end of simulated annealing all the structures were energy mini-
mized by steepest descents followed by conjugate gradients
until a predefined convergence limit (RMSD < 0.001) was
reached.

Relaxation matrix refinement. These structures were then
selected to perform relaxation matrix refinement using the
IRMA (iterative relaxation matrix analysis) protocol in
Discover (21). The input data included NOE intensities from
80, 125, 160, 225 and 275 ms spectra, chemical shift assignments
and p.p.m. values for all assigned protons. Distance restraints
for pseudoatoms were not included in IRMA calculations. The
isotropic correlation time as derived from the relaxation
measurements described before was further refined to give the
best NOE build-up curve fit, which yielded a value of 3 ns. The
relaxation matrix approach entails the generation of a theoretical
relaxation matrix and a set of theoretical NOE intensities based
on an initial structure. The experimental NOE intensities measured
as a function of mixing time are supplemented with the theoretical
NOE values. A new relaxation matrix is calculated from this
mixed NOE intensity matrix and a new set of distance
restraints is deduced. These relaxation matrix calculations take
into account multi-spin effects. The refined distances obtained
from the above set of calculations are then used in a short rMD
protocol to generate the starting structure for the next IRMA
cycle. The full relaxation matrix calculations are carried out
again and the distances are refined further. These second round
refined distances are used once more in a rMD protocol,
completing the IRMA loop for a second time. The cycle is then
repeated until convergence is reached. Convergence is determined
via the R factors (a measure of the difference between the theo-
retical and experimental NOE intensities) which are calculated
during each IRMA loop. Once an R factor does not decrease
significantly over two or three cycles, the IRMA procedure is
complete. The most important R factor is R1, which is defined as

R1 = [�i,jWij(τm)Aij
calc(τm) – Aij

exp(τm)]/[�i,jWij(τm)Aij
exp(τm)]

where Aij is the intensity of the cross-peak between the two
protons i and j for a given NOESY mixing time τm and Wij are
the weight factors included to make allowance for errors in
experimental intensities. RMSD analysis and restraints violation
statistics were generated for all the structures along with meas-
urements of dihedral angles and other structural parameters.
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Relaxation measurements
13C T1, T2 and steady-state {1H}-13C NOEs were measured
following established methods (22–24), which use pulse field
gradients for coherence transfer pathway selection combined
with sensitivity enhancement (25,26). Quadrature detection
along the indirectly detected dimension was achieved by the
States-TPPI method (27). T1 and T2 spectra were recorded as
100 × 2048 complex matrices with 96 scans per complex t1
point and spectral widths of 3500 Hz and 8000 Hz in the F1 and
F2 dimensions with recycle delays of 2 and 1.5 s (including
acquisition time), respectively. For T1 measurements 13 experi-
ments with inversion recovery delays of 10.016, 20.032,
40.064, 60.096, 90.144, 110.176, 140.224, 220.320, 290.464,
390.624, 490.684, 590.944 and 691.104 ms were recorded. For
T2 measurements 10 experiments with nine transverse relaxation
delays of 8.382, 16.765, 25.147, 33.530, 41.912, 58.677,
67.059, 83.824, 92.206, 108.971 and 117.354 ms were
recorded. Two spectra, one with and one without 1H saturation,
with 256 transients for each complex t1 point were recorded to
yield steady-state {1H}-13C NOEs. Spectral width along the F1
and F2 dimensions and the matrix sizes were the same as used
in the T1 and T2 experiments. A recycle delay of 5 s was used
for the spectrum recorded in the absence of proton saturation,
whereas a 2 s recycle delay followed by a 3 s period of proton
saturation was used in the NOE experiment. 1H saturation was
achieved with a burst of 120° 1H pulses at 5 ms intervals (28).

Relaxation rate constants and NOE enhancements were
calculated from peak heights in the cross-sections through the
HSQC spectra. The relaxation rate constants were obtained from
non-linear fits of monoexponential functions for longitudinal and
transverse relaxation using the Levenburg–Marquardt algorithm.
The measured peak intensities for different delays from the T1
and T2 experiments were fitted to

I(t) = a + b exp(–R1,2t)

where I(t) is the intensity at time t, a is the intensity corre-
sponding to the steady-state value of the magnetization, a + b
is the magnetization value at the beginning of the relaxation
period t and R1 = 1/T1 and R2 = 1/T2 are the phenomenological
spin-lattice and spin-spin rate constants. The errors in
estimating R1 and R2 were obtained as standard errors from the
Levenburg–Marquardt algorithm. The steady-state {1H}-13C
NOEs were calculated as

NOE = Isat/Ieq

where Isat and Ieq are the intensities of a peak from the spectra
with and without 1H saturation, respectively. The uncertainty
in the NOE values was obtained by recording duplicate spectra
and analyzing in a similar way.

Analysis of relaxation data and model-free parameters

The relaxation of a methine 13C nucleus at natural abundance at
high field strengths is dominated by the dipolar interaction
with the directly attached proton and by the chemical shift
anisotropy (CSA) mechanism (29). The dipolar relaxation rate
constants and steady-state NOE are described in terms of five
spectral density functions J(ω) at frequencies ωH, ωC, ωH + ωC,
ωH – ωC and J(0). The CSA (σ�� – σ⊥) value depends on the
type and hybridization of the atom. For a sp3-hybridized C1′
carbon the value is 41 p.p.m. (30). To calculate these five
unknown spectral density functions five known experimental

values are required. However, generally the experimental
relaxation data available are insufficient and, to circumvent
this problem, Lipari and Szabo proposed a model-free
formalism (31,32), which was subsequently extended by Clore
et al. (33) to obtain better fits to experimental data. The spectral
density function is described in terms of a certain number of
dynamic variables: the order parameter (S2), internal correlation
time (τe) and overall correlation time (τm). Conformational
exchange rates are also included where needed. Depending
upon the symmetry of the molecule the diffusion tensors are
different and they also contribute to the spectral densities. A
duplex DNA molecule that has a cylindrical shape can be aptly
described by an axially symmetrical diffusion tensor. Therefore,
model-free calculations were performed assuming an axially
symmetrical diffusion tensor using Model-free v.4.0 and the
associated suite of programs provided by Dr A. G. Palmer. We
also calculated the model-free parameters under the assumption of
isotropic rotational diffusion for the purpose of comparison
with results from the axially symmetrical tensor.

We analyzed the relaxation data following the protocol of
Mandel et al. (34), according to which five different dynamic
models can be used to fit the data. Initially the diffusion tensor
[or overall rotational correlation time (τm) in the case of the
isotropic model] was evaluated using the solution structure of
the molecule and the R2/R1 ratios; for the isotropic case the
solution structure is not required. Then, for each residue a
model with the minimum number of parameters required to fit
the experimental R1, R2 and NOE data was selected. After this,
the diffusion tensor (correlation time in the case of the
isotropic model) parameters were optimized along with the
motional parameters using the Powell minimization algorithm.
At each step the fit was monitored by the χ2 function given by

χ2 = �[{(R1i – R1i
c)2/σ1i

2} + {(R2i – R2i
c)2/σ2i

2} + {(NOEi – NOEi
c)2/

} =

where the index i stands for the spin number, σ1i, σ2i and σNOEi
are the uncertainties in the experimental relaxation parameters R1i,
R2i and NOEi, , and NOEi

c are the respective calculated
relaxation parameters and Γi is the sum squared error for spin
number i. Monte Carlo simulations using 300–500 randomly
distributed synthetic data sets for , and NOEi

c were used
to assess the goodness of fit and to calculate the statistical
properties, like random error in the model-free parameters
arising from experimental uncertainties.

RESULTS AND DISCUSSION

Resonance assignments

Exchangeable and non-exchangeable, except for H5′ and H5′′,
resonance assignments were obtained from standard protocols
(35,36) based on TOCSY and NOESY experiments. Stereo-
specific assignments of the H2′/H2′′ protons were obtained on
the basis that the H1′–H2′′ NOE is always stronger than the
H1′–H2′ NOE at short mixing times, since the former corre-
sponds to a shorter distance than the latter, irrespective of the
sugar geometry. Assignment of the H5′ and H5′′ protons was
hampered due to extensive overlap. These were obtained using
1H-31P correlation experiments. 1H-31P TOCSY experiments
yield bond sequential assignments of 31P nuclei in DNAs (37):
H3′(i)→31P(i + 1)→[H5′, H5′′, H4′(i + 1)]→H3′(i + 1). Hence,

σNOEi
2 Γi

i
�

Rli
c

R2i
c

Rli
c

R2i
c
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correlation is obtained between H3′ protons on the adjacent
residues through the in-between 31P nucleus. These connections in
the present DNA are shown in Figure 1. These were then utilized
in a 7 ms heteroTOCSY experiment to obtain assignments of the
3′-end directly coupled H4′ protons, which in turn provide H5′/H5′′
assignments. Assignments of H5′/H5′′ resonances do not have
stereospecificity and H5′ is assumed to resonate downfield
from H5′′ (38). The heteroTOCSY-NOESY experiment provided
additional confirmation of all the assignments via the sequential
H1′ connectivities (data not shown).

13C assignments, which are necessary for dynamics studies,
were obtained through HSQC and 13C-edited TOCSY experiments,
where the latter could resolve some of the overlapping peaks.
For instance, Cyt C6 carbon chemical shifts were immediately
assignable because of magnetization transfer from H6 to H5
protons, which fall in a unique region of the HSQC spectrum.
Moreover, C2′ carbon chemical shifts could be easily assigned
on the basis of H1′ proton chemical shifts from the H2′/H2′′ to
H1′ cross-peaks. Table S1 in Supplementary Material summarizes
the complete set of proton, carbon and phosphorus assignments
obtained for the DNA.

Sugar geometries

Sugar geometry information for the individual nucleotide units
was obtained from the analysis of E-COSY spectra. It was
observed that the H1′-H2′, H1′-H2′′, H2′-H3′ and H2′′-H3′
coupling constant values were closer to the values expected for
the S-domain (B-DNA) rather than the N-domain (A-DNA)
geometry. On this basis, qualitative ranges derived for the
sugar geometries were considered sufficient as constraints and
any selection of the dominant geometries from NOE-based
simulations would have to satisfy these limits.

Structure of the DNA

The structure of the DNA was calculated using simulated
annealing–rMD and the IRMA refinement protocol as
described in Materials and Methods. In two cycles of IRMA
calculations the NOE R1 factor decreased to ∼0.35 and did not
change significantly thereafter. The input and structure convergence
parameters are listed in Table 1. Figure 2 shows a super-
position of the final 15 structures and a comparison with the
standard B-DNA structure for the same sequence. It is interesting
to see that the DNA is curved. Various structural parameters like
global and local axis, base axis, base pair axis, base–base, intra-
base and inter-base pair parameters, global axis, backbone and
groove parameters were determined for the minimized average
structure using the CURVES 5.0 program (39; data not
shown). The sugar geometries for the different nucleotides
show variations, but within the S-domain. The major groove is
compressed and the minor groove is widened, which is a result
of curvature in the DNA. Such a ‘bending’ of the DNA in the
free state as seen here has also been observed by Paolella et al.
(2) using a circular permutation assay and phase-dependent
effects on electrophoretic mobility. Their results indicate that
in solution the center of the CREB binding sequence is bent
towards the major groove in the complex by a bend angle of
13°. Figure 3 shows a superposition of the average solution state
structure over that in the X-ray structure of the ATF/CREB site
DNA–GCN4 protein complex. The two structures are largely
similar except for small differences in the trace of the back-
bone in the middle. This could be a consequence of complex
formation.

Dynamics of the DNA

We have investigated the dynamics of the DNA by relaxation
measurements. Figure 4 shows the H1′-C1′ cross-peaks used to
monitor relaxation at C1′ sites in the DNA and Figure 5 shows
illustrative R1 and R2 fitting curves. We analyzed the data using

Figure 1. 1H-31P TOCSY spectrum displaying sequential walk via H3′-31P
correlation. The labels identify correlations from each H3′ to its neighboring
phosphorus atom at the 3′-end.

Figure 2. Visual comparison of the solution structure (15 final structures
superimposed) of the cognate DNA (left) with a standard B-DNA structure
(right) of the same sequence. The bend in the solution structure is clearly seen.



Nucleic Acids Research, 2001, Vol. 29, No. 2 503

both isotropic and axially symmetrical rotational diffusion
tensors as described in Materials and Methods. Interestingly,
we observed that the general qualitative conclusions with
regard to order parameters were essentially the same in both
cases. There were, however, small differences in the internal
motional and exchange characteristics between the two cases.
This is in accordance with earlier results from simulations by
Schurr et al. (40), which showed that neglecting anisotropies
results in overestimation of internal motions and exchange
contributions to the relaxation data. In the following we
discuss only the results from the axially symmetrical diffusion
tensor.

Table 2 lists the relaxation parameters (A) and the model-
free parameters (B) extracted as described in Materials and
Methods for the case of the axially symmetrical diffusion

tensor. The sites of C6 and C9 could not be monitored due to
overlap of the two peaks in the 1H-13C HSQC spectrum and for
C1 NOE data are absent. The global τm of the 12mer DNA was
estimated to be 3.15 ns. With regard to other model-free
parameters we see a sequence-dependent microheterogeneity
in the dynamics of the DNA. On average C1′ atoms are
constrained on slow time scale motion. Different motional
models (34) were required for the different residues, indicating
that there are differences in the motional behaviors along the

Figure 3. Superposition of solution structure of GCN4 cognate DNA (blue)
over the DNA in the ATF/CREB–GCN4 complex.

Table 1. NMR restraints and convergence statistics for GCN4 cognate DNA

Constraints

NOE intensities

all 290 (145 per strand)

intra-nucleotide 206

sequential 84

hydrogen bond distances 60

Number of convergent structures 15

Average R1 factor 0.35 ± 0.02

RMSDs with average structure (Å) 0.17 ± 0.15

Average pairwise RMSD (Å) 0.31 ± 0.11

Figure 4. 1H-13C HSQC spectrum displaying cross-peaks used for monitoring
relaxation at C1′ sites in the GCN4 cognate DNA.

Figure 5. 13C relaxation data for the GCN4 DNA: (a) R2 relaxation decay curve
for residue T11 and (b) R1 relaxation decay curve for residue T3.



504 Nucleic Acids Research, 2001, Vol. 29, No. 2

sequence of the molecule. There is a clear gradation in the
order parameters, being low for the terminal three or four
residues and high for the interior residues. Exchange contributions,
which reflect µs time scale motions, are seen for residues A2,
G4, A5, A10 and T11. Likewise, ps time scale motions are
seen for residues A2, T3, G4, G7, T8, A10 and G12.

The half-site recognition sequence of GCN4 is ATGA and it
was found that T3 plays a key role in the recognition process
by GCN4 protein (9). It is interesting to note in our results that
A2, T3 and G4 and their complementary units are quite
dynamic in nature, as reflected by the low order parameter
values. Mutagenesis studies (41) have shown that proteins
mutated at conserved sites still bind to these DNA sequences,
indicating the flexible nature of the DNA enabling it to make
new contacts. Our results concur with this observation.

CONCLUSIONS

In this paper we have described detailed NMR investigations
on the high resolution structure and residue level dynamics of
GCN4 cognate DNA. This system is unique in the sense that
the protein has nearly similar affinities for two DNA sequences
termed AP1 and ATF/CREB, respectively, which differ in only
one base pair in the middle; the ATF/CREB sequence has an
extra base pair in the center of the recognition sequence. The
NMR structure determined with high precision indicated that

the ATF/CREB DNA is inherently bent in the middle. This feature
is probably what helps GCN4 protein recognize ATF/CREB as
well as AP1 sequences without having to undergo large
structural changes itself. The relaxation dynamics results have
shown that the DNA has a fair amount of flexibility and this
coincides with the recognition half-sites. These would introduce
substantial variability in DNA deformation and thus would be
of significance for recognition and regulation processes.

SUPPLEMENTARY MATERIAL

Table S1 of chemical shifts of all assigned nuclei is available
as Supplementary Material at NAR Online.
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