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NMR Structural Refinement of a Tandem G-A Mismatched Decamer
d(CCAAGATTGG), via the Hybrid Matrix Procedure’
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ABSTRACT: A complete relaxation matrix approach employing a matrix eigenvalue/eigenvector solution
to the Bloch equations is used to evaluate the NMR solution structure of a tandemly positioned G-A double
mismatch decamer oligodeoxyribonucleotide duplex, d(CCAAGATTGG),. An iterative refinement method
using a hybrid relaxation matrix combined with restrained molecular dynamics calculations is shown to
provide structures having good agreement with the experimentally derived structures. Distances incorporated
into the MD simulations have been calculated from the relaxation rate matrix evaluated from a hybrid
NOESY volume matrix whose elements are obtained from the merging of experimental and calculated
NOESY intensities. Starting from both A- and B-DNA and mismatch syn and anti models, it is possible
to calculate structures that are in good atomic RMS agreement with each other (<1.6 A RMS) but differ
from the reported crystal structure (>3.6 A). Importantly, the hybrid matrix derived structures are in excellent
agreement with the experimental solution conformation as determined by comparison of the 200-ms simulated
and experimental NOESY spectra, while the crystallographic data provide spectra that are grossly different.

Mismatched bases in DNA are naturally occurring, and
while they may lead to mutations during replication and
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transcription, they are also known to be repaired. The effi-
ciency of repair of mismatched bases appears to be dependent
upon both the nature of the mismatch and the sequences
flanking the mismatch. The G-A-type mismatch has been
shown to reflect these observations (Kramer et al.,, 1984;
Fazakerley, 1986) and thus provides an excellent model to
decipher the fine structural characteristics that impart its
unique recognizable properties.

The G-A mismatches have been shown to adopt three grossly
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CCAAGATTGG
GGTTAGAACC

A(anti) - - G(anti)

A(syn) - - G(Anti)

FIGURE 1; Nucleoside G-A base pair in either (left) G,pi/Aqn conformation or (right) G,py/Agy, conformation for the decamer duplex,

d(C'CIA3AG AT TEGG'9),

different conformations, G,u—Aanis Ganti—Asynr 2nd Gygn=Agnis
in both the crystal and solution states. It has been demon-
strated that the guanine base at the site of the G-A mismatch
in the dodecamer d(CGGGAATTCACG), is oriented in a syn
conformation under acidic conditions in solution (Gao & Patel,
1988). The high-resolution three-dimensional crystal struc-
tures of G-A mismatched duplexes have been reported for a
dodecamer, d(CGCGAATTAGCG), (Brown et al., 1986), and
the tandem mismatch d(CCAAGATTGG), (Prive et al,,
1987). The dodecamer was found to exist in the G u—Agy,
conformation while the latter, henceforth referred to as the
decamer, adopted the G,,;—A,,; conformation (Figure 1).

Although the crystal structure agrees qualitatively with the
NMR solution conformation reported for the duplex decamer,
d(CCAAGATTGG), (Kan et al., 1983; Nikonowicz & Gor-
enstein, 1990), details of the solution conformation have not
been addressed. Because the G,ui—Auni and G,p—Agy,
structures (syn and anti) are energetically quite similar, the
possibility of the existence of both conformations in solution
cannot be excluded. Thus, detailed structural analysis by 2D
NMR data has been undertaken without predisposition of the
model structures toward the anti conformation.

Principally, solution structures have been obtained by
evaluation of interproton distances from 2D NMR nuclear
Overhauser effect spectroscopy (NOESY) (Clore & Gro-
nenborn, 1989). Most often this depends upon the so-called
“two-spin approximation” (Clore & Gronenborn, 1985;
Wuthrich, 1986; Nilsson et al., 1986). The approximation
requires that the NOESY-derived distances be obtained from
vanishingly short experimental mixing times, where the buildup
of NOE intensity is proportional to the inverse sixth power
of the interproton distance and the effects of spin diffusion
(NOE intensity mediated by multiple relaxation pathways)
are minimal. Because many of the structurally important
longer range NOEs are not observed at these short mixing
times, the usc of the two-spin approximation has raised concern
over the validity of highly refined NMR structures derived
by this methodology (Keepers & James, 1984; Nikonowicz
et al., 1989a,b, 1990; Gorenstein et al., 1990).

In order to obtain a large number of more accurate dis-
tances, we have invoked the use of a complete relaxation matrix
approach for solving the Bloch equations of magnetization.
The matrix approach removes the effects of spin diffusion,
allowing the measurement of interproton distance with a higher
degree of precision and accuracy (Bothner-by & Noggle, 1979;
Nikonowicz et al., 1989a, 1990; Gorenstein et al., 1990;
Keepers & James, 1984). However, the use of the relaxation
matrix method is sensitive to the completeness of the exper-
imental NOESY data (Post et al., 1990). One solution to this
problem is provided by a “hybrid matrix approach”.

The hybrid matrix approach (Boelens et al., 1988, 1989;

Gorenstein et al., 1990; Nikonowicz et al., 1989a, 1990) ad-
dresses the problem of incomplete experimental data by com-
bining the information from the experimental NOESY vol-
umes, v,?}"’, and calculated volumes, UZ The v,°-j matrix elements
may be derived from a structure refined from a two-spin
analysis of the NOESY data. This hybrid volume matrix, V®,
is used to calculate the relaxation rate matrix. Distances
derived from this hybrid relaxation rate matrix are then
utilized as constraints in a restrained molecular dynamics
simulation. This process is repeated until a satisfactory
agreement between the calculated and observed cross-peak
volumes is obtained. We demonstrate the application of the
hybrid matrix methodology to the solution structure of the
tandem G-A mismatched decamer oligodeoxyribonucleotide
duplex, d(CCAAGATTGG),. When the solution NMR data
of the decamer are analyzed by the hybrid matrix metho-
dology, we observe structures similar in appearance to that
seen in the crystalline state. However, application of the
two-spin approximation analysis, using 80-ms NOESY data,
produces structures that are quite different (as measured by
the RMS deviation of all atom Cartesian coordinates) from
the hybrid matrix solution structure as well as the crystallo-
graphically determined structure. Further, criteria established
to measure the validity of refined structures indicate that some
structural differences do exist between the decamer in the
crystalline state and in the solution state.

EXPERIMENTAL PROCEDURES

Synthesis and Sample Preparation. The self-complemen-
tary decamer duplex (/CCAAGATTGG), was synthesized by
a manual modification of the phosphite triester method on a
solid support as previously described (Lai et al., 1984; Niko-
nowicz & Gorenstein, 1990; Schroeder et al., 1987; Shah et
al., 1984a,b).

NMR. The TOCSY and NOESY spectra were recorded
on a Varian VXR500 (500-MHz 'H) spectrometer at 22 °C
as previously described (Nikonowicz & Gorenstein, 1990).
Typically 48 transients were acquired for each FID. NOESY
buildup curves were recorded on a Varian VXR600S (600-
MHz 'H) spectrometer with 4096 complex points in #,, 512
(256 real) increments in ¢, and a recycle delay of 5.5s. The
T, experiments were also collected on a Varian VXR600S
spectrometer with 16K data points. A nonselective = inversion
pulse with a recovery time of 40 s was used. A total of 16
different delay times were used ranging from 0.125 to 32 s.

NOESY Distance Restrained Molecular Mechanics/Dy-
namics Calculations of the Duplex. Model A- and B-DNA
duplexes of the sequence d(CCAAGATTGG), were con-
structed by using the molecular mechanics/dynamics program
AMBER3 (Weiner & Kollman, 1981), and the duplexes were
then modified to accommodate the A6 adenosine base in either
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an anti or syn form by using the molecular modeling program
MIDAS (Ferrin & Langridge, 1980), operating on a Silicon
Graphics Iris 3030 workstation. NOESY distance constraints
were incorporated into the potential energy function of the
AMBER3 program through addition of a flatwell potential
(Gorenstein et al., 1990). The different model-built structures
were then energy refined with either 162 80-ms NOESY
constraints or 260 200-ms NOESY constraints until a RMS
gradient of 0.1 kcal mol™! A~! was achieved or until the change
in energy was less than 1.0 X 1077 kcal mol™! for successive
steps.

All energy minimization and restrained molecular dynamics
calculations were carried out in vacuo by using AMBER3 on Vax
3200 Workstation computers. The molecular dynamics (MD)
calculations were performed in 6-ps blocks by stepping the
temperature from 400 K during the first 2 ps down to 300 K
for the final 2 ps and scaling the velocities to maintain constant
temperature. During each 6-ps MD block, which was de-
termined to be the minimum time necessary for each iterative
equilibration cycle, the force constants and percent errors of
the constraining distances were reset after 3 ps. A Maxwellian
distribution was used to calculate the initial velocities at 10
K, and the random-number seed was incremented by 7 for each
iteration. The time step for the integration was set to 1 fs,
and coordinates were stored every 50 steps. The residue-based
cutoff distance for nonbonded pairs was set to 8.5 A, and a
distance-dependent dielectric was used to simulate the effect
of solvent.

Hybrid Matrix/MORASS Refinement of Structures. The
relaxation matrix program MORASS (multiple Overhauser re-
laxation analysis and simulation) (Post et al., 1989) was used
to calculate volume and rate matrices as well as implement
the hybrid matrix methodology (Figure 2).

Typically, the well-resolved and measurable cross-peaks in
the NOESY spectrum replace the corresponding cross-peaks
in the calculated volume matrix, while overlapping or weak
cross-peaks and diagonals are retained from the calculated
spectrum. This hybrid volume matrix, V?®, is then used to
evaluate the rate matrix, whose off-diagonal elements include
the effects of spin diffusion. Distances derived from this hybrid
relaxation rate matrix (we assume a single isotropic correlation
time of 3.6 ns) are then utilized as constraints in a 6-ps re-
strained molecular dynamics simulation. Energy minimization
of the averaged last 2 ps of structures, derived from molecular
dynamics, completes one cycle of refinement. This process
is repeated until a satisfactory agreement between the calcu-
lated and observed cross-peak volumes is obtained. As shown
by our laboratory (Nikonowicz et al., 1989a, 1990; Gorenstein
et al., 1990) and others (Boelens et al., 1988, 1989), three to
five iterations appear to be adequate to achieve convergence
to a “refined” structure.

Convergence is monitored by using the equation

% RMS,y = \/(I/N)ﬁ[(v?j
iy

vh) /0812 X 100 (1)

where % RMS,,,, = % RMS,,. when a = the calculated volume
and b = the experimental volume and % RMS,, = % RMS,,,
when a = the experimental volume and b = the calculated
volume.

Convergence is achieved when the % RMS,, is within the
reliability of the experimental volume measurement. Since
most structurally important distances are those from longer
range NOEs, and since these small off-diagonal volumes (<2%
of the diagonal volumes) are the most sensitive to experimental
noise, we feel an acceptable RMS error is 20%-45%.
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FIGURE 2: Schematlc descrlptlon of the hybrid relaxation matrix
method. A hybrid volume matrix, V™®, is created by replacing the
theoretical volume matrix elements Vme with the well-resolved ex-
perimental volume matrix elements V.. The relaxation matrix
program MORASS is used to calculate the hybrid (a/p) rate matrix
from the hybrld volume matrix (Vy,,). Distances from the rate matrix
are then used in a restrained molecular dynamics refinement (AMBER)
to yield a new set of coordinates that are used to calculate new
theoretical volume and rate matrices. Iteration continues until the
experimental and theoretical NOESY volume matrices converge.

Interproton distances are calculated from the 'H dipolar
cross-relaxation rate

742

% = o/ 2e) = JO)) 2)

where

Jw) = —=
w) =
1+ wz‘rc2

RESULTS AND DISCUSSION

G it Aani; Nature of the Mismatch. Evidence for the general
conformation of this G:A mismatch in solution was first
presented by Kan et al. (1983). The appearance of an NOE
peak between A6 H2 and the G5 H1 imino proton indicated
that the mismatched G and A residues were oriented in an
anti conformation. Qualitative inspection of the NOESY
spectra also indicates that both the G5 and A6 residues are
oriented in the anti—anti conformation (Nikonowicz & Gor-
enstein, 1990). Also notable in these spectra were the highly
upfield shifted G5 H1’ resonance and the rather broad reso-
nances A6 H8 and A6 HI".

As previously reported (Nikonowicz & Gorenstein, 1990),
NOESY spectra were collected at mixing times of 60-800 ms
in D,O. Although, at a mixing time of 200 ms, sequential
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connectivities in the base—H1’ region were unbroken and in-
dicated a typical B-form DNA, the 400- and 800-ms mixing
time NOESY spectra were used to assign the decamer. A
120-ms NOESY spectrum recorded in H,O at 5 °C confirmed
the previously assigned exchangeable imino protons (Kan et
al., 1983) and the hydrogen-bonded state of the duplex.
Additionally, the relative intensities of cross-peaks involving
the A6 H8 proton and the H6/H8 protons of the remaining
residues in the base-H1’ and base-H2’,H2" regions were found
to be quite comparable to those measured in D,O at 20 °C.
Due to problems associated with proton exchange, the H,0O
spectrum has been used only for qualitative purposes at this
time. Additionally, the method of water suppression (Sklenar
& Bax, 1987) complicates the extraction of accurate volumes
from the NOESY spectrum.

The T, relaxation times for resolved H1’, HS, H6, and H8
proton resonances vary between 1.8 and 2.6 s, whereas those
of the adenosine H2 protons are 5.2-5.3 s. The relaxation
times of the A6 residue protons are not exceptional, suggesting
that there is nothing unusual in terms of their solvation or
motional properties.

Molecular Modeling of the Decamer Duplex. Four alter-
native models for the decamer were considered, which we will
define as the B-DNA,,; (BA), B-DNA,,, (BS), A-DNA,;
(AA), and A-DNA, (AS) conformations. We have mod-
el-built Arnott A-DNA and B-DNA decamer duplexes with
the NUCGEN module of AMBER. To create the syn conformers
of the duplexes, the A6 base residues on each strand were
rotated 180° about the N9-CI’ bond with the molecular
modeling program MIDAS (Ferrin & Langridge, 1980). Un-
favorable van der Waals interactions were relieved for all four
model-built structures by energy minimization without con-
straints until RMS gradient of 0.1 kcal mol™ A~! was achieved.

Initial two-spin distance constraints were calculated by in-
tegrating the cross-peak volumes from the 80-ms NOESY
spectrum and by using the cytidine H5-H6 cross-peak volumes
as distance rulers (2.46 A). The NOESY-derived distances
were then incorporated into a distance-constrained energy
minimization (using a flatwell harmonic function modified
AMBER; Gorenstein et al.,, 1990) of the decamer duplex
structures.

Two-Spin Approximation Analysis. A total of 162 80-ms
NOESY distances (81 per strand) were used as input con-
straints for the flatwell-modified restrained MD runs. Six
picoseconds of 400-300 K MD was carried out on each of the
minimized model-built structures, followed by averaging and
minimization of the coordinates generated during the final 2
ps. This procedure was repeated for a total of 36 ps. The three
terminal base pairs were each constrained with an imino hy-
drogen bond, even though the H,0 spectrum clearly indicates
that all imino protons were in base-paired hydrogen bonds.
This was done in order to ensure that the central G-A base
pair would have adequate freedom of movement/rotation
throughout the dynamics procedure and thus would not be
biased toward a particular structure. The harmonic force
constants and error limits of the NOESY constraints are listed
in Table I. The A6 residue remained in the anti conformation
after the first 6 ps of “two-spin” constrained MD in the AA
and BA starting structures. However, there were sufficient
constraints in the G+A mismatch region to “pull” the A6
residue of the AS and BS starting structures from a syn to
the anti orientation. Interestingly, when molecular dynamics
is performed on the four starting structures, with a total of
six imino proton hydrogen-bond constraints (the central
ApGpApTp residues are left untethered) and no interproton
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distance restraints, the A6 residues of structures AA and BA
remain anti and the A6 residues of the AS and BS structures
remain syn (Figure 1).

Hybrid Matrix and Restrained Molecular Dynamics
Calculations. In order to obtain additional and more accu-
rately integrated NOESY cross-peaks for further refinement
of the structures, we have used the 200-ms NOESY spectrum
where the cross-peaks have greater signal-to-noise and hence
lower integration errors. Unfortunately, as described previ-
ously, spin diffusion effects at this point introduce considerable
errors in the distances calculated from the isolated two-spin
approximation methodology (Post et al., 1990; Gorenstein et
al., 1990; Nikonowicz et al., 1990).

Therefore, the complete hybrid relaxation matrix procedure
was employed to correct for multispin effects at this longer
mixing time. At 200 ms, 260 NOESY constraints (per duplex)
were measured. Only those cross-peaks that could be ade-
quately resolved from overlapping peaks were included. An
additional eight imino hydrogen-bond constraints (the central
GA base pair imino protons were not included) were added,
and a total of 268 distance restraints were incorporated into
the next stage of the refinement. The initial structures for
MORASS refinement were the four model geometries that were
subjected to 6 ps of restrained molecular dynamics (MD)
equilibration in which distance constraints from the two-spin
data were used. The typical refinement follows the iterative
merged matrix/restrained molecular dynamics methodology
incorporating the NOESY distance constraints as described
previously (Boelens et al., 1988, 1989; Nikonowicz et al.,
1989a, 1990; Gorenstein et al., 1990). A stepwise or per-
turbational merging was implemented to improve the diago-
nalization behavior of the hybrid volume matrix (Nikonowicz
et al., 1989a, 1990; Gorenstein et al., 1990). The perturba-
tional approach involves the substitution of only a fraction of
the experimentally determined volumes. This “gentle nudging”
of the intermediate structures avoids dramatic changes in one
iteration that can produce an ill-conditioned mathematical
problem during the transformation of the incorrect initial
structure to the final structure. Full merging occurred by the
third iteration.

This basic iterative scheme was followed until the % RMS,
(eq 1) converged to a limiting value as outlined in Table L.
After each cycle, the distance-constraining pseudo force con-
stants were gradually increased from 10 to 20 kcal mol™! A2
(however, the eight hydrogen bonds of the imino protons were
kept at a constant 1.93 + 0.30 A with a 25.0 kcal mol™! A2
constraining force constant) and the estimated error brackets
were gradually decreased from 15% to 6%. Table I lists en-
ergies and % RMS,, for each of the structures considered.

One approach for obtaining the interproton distances, r;;,
from the cross-relaxation rates, oy, is to use a ratio as shown
in eq 3 (Boelens et al., 1988, 1989).

— = 3)

Thi O
Our approach, however, as seen in eq 2, is to directly cal-
culate the interproton distances from the relaxation rates.
Thus, it is necessary to include a correlation time in our dis-
tance calculations. We have based our correlation time on
the Stokes—Einstein relation as well as estimates from the 'H
T, relaxation times. We have shown (Meadows et al., in
preparation) that, with proper scaling of the experimental to
the theoretically calculated volumes, an incorrect estimate of
7. has negligible effects on the derived distances, within limits
(up to mixing times between 250 and 300 ms for values of 7,
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Table I: Comparison of MORASS/Restrained MD Refinement from Four Different Starting Structures
Restrained MD on 10-mer (Atnott A-DNA)

E.t Ef constr % RMS, flatwell param/
structure? (kcal/mol) (no constr) energy? (% Ripe/% Rexp) kS (% err)
Residue A6 Starting in Anti Conformation
AAMODEL ~723 =723 160/147
AA2S -615 -728 67 256 /66 10/14 15/12
AAMI -496 =705 115 78/65 12/16 14/10
AAMII -538 =717 90 71/75 12/16 13/10
AAMIN -473 -711 123 61/71 14/18 12/8
AAMIV -529 =729 102 55/66 16/20 10/7
AAMY -521 -734 91 59/70 18/20 8/6
AAFINAL -490 -736 48 42/45 20/40 6
Residue A6 Starting in Syn Conformation
ASMODEL -583 -583 4719/204
AS2S -569 -635 63 434/65 10/14 15/12
ASMI ~521 -625 100 82/77 12/16 14/10
ASMII -547 -660 101 71/74 12/16 13/10
ASMIII -527 -688 105 64/78 14/18 12/8
ASMIV -546 -676 73 58/74 16/20 10/7
ASMV -530 =700 80 63/69 18/20 8/6
ASFINAL -487 =723 45 47/61 20/40 6
Restrained MD on 10-mer (Arnott B-DNA)
Eod Ewf constr % RMS, ¢ flatwell param/
structure? (kcal/mol) (no constr) energy? (% Rine/% Rexp) k/ (% err)
Residue A6 Starting in Anti Conformation
BAMODEL -759 =759 173/90
BA2S -629 -736 41 339/67 10/14 15/12
BAMI -602 -731 57 190/74 12/16 14/10
BAMII -507 -706 99 74/72 12/16 14/11
BAMIII -483 =730 105 54/111 14/18 13/9
BAMIV -546 -735 72 54/73 16/20 11/7
BAMY -525 =720 76 53/79 18/20 8/6
BAFINAL -470 -740 53 41/51 20/40 6
Residue A6 Starting in Syn Conformation
BSMODEL -728 -728 15100/132
BS2S 065 -724 45 432/64 10/14 15/12
BSMI -583 -692 57 365/64 12/16 14/10
BSMII -497 -690 92 54/61 12/16 14/11
BSMIII -541 =710 71 48/72 14/18 13/9
BSMIV -502 -695 82 44/72 16/20 11/7
BSMV -520 -705 49 48/72 18/20 8/6
BSFINAL =518 ~-732 43 47/58 20/40 6
Two-Spin and Imino Hydrogen-Bonded Final Structures from Each of the Four Model Structures
Ei? E\oe constr % RMS, o flatwell param/
structurcé (kcal/mol) (no constr) energy? (% Ripe/% Rexp) kS (% err)
AA2SFNL -664 =702 25 231/133 10 15
AS2SFNL -677 -706 24 322/98 10 15
BA2SFNL -685 =750 11 223/67 10 15
BS2SFNL -629 -744 57 230/110 10/14 15/12
AAHBND =770 =770 0.0 1108/114 18 25
ASHBND -747 =747 0.0 4455-143 18 25
BAHBND -774 -774 0.0 200/94 18 25
BSHBND =752 =752 0.0 12200/137 18 25

2Structurc at various refinement cycles: AA, initial A-DNA model with anti A6 residues; AS, initial A-DNA model with syn A6 residues; BA,
initial B-DNA modecl with anti A6 residues; BS, initial B-DNA model with syn A6 residues; 2S, two-spin constrained structures; MODEL, model-
built structures; FNL and FINAL, final structures; HBND, only six imino proton hydrogen-bond constraints, the central four residues remaining
unconstraincd; M, merge matrix iterations; roman numerals represent the refinement cycle. Total energy (kcal/mol) including the NOESY distance
constraint term. The structures during the last 2 ps of a 6-ps restrained molecular dynamics simulation (300 K) were averaged and then subjected
to distance-constrained molecular mechanics (MM) energy minimization, until the RMS gradient was less than 0.1 kcal moi™! A~! or until the change
in cnergy was less than 1.0 X 1077 keal mol™ for successive steps. The constraint energies from the latter calculation are reported in the fourth
column. Scquential roman numeral labels in the structure identifier represent successive 6-ps MD/MM calculations. ¢Potential energy (kcal mol™)
not including NOESY distance constraints. The structures during the last 2 ps of a 6-ps restrained molecular dynamics simulation (300 K) were
averaged and then subjected to MM energy minimization without distance constraints. “NOESY distance constraint energies (kcal mol™!). See
footnote & for basis of calculation. *RMS error in NOESY volumes caiculated from Morass. % RMS, from eq 1; both % RMS,;. and % RMS,,,
arc reported. /Flatwell potential function parameters [k, harmonic force constant in kcal mol™ A% % err, the permitted error (£6%-15%) in the
constraining distance that does not result in any constraining energy penalty]. Force constants (k) and permitted error (% err) are reported as those
used for 1-3 ps/4—6 ps of the 6-ps MD simulation. Hydrogen-bond constraints were kept fixed at 1.93 £ 0.3 A and a force constant of 25 kcal mol™!
A-2. 828 structures generated after 36 ps of “two-spin”-derived 80-ms NOESY distances. MD was carried out analogous to that of the 200-ms
MORASS structures (i.c., 6-ps MD — average last 2 ps of structures — restrained minimization — 6-ps MD). #HBND structures generated by the
same mcthodology as in footnote g; however, only six imino proton distance restraints were used: d(C'pC?pA°pApGpApTpT*pG3pG9),.

from ca. 3.5 to 6.0 ns for the decamer). We are therefore possibly introduced by the choice of a poor 7. is corrected by
confident that although our method is in part dependent on scaling at each merging cycle. The Kaptein laboratory ap-
a reasonably correct 7 estimate, much of the potential error proach (eq 3) and our own (eq 2) differ only in the point at



1328 Biochemistry, Vol. 30, No. 5, 1991

which the scaling is performed.

Calculations using perfect volumes simulated from a single
correlation time for a model structure indicate the potential
to achieve as low as 15% residual error between the theoretical
and “experimental” volumes by this method (Baleja et al.,
1990; Meadows et al., in preparation). However, it is unlikely
that “real” data, especially data derived from a macromolecule
of the type reported here, may be analyzed with a single
isotropic rotational model. Thus, it is possible that a portion
of the 45% residual volume errors could be due to such an
effect; note however that the distances calculated from these
volumes would have less than 8% error.

Comparison of Structures. Table 1 shows the % RMS
errors in the volumes for the four different starting structures
at each stage of the refinement process. The unusually large
% RMS for the starting syn structures is the result of the A6
residues on each strand being in a syn orientation and clearly
indicates that a syn or syn-like geometry of the mismatched
A6 base is an unreasonable orientation.

All final structures result in approximately 45% and 55%
RMS deviations between theoretical and experimental volumes
(% RMSy;,. and % RMS,,,, respectively). We note that the
errors between the theoretical volumes calculated from the
CRYSTAL structure coordinates and the experimental vol-
umes are % RMS;;. = 191 and % RMS,,, = 75 (not shown).
Also presented in Table I are the final two-spin constrained
structures (2SFNL) derived from applying the 80-ms NOESY
constraints to each starting model for 36 ps. For comparison,
four “final” structures calculated with only six imino proton
hydrogen-bond constraints, the central four residues remaining
unconstrained, are presented after 36 ps of MD (HBND). The
unconstrained molecular dynamics simulations of these latter
two sets of structures were carried out by following the
identical 6-ps relinement cycle used for the hybrid matrix
iteration procedures (6-ps MD, followed by averaging of the
last 2 ps, followed by energy minimization). While there is
some small improvement in the % RMS volume deviations
between the first 6-ps cycle and the sixth (36-ps) cycle for the
80-ms NOESY-constrained structures, the errors, when com-
pared to the 200-ms NOESY-refined structures, are quite
large. Also, it should be noted that unconstrained molecular
dynamics calculations alone, using the six imino protons as
hydrogen-bond constraints, have produced structures whose
theoretical volumes do not approximate those measured ex-
perimentally, even though the total energies of these structures
are rather low.

The total potential energies with and without constraints
as well as the constraint energies of the different structures
at each ilcration of the refinement procedure are also reported
in Table I. With the exception of the syn A-DNA starting
structure, there does not appear to be a significant decrease
in the total energy of the unconstrained minimized structures.
However, the potential and constraint energies of the con-
strained minimized structures increase only moderately as the
force constants increase from 10 to 40 kcal mol™, and the
permitted error of the constraint distances is decreased from
15% o 6%. Thus, although the structures become more tightly
constrained as the iterations proceed, the degree to which the
distance constraints are obeyed generally improves (as reflected
by the energy terms).

While the total and constraint energies may be useful for
observing gross trends and for serving as a general monitor
of the refinement process, they may not necessarily reflect the
“correctness” of the structures. Although the final structures
produced with only imino proton constraints throughout the
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MD procedure have the lowest potential energies of any of the
other structures, the theoretical NOESY spectra calculated
from these structures differ the most from the experimentally
observed NOESY spectrum. In fact, the syn model-built
decamers maintain their syn A6 orientation when only the six
imino hydrogen-bond constraints are used over the entire 36
ps of dynamics. This reflects the local energy minimum
problem in unconstrained molecular mechanics and dynamics.
Only by incorporating the NOESY distance constraints in the
dynamics calculations can we overcome the relatively high
energy barrier separating the syn and anti models.

By incorporation of NOESY distance constraints in the syn
model, the MD calculations are able to readily locate the more
favorable anti conformation. As shown in Figure 3, the
transition from the syn to the anti conformation is accom-
plished within the first several picoseconds of restrained MD
refinement. At about 0.25 ps (Figure 3A) the base-stacking
separation between the G5 residue of the G-A base mismatch
and its neighboring stacked mismatched G-A base pair has
begun to widen from 3.4 A to ca. 4.4 A. This provides enough
room for the adenosine base to begin to rotate from the syn
conformation, and it is thus not required to swing out from
the interior of the duplex in order to “flip”. By 1.6 ps (Figure
3B) the A6 C2-N7 vector is nearly parallel with the dyad axis,
as full rotation begins; at 4.0 ps (Figure 3C) the base has
completed its rotation and is in the anti conformation. The
phosphodiester backbone considerably extends during this
rotation. Rotation of the other tandem syn A base on the other
strand occurs during the same time period, although it is not
concerted.

We have chosen to evaluate the extent to which the con-
straints are obeyed by the structures at each stage of the
refinement by comparing the RMS deviation between the input
constraint distances used for the MD runs and the distances
found in the resulting structures. The greatest possible RMS
deviations at each stage would be expected if all of the con-
strained distances were maximally perturbed to the point at
which the distance violation would contribute an energy-
constraint penalty (rnog — % err > r; > ryog + % err). The
constraints are well satisfied at the beginning and during the
intermediate stages of the refinement; the actual deviation of
the distances from those allowed by the contraining function
range from about 0.42 to 0.22 A. At the final stage of the
refinement, with a narrowed % err of £6%, the constrained
distances are just accommodated within the flatwell limits of
the narrowed penalty function, thus further increasing the total
and constraining energies.

Because the iterative merged matrix approach maintains
an independent refinement pathway for each different starting
model, the constraints determined via the MORASS program
at each step will be unique to the input structure. Conse-
quently, we can define the “final” refined structure in terms
of a series of equally valid sets of families of structures and
distance constraints. Table II compares the RMS difference
between the final sets of flatwell distance constraints derived
from the refinements of the four different starting structures
as well as the distances taken from the crystal structure. The
degree to which the constraints agree with the distances found
in the various structures is presented as an RMS deviation.
In general, it can be seen that the four solution-state-derived
distance constraints are more closely related to the four Mo-
RrASs-refined structures than to the crystal structure. In fact,
the deviations among the final constraints and the four final
structures vary around 0.34 A, while the final set of constraints
differs from the crystal structure distances by about 0.74 A.
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Table 1I: RMS Deviations (A) between the Atomic Cartesian Coordinate and the Final Complete Set of MORASS-Derived Constraints

structure?
flatwellb AAFINAL ASFINAL BAFINAL BSFINAL CRYSTAL
AAFINAL 0.26 0.37 0.33 0.43 0.69
ASFINAL 0.33 0.27 0.36 0.38 0.72
BAFINAL 0.39 0.45 0.27 0.45 0.77
BSFINAL 0.40 0.39 0.38 0.24 0.76

“Cartesian coordinates derived from the FINAL 40-ps restrained MD structures. ®Full set of constraining distances generated from the fifth
iteration cycle of MORASS for each of the four structures.

Table 111: Breakdown of Intra- and Interresidue Distance (A) and Volume (% RMS,,) Deviations for All Constrained Proton Pairs

constraint? % RMS,,b
"H-'H type total® AA BA AS BS AA BA AS BS CRYSTAL#
INLra g rigoss)” 90 0.17 0.19 020  0.17 39/45 47/52  43/65  41/46 56/50
Nt pese d(ribose)” 83 0.25 0.26 0.25 0.26 39/42 34/43 51/63 56/42 54/60
INLCTyasearribose] 87 0.34 0.35 034 028 52/43 44/49  62/53 51/66 413/108

9RMS deviation between the restrained distances of the final structures (coordinate sets: AA = AAFINAL; BA = BAFINAL; AS = ASFINAL;
BS = BSFINAL) and the final set of flatwell MD constraints derived from the fifth iteration of the hybrid matrix procedure by using 200-ms
NOESY data. *RMS deviation between the volumes theoretically calculated from the final structures and the experimentally measured volumes;
columns are shown as % RMS,,./% RMS,,,. Total number of interproton distance constraints used in each category (footnotes d—f). Full set of
intrarcsiduc deoxyribose ring interproton constraints. ¢Set of intraresidue base-deoxyribose ring interproton constraints including the fixed cytidine
H5/H6 pair. /All interresidue proton constraints including base-base, base-deoxyribose ring, and four (two per strand) interstrand adenosine H2
restraints. #Crystal coordinates (Prive et al., 1987) obtained from the Brookhaven data bank.

Table 1V: Atomic Cartesian Coordinate RMS Deviations (A) between Selected Full Structures (All Atoms)

structure? A B C D E F G H I J K L M
A 35 2.9 2.2 3.0 3.2 2.4 36 2.8 2.7 35 3.0 5.2
B 2.2 37 1.6 2.4 4.0 1.6 2.0 3.4 1.4 2.0 2.6
C 3.0 2.1 1.6 4.0 2.6 1.7 3.6 2.4 1.6 35
D 3.0 33 2.7 39 3.0 2.9 3.8 32 5.3
E 2.2 35 1.7 1.5 3.0 52.0 2.3 3.4
F 4.3 2.8 2.0 3.6 2.6 2.1 37
G 3.8 34 2.1 4.0 3.8 5.4
H 1.8 3.2 1.7 2.6 29
I 3.0 2.1 2.0 35
J 3.3 35 4.9
K 1.9 2.6
L 32

?A = AA2S; B = AAMIIL: C = AAFINAL; D = AS2S; E = ASMIII; F = ASFINAL; G = BA2S; H = BAMIII; [ = BAFINAL; J = BS2S;
K = BSMIII; L = BSFINAL; M = CRYSTAL.

The ASFINAL set of constraints shows the least deviation distances satisfy the input constraints increases only slightly
among the four solution structures, while the BAFINAL set (from 0.34 to 0.31 A RMS), but the constraint energy in-
of constraints appears to have the greatest deviation. creases considerably (ca. 250 kcal mol™). Inspection of the
The 260 interproton restraints derived from the 200-ms % RMS,, deviations of Table IIT indicates that although the
NOESY cxperiment have been divided into three groups: shorter distances appear to be more accurately defined, the
those between protons of the same sugar ring [intra-d(ribose)], difference is less pronounced than the degree to which the
interactions among base protons and sugar ring protons of the distances are actually satisfied. As with the constraint term,
same residue (intraresidue), and the interresidue type that application of a fixed error flatwell into the later stage of MD
includes all interresidual interactions. refinement does not enhance the degree to which the exper-
In each of the four cases (AA, BA, AS, and BS) the degree imental volumes are satisfied. Thus, the ability to precisely
to which the types of input constraints are obeyed by the define these longer range distances may, to a large extent, at
structures after 40 ps of restrained MD decreases as the av- this point be limited by the larger errors inherent in the in-
erage distance for the constrained proton pairs increases. tegration of small volumes by conventional methods (perhaps
Generally, it can be seen that the shorter, intraresidue distances computer deconvolution and line-shape fitting will be able to
are more precisely defined (% RMS,,) and more closely provide more accurately integrated volumes).
obeyed (constraint). It is interesting to note that the most In addition, we have evaluated the overall fit of the complete
significant deviations of the theoretical NOESY volumes set of Cartesian coordinates for selected structures (Table IV).
generated from the crystal structure (Prive et al., 1987) lie Structures that show the greatest RMS deviations are those
in the longer interresidue 'H-'H interactions and that the derived from the 80-ms NOESY data and that generally have
deviations for the shorter interactions are on an order with >3.0 A RMS deviations from most of the other structures.
those of the solution-calculated structures. As expected, deviations for structures within a single family
It is clear that the shorter intra-d(ribose) distance restraints (e.g., the anti A-DNA series) are generally slightly smaller
are well satisfied in the dynamics simulation, as would be than cross-family comparisons (e.g., anti A-DNA with anti
anticipated since the average flatwell deviation (ca. £0.14 A) B-DNA), although they do converge toward the final struc-
is smaller than that found in the other two groups. However, tures. The final structures are quite close, with an RMS
if a constant error limit is substituted into the flatwell for the deviation of ca. 1.6 A. The BSFINAL coordinates are the

percent deviation, the degree to which the longer interresidue poorest fitting of the four final sets, with deviations of ca. 2.0
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A
A4

G5

A6

T7
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FIGURE 3: Time series for the transition from the syn to the anti conformation for A6 in the AS model. Stereoview of one strand of the central
four bases in the decamer at 0.25 ps (A), 1.0 ps (B), and 4.0 ps (C) after the start of NOESY distance restrained MD calculations. Note
that the four basc pairs are oriented 3’ — 5’ (top to bottom) for clearer visualization.
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FIGURE 4: Stereoviews of the BAFINAL structure (A) as well as overlays of the final structures derived from the NOESY distance re-
strained/MORASS hybrid matrix MD refinement of the decamer. Structures are defined by their initial starting models; see Table II for structure
label identification. (B) Overlay of AAFINAL (A-DNA with A6 anti) with BSFINAL (B-DNA with A6 syn). (C) Expanded stereoview
overlay of the central four mismatch and base pairs of the final structures BAFINAL, AAFINAL, and BSFINAL.

A. However, one set of comparisons is quite clear, that of the
four final structures with the crystal structure; all deviations
are greater than 3.2 A. In fact, the lowest RMS deviation
between the crystal and any other structure is that of the
minimized (no constraints) model-built Arnott-type B-DNA
(1.6 A, not shown). It is likely, however, that a considerable
amount of the deviation between the crystal- and MORASS-
derived final structures is due to the bending or “kinking” of
the helix axis in the MORASS-refined structures.

Figure 4 depicts various structures and overlays of the final
BAFINAL, BSFINAL, and AAFINAL refined duplexes. As
can clearly be seen, the overall fit is quite good. The bending

caused by the tandem mismatched G and A at the center of
the duplex follows the same direction in all four structures.
This is in contrast to other kinked DNA structures derived
from MD simulations in which the direction of the bend is
generally random (Nikonowicz et al., 1990; Rao & Kollman,
1990). We note as before (Nikonowicz et al., 1990) that while
NMR can be used to define short distances rather accurately
(<5 A), long-range distances such as that between opposite
ends of the helix cannot be directly determined. Thus the
degree of bending that may be observed in the full structure
can only be defined as the additive effect of parameters defined
through short distances, helix twist and helix roll angle, as well
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FIGURE 5: Experimenta! and theoretical NOE buildup curves for C4
H5-C4 H6 (@), A6 HI’-A8 (m), and A12 HI’~A12 H2” (A). (A)
Time dependence calculated for initial structures AAMODEL (dashed
lines) and BAMODEL (dotted lines) vs experimental (solid lines).
(B) Time dependence calculated for final structures AAFINAL
(dashed lines) and BAFINAL (dotted lines) vs experimental (solid
lines). (C) Time dependence calculated for final structures
AA2SFINAL (dashed lines) and BA2SFINAL (dotted lines) vs
experimental (solid lines). (D) Time dependence calculated for the
crystal structure CRYSTAL (dot-dashed lines) vs experimental (solid
lines). Initial volumes for the theoretical curves were scaled to the
diagonal volume at mixing time O for a single proton.

t, (sec)

as through backbone torsional angles (Nikonowicz & Gor-
enstein, 1990).

NOE time development curves have generally been used to
define the linear regime of the NOE buildup in order to extract
“two-spin” distances. Although it was not necessary to gen-
erate a buildup curve in order to carry out the MORASS re-
finement, we have found it a useful tool for measuring the
validity of our calculated structures. It should be restated that
the accuracy of the theoretical curves is based upon two in-
dependent unknown parameters, i.e., 7. and the set of distances
representing the correct structure.

Figure S depicts the NOE intensity of three representative
pairs of spins (involving short, medium, and long distances)
as a function of mixing time. Zero mixing time NOESY
diagonal volumes were measured and used to approximate the
initial intensities for the theoretical volume matrix simulation
with MORASS. The correlation time used for the NOE simu-
lated buildup was 3.6 ns, the value initially estimated. This
value was chosen as a result of fitting the theoretical buildup
to the experimentally observed buildup of the NOE for a
fixed-distance proton pair. The fixed-distance pair, C2
HS5/H6, was also one of the marker volumes used to scale the
set of experimental volumes at each iteration of the merging
procedure. Although the 3.6 ns value actually provides the
best fit to the data, there is perhaps a better method to optimize
7. that is, choose an initial 7. and after a suitable period of
refinement (either every merge matrix/MD iteration cycle or
after final convergence) reevaluate the choice of .. Although
13C relaxation parameters provide good estimates for 7. (Davies
et al., 1978), we believe that this iterative distance and cor-
relation time MORASS hybrid matrix refinement procedure
could provide quite accurate measurements of 7. as well.

Figure 5 depicts a comparison of four different sets of
theoretical NOE buildup curves with the experimentally de-
termined NOE buildups. It can be clearly seen that the poorest
fit to the experimental data is that of the minimized model-
built structures (Figure 5A). Figure 5C demonstrates that
after 36 ps of two-spin approximation constraints the fit of
the NOE buildup for the long-distance proton pair has much
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improved; however, the theoretical and experimental curves
for the shorter pairs are still in poor agreement. Figure 5B
shows the improvement of the fit of the three spin pairs after
40 ps of MD with the constraints generated from the fifth
MORASS-merging of the 200-ms NOESY data. Finally, in the
last panel, the experimental buildup curves are compared to
those simulated by using the crystal structure. Although two
of the three NOE buildup curves are quite good, the one that
does not match involves the d(ribose) ring of the mismatched
adenosine residue, (A6). Importantly, the experimental NOE
between the H1” and H2” protons, a distance that varies be-
tween 2.1 and 2.4 A, is about 60% that of the H5-H6 NOE,
a distance of 2.5 A. Thus, it is clear that the environment in
solution surrounding the A6 H1’ and/or H2” protons is not
accurately reproduced in the crystal structure but does appear
to be quite good in the final calculated structures AAFINAL
and BAFINAL. We also note at this point that the final
structures derived from the starting syn models show a slightly
poorer fit to the experimental data for these three spin pairs;
however, the shapes and relative positioning of the theoretical
NOE buildup curves do fit the experimentally observed data.

As a final measure of the progress of our refinement scheme,
we have simulated (using MORASS) the 200-ms mixing time
NOESY spectra of intermediate and final decamer structures.
While there exist more cross-peaks at longer mixing times (400
and 800 ms) than at 200 ms by which to compare theoretical
and experimental NOESY maps, the intensities tend to be of
similar magnitude. Since spin diffusion effects are moderate
at the mixing time of 200 ms, there is a wide range of
cross-peak intensities, thus providing a rigorous test of the
structural features leading to primary relaxation pathways.
Figure 6 shows a comparison of the experimental 200-ms 7,
base-H1’/H3’ region contour plots with those simulated from
the structures AAFINAL, BAFINAL, ASMODEL, and
CRYSTAL. We note that the experimental cross-peaks at
4.8 ppm in the v, dimension of the experimental spectrum are
of diminished intensity due to the saturation of the HDO peak
in the spectrum. [Note: Fitting of the final theoretical
NOESY spectra to the experimental data was accomplished
through the inclusion of eight more base~H2’/H2" constraints
into the flatwell file for the final 40 ps of dynamics and the
final constrained minimization. These were not included
during the five iterations of the hybrid matrix refinement
procedure because of excessive overlap. Constraint values were
chosen by determining the distances between proton pairs to
be constrained and adjusting (increasing or decreasing) the
distances accordingly.]

Generally, the fit of cross-peak intensities between the ex-
perimental spectrum and the simulated spectra of the final
structures refined from either initial A-DNA or B-DNA
models is quite good. In contrast, the simulated spectra of the
initial A-DNA model show rather large cross-peak intensity
errors, especially in the base-H2'/H2” region (spectra not
shown) where most of the inter- and intraresidue cross-peaks
are of reversed intensity. Noteworthy also is the intensity of
the intraresidue A6 H8-A6 H1’ cross-peak in the starting A,
structure and the lack of an interresidue A6 H8-GS HI’
cross-peak. The NOESY spectrum derived from the crystal
structure coordinates also contains cross-peaks such as A4 H8
and T8 H6 protons in the H1” and H2'/H2” regions that do
not agree with those found in the experimental NOESY map.
We also note that the G5 H8-A4 H1’ interaction is consid-
erably more intense in the crystal structure than that observed
in the experimental. Other critical cross-peaks are identified
in the various spectra. Although the information contained



NMR Structure of a Tandem G-A Mismatched Decamer

F2 A
{ppmig
7.0 © ] 0
]
7.23
3 © g o~
© @ o,°
= G9oH1'/A3H2
> i
g ] ciHs/C1HS @ o 0
7.83 C2H5/C2H6
— L4 % G5HS8/A4HY’ 8
7.87 ’
]~ ® < &
a.o—i @ (<)
8.2 © e
je @.
B . 4 e T —————egee
6.4 6.2 6.0 5.8 5.6 5.4 52 5.0 4.8 4.6
Fi (ppm)
H1’, H3’
F2 B
lppm)
7.0 © o) © ©
7.2
0
7.49
:
7.63
3 © Y GsHs/adHI W
7.8 € ]
E @
E o
@ o]
o

LA AT LA LS LAOAY LARRN LAALS LML) LELA) LALAD LALL MAAMRALL) LARM

6.4 6.2 6.0 5.8 56 5.4 5.2 50 4.8 4.6

F1 (ppm)
F2 3
(Ppm}
7.0 @ 0
3 T8HS/TTHL’
7.2 »
o 8o
7'4_2 o O o
o )
7.63
E > GEHS/AHY' g &
7 8—; = “;:" y ,. o) >
je © °© @
03 @ c9
8.2 0 o
jo e
8.4-

T YT TETTTRTTTITTTY
6.4 6.2 6.0 58 5.6 54 5.2 5.0 4.8 4.6

Fi (ppm)

A8 LA LA Ll ad LA a LALdd LA LAY Laba §

Biochemistry, Vol. 30, No. 5, 1991 1333

,
~ n
o

1 wal
© O
(@]

o)
©

~
[+

(2]
o

FETSTTTCIRYRTTITUTE INTRERTTTY IV}

o
)
als
©
O
[©)]

.4 6.2 6.0 58 56 54 5.2 50 4.8 4.6
Ft{ (ppm)

lisalagg

@
no

(o)

® ©)
T8H6/TTH1'
3 @o
3 o
7.43 “GoH1’/A3H2 .
7.6
GpHa/A4HL' Q @
7.8 © o
E
E e ©
§.03 -0 © o®
3 AdHs/ASHY i
8.2 @ amisjaar® €@ o
3 ()
R s
6.4 6.2 6.0 5.8 56 5.4 5.2 50 4.8 4.5
F1 (ppm)

FIGURE 6: (A) Expansion (base to H1//H3’ region) of the pure
absorption phase '"H/'H NOESY NMR spectrum contour plots of
the duplex G-A mismatched decamer. The sample contained ap-
proximately 23 mg of the decamer in 600 uL of D,0 (99.995%) buffer
containing 100 mM potassium phosphate, 100 mM KCl, and 0.1 mM
NaN; at pH* 7.1 (uncorrected pH meter readin%). The NOESY
spectra were recorded on a VXRS500S (500-MHz 'H) spectrometer
at ambicnt temperature. The phase-sensitive NOESY spectrum was
acquired with 4096 points in the 1, dimension and 512 ¢, increments
at a mixing time of 200 ms. The 200-ms mixing time NOESY data
were treated with a small negative exponential and a small Gaussian
multiplication in the t; and ¢, dimensions for assignment purposes.
(B-E) Contour plots of the base to H1’/H3’ region calculated NOESY
spectra for sclected structures: (B) initial A-DNA,,, model, AS-
MODEL,; (C) final starting A,,,; structure, AAFINAL; (D) final
starting B, structure, BAFINAL; (E) crystal structure, CRYSTAL.
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in these plots is dependent in part upon both structure and .,
we are confident that our choice of correlation time, 3.6 ns,
is quite reasonable, as shown in the buildup curves of Figure
5, and that the gross differences observed here reflect dif-
ferences between the solution conformation and the crystalline
state.

CONCLUSIONS

We have used a hybrid relaxation matrix methodology in
combination with restrained molecular dynamics to derive a
family of solution structures for the tandem G-A decamer
d(CCAAGATTGG),. The hybrid matrix/restrained molec-
ular dynamics refinement procedure has allowed us to accu-
rately extract interproton distance information that would have
been unobtainable had the two-spin approximation been used.
Much more accurate and precise distances are obtainable from
the hybrid relaxation matrix methodology, and starting from
four different initial structures, it is possible to iteratively refine
the four initial models to a common family of structures
consistent with the NOESY-derived distances. This metho-
dology has also provided a tool to automate the refinement
process for deriving solution structures from NMR data.

Unconstrained molecular dynamics calculations fail to locate
the correct solution or crystal conformation if the calculations
start from model-built structures. Finally, while the solution
NMR structure is quite comparable to that in the solid state,
the solution and solid-state structures are not identical. This
difference highlights the importance of utilizing both X-ray
crystal and solution NMR methods to determine structure.
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