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1. Introduction

31P NMR has developed as a powerful probe of the
structure and dynamics of nucleic acids and nucleic
acid complexes in solution. Until recently 3P NMR
studies of nucleic acids were restricted to partial
identification of signals for polymeric nucleic acids and
oligodeoxyribonucleotide sequences less than six base
pairsinlength.! However, syntheticschemes have now
been developed where defined deoxy- (and more
recently ribo- and backbone modified) oligonucleotides
can be routinely produced in multimilligram quanti-
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ties.2® The concomitant development of sequence-
specific 2D 'H/'H and 2D and 3D 'H/3'P NMR
assignment methodologies* !4 has made the assignment
of the 3P NMR spectrum of modest side oligonucle-
otides (8~14 base pairs) possible.

One of the main reasons for assigning 3!P resonances
of oligonucleotides is to obtain information on the
conformation of the phosphodiester backbone (Figure
1).15-19 The internucleotide linkage is defined by six
torsional angles from one phosphate atom to the next
along the DNA backbone. Theoretical studies have
shown that the conformation of two of the six torsional
angles (a, 03'-P-05-C¥5’, and ¢, C3-03-P-0%)
appear to be most important in determining 3!P
chemical shifts.151820 Molecular dynamics calcula-
tions,?! X-ray diffraction,?2 and 2D NMR?23-% gpectros-
copy have also shown that the phosphate ester con-
formation is the most variable part of nucleic acid
structure.?6 As discussed in this review, 3'P chemical
shifts and 'H-3'P coupling constants can provide
valuable information on the phosphodiester backbone
conformation.

It is now widely appreciated that significant local
conformational heterogeneity exists in the structures
of nucleic acids.?-3® While X-ray crystallography has
provided much of our understanding of largely DNA
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Figure 1. Stereoview of sugar phosphate backbone (A) in By
conformational state (B) in By; conformational state. Tor-
sional angles a, B, ¢, §: g, ¢, ¢, g (A); 8, t,8,t (B). TheB;
conformation represents the low-energy phosphate state
normally observed in the crystal structures for many of the
duplex phosphates and the By conformation represents the
other major sugar phosphate state for B-DNA. Torsional
angles are gauche(-) (g~ or —60°) and trans (180°). Crystal
structures of duplex oligonucleotides show that these angles
are only approximate and indeed the { angle is generally closer
to —90° for what is defined as “g-".

duplex structural variations, increasingly, high-resolu-
tion multidimensional NMR has provided detailed
three-dimensional structural information on duplex,
hairpin loops, and other oligonucleotide structures.
Importantly NMR experiments have suggested that
the nucleic acid conformation in solution?21-35 may not
be identical to the static picture provided by X-ray
diffraction in the crystal state.

Traditionally the phosphate ester moiety is often
overlooked and viewed as a passive element of nucleic
acid structure. Base pairing and other nucleic acid base
oriented structural features have been assumed to
control nucleic acid structure and conformation. More
recently (and as discussed in this review) we have begun
to appreciate the important role played by the phos-
phate ester in defining the structure and dynamics of
nucleic acids as well as nucleic acid—drug or —protein
complexes.

Thus, most attention on understanding the recogni-
tion specificity between DNA binding proteins and
DNA sequences has centered on hydrogen bonding to
the acceptor/donor groups on the Watson—Crick base
pairs in the major groove (cf. ref 36). Even with the
extensive X-ray and NMR studies on this problem, we
still do not understand this “second genetic code” of
protein-DNA recognition. Perhaps one reason for the
inability to dissect the basis for this specificity is the
emphasis on base-pair interactions alone. Localized,
sequence-specific conformational variationsin DNA are
quite likely another important component of a protein’s
recognition of specific sites on the DNA.%37 Thus,
although the lac repressor protein does not recognize
an alternating AT sequence as part of the lac operator
DNA sequence, the repressor protein binds to poly-
[d(AT)] 1000 times more tightly than torandom DNA.%
Repressor protein is quite likely recognizing the alter-
nating deoxyribose phosphate backbone geometry of
the two strands,3® rather than the chemical identity of
the AT base pairs.
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Remarkably, in every high-resolution X-ray crystal
structure of a protein—-DNA complex, the majority of
the contacts are to the phosphates!®®# Indeed, the
crystal structure of the trp repressor demonstrated that
every one of the nearly two dozen direct protein contacts
were mediated through interactions with the phosphate
backbone.#! While some controversy exists as to the
correctness of this complex,*4 more recent results
confirm the specificity of this operator complex.4’ In
another recent CAP-DNA complex it would appear
that 22 out of the 28 contacts are also to the phos-
phates;* these include protein backbone amide H-
bonds, side-chain H-bonds, and charged interactions.
It is not known whether any of these ionic interactions
provide a specific recognition mechanism for these
repressors. As described in this review, the conforma-
tion and, in particular, the flexibility of the phosphates
may be an important component of protein-DNA
recognition.

Additional reviews of the earlier literature on 3P
NMR studies of duplex polynucleotides by Cohen*® and
on duplex oligonucleotides®® and drug-DNA com-
plexes®! are recommended. Excellent discussions of
solid-state DNA studies by Tsai’? and phosphorus
relaxation methods by Hart%® and James5 are also
recommended.

2. Phosphorus-31 Chemical Shifts

1. Introduction and Basic Principles

The interaction of the electron cloud surrounding
the phosphorus nucleus with an external applied
magnetic field H gives rise to a local magnetic field.
This induced field shields the nucleus, with the shielding
proportional to the field Hj so that the effective field,
H, felt by the nucleus is given by

H, = Hy1-0) 1)
where ¢ is the shielding constant. Because the charge
distribution in a phosphorus molecule will generally be
far from spherically symmetrical, the 3P chemical shift
(or shielding constant) varies as a function of the
orientation of the molecule relative to the external
magnetic field.?>5° This gives rise to a chemical-shift
anisotropy that can be defined by three principal
components 013, 022, and o33 of the shielding tensor.5
For molecules that are axially symmetrical, with oy,
along the principal axis of symmetry, o1; = o) (parallel
component), and oy, = 033 = ¢, (perpendicular com-
ponent). These anisotropic chemical shifts are observed
in solid samples®-9 and liquid crystals,5! whereas for
small molecules in solution, rapid tumbling averages
the shift. The average, isotropic chemical shielding
0iso (Which would be comparable to the solution chemical
shift) is given by the trace of the shielding tensor or

G = /3(0yy + 099 + 035) (2)
and the anisotropy Ao is given by
Ao = 07y = /y(0g9 + 033)
or, for axial symmetry,
AO' - 0'" - O'.L (3)
2. Theoretical *'P Chemical Shift Calculations
and Empirical Observations

Several attempts have been made to develop a unified
theoretical foundation for 3P chemical shifts of phos-
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phorus compounds.5%-%7 In one theoretical approach,
Letcher and Van Wazer,2% using approximate quan-
tum-mechanical calculations, indicated that electro-
negativity effects, bond angle changes, and =-electron
overlap differences can all potentially contribute to 31P
shifts in a number of classes of phosphorus compounds.
While these semiempirical isotropic chemical shift
calculations are quite useful in providing a chemical
and physical understanding for the factors affecting
31P chemical shifts, they represent severe theoretical
approximations.®® More exact ab initio chemical shift
calculations of the shielding tensor are very difficult
and very few have been reported on phosphorus
compounds.®®- Whereas calculations have largely
supported the importance of electronegativity, bond
angle, and w-electron overlap on 3P chemical shifts,
relating 3P shift changes to structural and substituent
changes must be approached with caution. Also,
because 3!P shifts are influenced by at least these three
factors, empirical and semiempirical correlations can
only be applied to classes of compounds that are similar
in structure. It should also be emphasized again, that
structural perturbations will affect 8P chemical shift
tensors. Often variations in one of the tensor compo-
nents will be compensated by an equally large variation
in another tensor component with only a small net effect
on the isotropic chemical shift. Interpretation of
variations of isotropic 3P chemical shifts should
therefore be approached with great caution. Within
these limitations, a number of semiempirical and
empirical observations and correlations, however, have
been established and have proved useful in predicting
31P chemical-shift trends.!* Indeed, unfortunately no
single factor can readily rationalize the observed range
of 81P chemical shifts.

3. Bond Angle Effects

Several empirical correlations between 3P chemical
shifts and X-P-X bond angles have been noted.”1-74
Note that success here depends on the fact that these
correlations deal with only a limited structural varia-
tion: in the case of phosphate esters, the number, and
chemical type of R groups attached to a tetrahedron of
oxygen atoms surrounding the phosphorus nucleus. As
shown in Figure 2, bottom curve, for a wide variety of
different alkyl phosphates (mono-, di-, and triesters,
cyclic and acyclic neutral, monoanionic, and dianionic
esters), at bond angle <108° Gorenstein™ has shown
that a decrease in the smallest O—-P-O bond angle
(obtained from X-ray data) in the molecule results in
a deshielding (downfield shift) of the phosphorus
nucleus. At bond angles >108°, deshielding of the 31P
nucleus occurs with further increase in bond angles.

Martin and Robert™ have shown that a similar
correlation of S-P—S bond angles and 1P chemical shifts
in 2-thioxo-2-tert-butyl-1,2,3-dithiaphospha compounds
likely also exist (Figure 2, top curve). Contractor et
al.’® have observed a similar variation for PO;N,
tetrahedra, further confirming this bond-angle effect
in tetracoordinated phosphorus compounds (middle
curve; Figure 2).

Bond-angle changes and hence distortion from tet-
rahedral symmetry in tetracoordinated phosphorus
should affect the chemical-shift anisotropy as well.
Dutasta et al.” experimentally have verified this bond-
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Figure 2. Phosphorus-31 chemical shifts of 2-thioxo-2-tert-
butyl-1,3,2-dithiaphospha compounds vs S-P-S bond angle
(O, upper left). Phosphorus-31 chemical shifts of PO;N,
tetrahedra vs bond angle (middle) derived from Martin and
Robert™ and derived from Contractor et al.?® (-|). Phos-
phorus-31 chemical shift of phosphate esters versus O-P-0O
bond angle (lower) derived from Gorenstein™ (0) and
Contracter et al.” (W). (Reprinted from ref 178. Copyright
1993 Marcel Dekker, Inc.)

angle effect in a solid-state 3P NMR study on a series
of cyclic thioxophosphonates. The shielding tensors
are very sensitive to geometrical changes, and in fact,
a linear correlation appears to exist between the
asymmetry parameter n and the intracyclic bond angle
a. The anisotropy is also correlated to the bond angle,
whereas the average, isotropic chemical shielding shows
a much poorer correlation.

The importance of the geometry about the phosphate
tetrahedron in influencing 3P chemical shifts is nicely
illustrated in Figure 3. Using magic angle spinning,
solid-state NMR, Cheetham et al.®’ have measured the
31P shielding tensors, the chemical shift anisotropy, and
the isotropic chemical shift (eqs 2 and 3) for various
crystalline orthophosphates and higher phosphates.
From the X-ray crystallographic structures of these
same phosphates, they calculated the summed bond
strengths at oxygen atoms, 2[S(0%)], a term defined
by Smith et al.,’”® and roughly related to P-O bond
lengths. Asshown in Figure 3 a reasonable correlation
does appear to exist between the bond strengths at
oxygen and isotropic ¥P chemical shifts. The isotropic
chemical shift moves upfield as the bond strength at
oxygenincreases. It should benoted that the variation
in the individual shielding tensors is considerably larger
than the isotropic shielding 8.8

Gorenstein and Kar” have attempted to calculate
the 3P chemical shifts for a model phosphate diester
invarious geometries to confirm theoretically the bond-
angle correlation. Using CNDO/2 SCF molecular
orbital calculations, a correlation was drawn between
calculated phosphorus electron densities and isotropic
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Figure 3. Plot of the summed bond strengths at oxygen
(valence units, v.u.) following the method of ref 231 vs the 3IP
magic angle spinning NMR isotropic chemical shifts, 3;, (eq
2) relative to 85% H3PO,. Open and closed circles are metal
(M) orthophosphates (such as M,H;_,PO4) and metal higher
phosphates (such as M,,P;0,), respectively. Numbering and
actual structures may be found in ref 231. (Reprinted from
ref 60. Copyright 1986 Chemical Society of London.)

3P chemical shifts, and indeed deshielding of the
phosphorus atom with decreasing O-P-O bond angles
was found. A slightly better correlation was achieved
between observed and calculated !P chemical shifts
using both a Karplus-Das-type average excitation
approximation semiempirical theoretical approach.®

4, Stereoelectronic Effects on 3'P Chemical
Shifts

Semiempirical molecular orbital calculations™ and
ab initio gauge-invariant-type, molecular orbital, chemi-
cal-shift calculations8® suggested that 3P chemical
shifts are also dependent on P-O ester torsional angles.
The two nucleic acid P-O ester torsional angles, { and
aare defined by the R~O-P-O(R’) dihedral angles (see
Figure 1). These chemical-shift calculations and later
empirical studies indicated that a phosphate diester in
a B; conformation (both P-O ester bonds gauche(-) or
-60°) should have a 3!P chemical shift 1.6 ppm upfield
from a phosphate diester in the By conformations («
= gauche(-); { = trans or 180°).%051 In the B,
conformation normally observed in the crystal and
NMR structure of duplex B DNA, the phosphate is
symmetrically disposed relative to the major and minor
grooves. Inthe Bystate the phosphate is oriented more
toward the minor groove.

As discussed in more detail in following sections
analysis of 3P chemical shifts and H3'-P coupling
constants in nucleic acids have provided support for
this stereoelectronic effect on 3P shifts. If$'P chemical
shifts are sensitive to phosphate ester conformations,
they potentially provide information on two of the most
important torsional angles that define the nucleic acid
deoxyribose phosphate backbone. Indeed following the
original suggestion of Sundaralingam,?2 and on the basis
of X-ray crystallographic studies of oligonucleotides,
Saenger® has noted that the P-O bonds may be
considered the “major pivots affecting polynucleotide
structure”. Although the two conformations have been
observed crystallographically in nucleic acids,?:82 there
has been some controversy whether the By conformation
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exists in solution since there is some suggestion that
some local conformational variations and B;/By con-
formational differences arise from crystal packing
effects.®-% Itishere that 3P NMR studies have proven
8o important.

5. Extrinsic and Other Effects on 3P Chemical
Shifts

Environmental effects on 3P chemical shifts are
generally smaller than the intrinsic structural effects.
Lerner and Kearns® have shown the 3P shifts of
phosphate esters are modestly sensitive to solvent
effects (varying as much as 3 ppm from 100% H;O to
70% DMSO (H,0)), and Costello et al.8” have noted
similar sensitivity of 31P shifts of orthophosphate,
diethyl phosphate, and monoethyl orthophosphate to
high salt (0-5 M added salt). Gorenstein and co-
workers!61’8 have noted that 31P shifts are also sensitive
to temperature, although they have analyzed this effect
at least in part in terms of the stereoelectronic 3!P shift
effect.

Under more modest changes in solvent and salt
conditions, the intrinsic (and particularly stereo-
electronic) effects appear to largely dominate 3P
chemical shifts of phosphate esters. Gorenstein and
co-workers has used this relationship to probe the
structure of nucleic acids.17121517-1988-%0 Qther possible
factors that could affect 3P shifts in phosphate esters
have been found generally to be relatively unimportant.
Thus ring-current effects associated with the bases in
double helical nucleic acids are expected and found??
to have only small (<0.1 ppm) perturbations on the 3!P
signals. This diamagnetic contribution to the 3P
chemical shift influences 'H and heavy-atom chemical
shifts to the same extent and is strongly distance
dependent. The phosphorus nucleus is shielded by a
tetrahedron of oxygens, and therefore aromatic groups
such as nucleic acid bases generally never approach
close enough to cause any marked shielding or deshield-
ing.

3. Assignment of 3'P Signals of Oligonucleotides

17Q-labeling methodologies were originally developed
to assign the 31P signals of the phosphates in a number
of oligonucleotide duplexes!%#-% and polynucleotides.?
However, the site-specific labeling of the monoesterified
phosphoryl oxygens of the backbone with 170 or 170-
180 methodology suffered by being both expensive and
time consuming. Multidimensional 3P-1H NMR spec-
troscopy'®*%# hag provided a convenient, inexpensive
alternative for the assignment of 3P chemical shifts in
moderately sized oligonucleotides. Conventional 2D
31IP-1H heteronuclear correlation (HETCOR) NMR
spectroscopy has been applied with limited success to
short oligonucleotides.1»?® However, a 3P-1H long-
range constant time HETCOR,%+ g 2D heteronuclear
J cross-polarization heteroTOCSY,%-193 g 2D hetero-
nuclear TOCSY-NOESY,* a 2D TOCSY/'H-3!P IN-
EPT®:1% and other indirect detection (\H detection)
HETCOR experiments?1%and HELCO experiments!®’
have been successfully used to assign 3!P signalsin 6-14
base-pair duplex DNA and RNA. A very nice 3D
heteroTOCSY-NOESY experiment!®®has recently been
developed which promises increased spectral dispersion
by adding a third frequency dimension. This may prove
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Figure 4. Pure absorption phase 31P-1H PAC spectrum of
tetradecamer duplex d(TGTGAGCGCTCACA),, at 200 MHz
(1H). 3P chemical shifts are reported relative to trimethyl
phosphate which is 3.456 ppm downfield from 85 % phosphoric
acid. (Reprinted from ref 94. Copyright 1988 Academic.)

tobe extremely valuable for ribooligonucleotides where
very little 1H spectral dispersion in the sugar protons
is unfortunately observed.!™ Recent 1N and 13C
labeling of oligonucleotides!®®-111 hold promise for future
assignment of 3!P signals for even larger nucleic acids
and complexes.

For oligonucleotides longer than 4-5 nucleotide
residues the simple heteronuclear correlation measure-
ments suffer from poor sensitivity as well as poor
resolutionin both the 'H and 3P dimensions. The poor
sensitivity is largely due to the fact that the 'H-31P
scalar coupling constants are about the same size or
smaller than the YH-1H coupling constants. Sensitivity
is substantially improved by using a heteronuclear
version of the “constant time” coherence transfer
technique, referred to as COLOC (correlation spec-
troscopy via long range coupling) and originally pro-
posed for ¥C—1H correlations.l'? A pure absorption
phase constant time (PAC) pulse sequence to emphasize
IH-3IP correlations in oligonucleotides further improves
sensitivity and resolution.®® This pulse sequence
incorporates both evolution of antiphase magnetization
and chemical shift labeling in a single, “constant time”
delay period, thereby improving the efficiency of
coherence transfer and increasing sensitivity. The PAC
sequence also gives homonuclear decoupling during ¢,
and thus improves the resolution. For even more
stringent heteronuclear correlations a double constant
time (DOC) 'H-3!P pulse experiment has also been
developed.®

The PAC spectrum of the self-complementary 14
base-pair oligonucleotide duplex d(TGTGAGCGCT-
CACA);isshowninFigure 4. The cross-peaksrepresent
scalar couplings between 3!P nuclei of the backbone
and the H3’ and H4’ deoxyribose protons. The chemical
shifts of these protons are determined, as described
above, by the sequential assignment methodology for
B-DNA using the 'H-'H NOESY and COSY spectra.
Assignment of the 3IP signal of the ith phosphate is
achieved through connectivities with both the H3’(i)
and H4’(i + 1) deoxyribose protons. (The !H chemical
shifts are first assigned by 2D 'H-'H sequential
assignment methodologies.#67:10.113) Although the 5'H-
(¢ + 1) and H5”(¢ + 1) protons overlap with the 4’
protons, the intensities for the 31P-5/ and H5” PAC
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Figure 5. 2D 31P-1H J-resolved spectra at 200 MHz (AH) of
duplex 14-mer d(TGTGAGCGCTCACA);. The 1D de-
coupled 3'P NMR spectrum is also shown along one axis and
the H3’ coupled doublets are shown along the second
dimension. 381P chemical shifts are reported relative to
trimethyl phosphate. (Reprinted fromref20. Copyright 1988
American Chemical Society.)

cross-peaks generally appear to be much weaker than
the H4’ cross-peaks. Similar behavior has been noted
in 81P-1H HETCOR studies on other oligonucleo-
tides”13:1497114 and presumably reflects the strong and
large 5’ and 5” coupling.

Indeed for modest size nucleic acids that are not in
B- or A-form duplex geometries, the 3P heteronuclear
correlation spectra provide an important tool for 'H
sequential assignment. Thus, correlation between the
&’-proton of the ith residue and the 4’- (and possibly &,
5”-) protons of the i + 1 residue allow sequential
assignment through coherence transfer methodsrather
than NOESY distance dependent correlations.94:103.104
Again unfortunately with small tH-3!P couplings (<10
Hz), for larger oligonucleotides (>30-40 residues) and
with line widths often larger than the coupling con-
stants, coherence transfer methods will generally fail
because of poor sensitivity. Perhaps with 1C labeling
or even natural abundance, 3C—3P coherence transfer
correlation methods will allow assignment for even
larger nucleotides because C4'-P coupling constants
between the { and i + 1 residues are generally around
9-10 Hz 115

4. 3'P Heteronuclear Coupling Constants

In order to establish a stereoelectronic factor con-
tributing to the variation in 3P chemical shifts of nucleic
acids, it has proven to be critical to be able to measure
the backbone torsional angles. Until recently, only the
three bond Jy3_p coupling constants in oligonucleotide
duplexes could be readily determined from the selective
2D J-resolved spectrum!16é such as that shown in Figure
5. Notice as shown in Figure 5 the very interesting
pattern of monotonically decreasing coupling constants
for the signals to higher field. This “Christmas tree”-
shaped pattern is almost always observed in duplex
oligonucleotides?116-12¢ and strongly supports a cor-
relation between 3P chemical shifts and Juy_p coupling
constants. This pattern collapses at higher tempera-
tures, and at temperatures above the melting tem-
perature of the duplex all of the coupling constants are
nearly identical, Jy p ~ 8.0-8.5 Hz.
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Figure 6. Plot of P-03’ ({) vs C3'-03’ (¢) torsional angles
for individual phosphates of B-DNA crystal structures: (@)
dCGCGAATTCGCG, room temperature;?®2 (a), dCGC-
GAATTCGCG, 16 K;22 (v), dCGCGAATTCGCG-cis-dichlo-
rodiaminoplatinum(II);22 (A), bent dACGCGAATTECGCG;232
(O) linear dACGCGAATTECGCG;Z2 (M) dCGCGAATTCGCG-
Hoschst 33258;238 (¢) dACGCGAATTTGCG;24 (3) dCCAA-
GATTGG;8! (v) dGCGCGC8! The best straight (solid) line
is ¢ = -367.5 - 1.54¢ which differs slightly from that derived
by Dickerson based upon just the four dodecamer structures
(dashed line, { = -317 - 1.23¢). (Reprinted from ref 21.
Copyright 1990 Adenine Press.)

The observed three-bond coupling constants can be
analyzed with a proton—phosphorus Karplus relation-
ship tomeasure the H3'-C3'~0O-P torsional angle § from
which the C4’-C3’-O-P torsional angle ¢ (= -6 — 120°)
may be calculated. The relationship

J = 15.3cos*(0) - 6.1cos(d) + 1.6 4)

has been determined by Lankhorst et al.121 As shown
by Dickerson2"# there is a strong correlation (R = -0.92)
between torsional angles C4’-C3’-03’-P (¢) and C3'-
03-P-0% ({) in the crystal structures of various
duplexes ({ may be calculated from the relation-
ship:?28 ¢ = -317 - 1.23¢).

The original correlation of ¢ and { torsional angles
was based upon a limited comparison of several B-DNA
crystal structures.?»2 Asshown in Figure 6, ¢ torsional
angles were collected from 9 B-DNA crystal structures
and plotted versus their corresponding ¢ torsional
angles.?! Again, a strong correlation (R = —0.86, { =
-348.11-1.42¢) exists between the two torsional angles,
confirming the previous relationship (see also ref 122).
Both B; and By backbone conformations are observed
in the B-DNA crystal structures as shown by the two
relative clusters in the e versus { plot of Figure 6. Thus
both torsional angles ¢ and ¢ can often be calculated
from the measured P-H3’ coupling constant. When
both ¢ and ¢{ can be separately measured (by X-ray or
NMR restrained molecular dynamics calculations), the
two states are best characterized by the value of ¢ - {
which has a value of ca. -90° or +90° for a B, or By
state, respectively. The a and v torsional angles are
also highly correlated in A-DNA, with a correlation
coefficient also of —0.9212% (8 is contrained to a trans
conformation in both B- and A-DNA).

A plot of observed 3!'P chemical shifts and Jys.p
coupling constants is plotted in Figure 7.118 Inaddition
the Karplus relationship of eq 4 is also plotted. The
Karplus relationship provides for four different tor-
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Figure 7. Plot of 3IP chemical shifts for the oligonucleotide
sequences previously studied in our laboratory?0.118.184 (0) and
theactinomycin-D bound d(CGCG), tetramer complex23 (1)
with their measured Jy3.p coupling constants. (The O data
points correspond to phosphates in a tandem GA-mismatch
decamer duplex!?® which shows unusual, slowly exchanging
signals.) Alsoshown are the theoretical eand {torsion angles
(solid curve) as a function of coupling constant derived from
the Karplus relationship (¢) and the relationship ¢ = -317 -
1.23¢. 31P chemical shifts are reported relative to trimethyl
phosphate. (Reprinted from ref 125. Copyright 1990 Ameri-
can Chemical Society.)

sional angle solutions for each value of the same coupling
constant. Although all four values are shown in Figure
7, thelimb which includes e values between 0 and —270°
is sterically inaccessible in nucleic acids.?® Generally
it is assumed that the coupling constants, which can
vary only between 1 and 11 Hz, all correspond to ¢
torsional angles on a single limb nearest the crystal-
lographically observed average for nucleic acids? (e =
-169 £ 25°). This need not always be true, especially
since phosphate ester conformations corresponding to
either of the other two solutions are observed crystal-
lographically.?? However, as shown in Figure 7, nearly
all of the phosphates for normal Watson-Crick duplexes
fall along only a single limb of the Karplus curve.
Exceptionsinclude several phosphates adjacent tosome
GA-mismatch duplexes.124126 [n addition, it is quite
interesting that the measured *IP chemical shifts and
coupling constants for the two phosphates at the site
of a tetramer duplex actinomycin D drug complex do
not fit on the main limb of the Karplus curve, although
the values do nicely fit on the other two solutions of the
curve (Figure 7). Indeed crystal structures? of related
intercalator duplex complexes confirm that the phos-
phates often are constrained to conformations that best
correspond to the other solutions. These intercalator
drug duplex complexes quite generally show large
downfield shifts of the 3!P signals (see section 7).16:51126

In addition, perturbations in 3!P shifts can also arise
from variations in the a (03’-P-05’-C¥’) torsion angle
that could also explain the “anomalous” behavior of
those 3P signals of phosphates which do not fall on the
main limb of the Karplus curve. While the ¢ torsional
angle is found to be the most variable one in the B-form
of the double helix, the other P-O torisonal angle, o,
is one of the most variable in the A-form of the duplex.2®
The two points falling furthest off the main limb
correspond to two phosphates in a 10-mer GA mismatch,
d(CCAAGATTGG),.125 The unusual geometry of the
tandem mismatch could allow significant variation of
the a (03’-P-05-C5’) and 8 (P-05-C5-C4’) torsional
angles.

Unfortunately, the 8 torsional angles have in practice
been generally unobtainable even in moderate length
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duplexes. Selective 2D J-resolved spectragenerally fail
for H4’, H5’, or H5” coupling to 3P because the spectral
dispersion between these protons is so limited. How-
ever, with either 13C labeling or even natural abundance
13C methods,11%:1?7 it is possible to measure not only the
IH-31P but also the 1*C—3!P coupling constants. Analysis
of the 2D multiplet pattern, especially the “E COSY”
pattern of the 'H-13C HSQC spectrum, has allowed
extraction of many carbon (C3’, C4’, C5’) and proton
(H3’, H4’, H¥, H5”) coupling constants to phos-
phorus.115 As indicated earlier, C4'-P coupling con-
stants for an octamer deoxyribonucleotide duplex are
larger than 1H-%1P coupling (varying from 18.5 to 21.7
Hz for the sum of the two coupling constants). This
variation confirms the sequence-specific nature of the
observed variation in the H3'-P coupling constants and
in the future needs to be carefully explored. Unfor-
tunately C4’ to 3!P connectivities between the { and i
+ 1 residues are both 3-bond and therefore the coupling
constants are of comparable value if the e and 8 torsional
angles are both ~180°. This appears to be true for
several residues in the octamer. Interestingly several
H5-P coupling constants measured in the octamer
varied between 2.8 and 4.0 Hz, suggesting that there is
also some sequence-specific variation in the 8 torsional
angle. _

It is important to remember that $1P chemical shifts
are dependent on factors other than torsional angles
alone. As noted above, 3P chemical shifts are very
sensitive to bond angle distortions as well.15:71,128128 ¢
is quite reasonable to assume that backbone structural
distortions as observed in mismatch duplexes, extra-
helical base duplexes, or drug—duplex complexes also
introduce some bond-angle distortion aswell. Widening
of the ester O—P-0O bond angle indeed is expected to
produce an upfield shift1%" while narrowing of this bond
angle causes a downfield shift, and it is possible that
this bond-angle effect could account for the anomalous
shifts. Indeed very large 1P chemical shift variations
(ca.7 ppm) are observed in tRNA phosphates, 130131 gnd
are likely due to bond angle distortions in these tightly
folded structures.

By ignoring the drug—duplex points that fall off the
main limb of the Karplus curve and by assuming a linear
correlation between the coupling constants and 3!P
chemical shifts (effectively a linear fit to the data on
the main limb of the Karplus curve), the correlation
coefficient is found to vary from —0.79 to -0.92 (at
ambient temperature) for various oligonucleotide
duplexes (the correlation coefficient for correlation of
all of the main limb data is ca. —0.81).20 Remarkably
a linear correlation is even observed up to 80 °C.

Thus, for “normal” B-DNA geometries, there is an
excellent correlation between the phosphate resonances
and the observed torsional angle while phosphates which
are greatly distorted in their geometry must be more
carefully analyzed. Importantly, knowledge of both
81P chemical shift and Jus_p coupling constant can be
very helpful in the proper interpretation of phosphate
ester conformation.

Roongta et al.1!® have analyzed the variation in the
31P chemical shifts and Juy_p coupling constants (Figure
7) in terms of fractional populations of the two
thermodynamically stable B; and B;; states. From the
crystal structure data, the average e torsional angle value
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for the B, state is —190° and for the By state is 105°,27:28
These ¢ values approximate the maximum possible
range of Juy_p coupling constants (for e = -105°, Jug.p
=10.0 Hzand for e = -190°,Jyy_p = 1.3 Hz). Inaddition
in this torsional angle range, the Karplus curve is nearly
a single-valued function. (Actually it is only single
valued in the range of € =~ -200 to —120°; between -105
and —120°, the coupling constant is in the range of 10.0
- 10.8 Hz.) By assuming the measured coupling
constantrepresents the weighted average of the coupling
constants in the two states and by using the two extreme
values of ¢, the percentage B, state can be estimated
from the relationship

JH3:_P(0bserved) - JH3!_P(_105°)
JH3I_P(_190°) - JH3'—P(_105°)

X 100%

Under these assumptions and from the plot of Figure
7, the 3P chemical shift and Juy_p coupling constant
of a phosphate in a purely B; conformational state is
estimated to be ca. —4.6 ppm and 1.3 Hz, respectively.
Similarly the 3P chemical shift and Juy_p coupling
constants of a phosphate in a purely By conformational
state should be ca. -3.0 ppm and 10 Hz, respectively.
The 3P chemical shift difference between the B; and
By conformational states is thus estimated to be 1.6
ppm. It is thus extremely gratifying that the experi-
mentally observed results fully support the original
calculations and hypothesis that the 3P chemical shift
of a By-type phosphate ({ = ¢) is ca. 1.5 ppm downfield
of a phosphate in a B; conformation ({ = g-).151679

The largest coupling constant that is measured is ca.
7-8 Hz which represents a ¢ angle of about -120°,
Analyzing the coupling constants in terms of the
fractional populations of the B; and By states, phos-
phates with Jya_p near this maximum value thus have
nearly equal populations of the B; and By states, At
80 °C, on the basis of the observed coupling constants,
the B and By states are also approximately equally
populated in the random coil single strand form of the
oligonucleotides. This is quite reasonable because on
the basis of molecular orbital calculations, the B;
phosphate ester conformation is estimated to be less
than 1.0 kcal/mol lower energy than a phosphate in the
By conformation. 18182

On the basis of 3P relaxation studies!® it has been
suggested that only small amplitude internal motions
of the phosphates in a drug oligonucleotide complex
are possible. Analysis of 3P relaxation of a small duplex
suggests that the molecule behaves as a rigid rotor with
little internal motion.!3* However, the elbow motion
representing a B; to By transition involves concerted
torsion about both ¢ and ¢, and this transition will not
dramatically alter the angle or distance between the
phosphorus atom and the H3’ atom. Vectors between
other nearest-neighbor protons will also not change
much and therefore there will be an appearance of little
internal motion as monitored by relaxation studies of
phosphates.

The dispersion in the 3P chemical shifts of regular
oligonucleotides is thus likely attributable to different
ratios of populations of the B; and By states for each
phosphate in the sequence. By assuming that only the
staggered rotamers define stable conformations, the
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Figure 8. Temperature dependence of 3P chemical shifts
of GA-mismatch decamer duplex, d(CCAAGATTGG),. 3P
chemical shifts are reported relative to trimethyl phosphate.
(Reprinted from ref 184. Copyright 1989 American Chemical
Society.)

phosphate is assumed to make rapid jumps between
the two states. Alternatively the phosphate could be
considered to be constrained to a single intermediate
P-O ester conformation. This later explanation appears
to be ruled out by restrained molecular dynamics
simulations?! which clearly show that these intermediate
conformational states are only transiently populated
as the phosphate makes rapid jumps between the B;
and By states (see section 8). Thus the measured
coupling constant appears to indeed reflect the popula-
tions of these two possible conformational states.

5. 3'P Melting Curves

The temperature dependence of 3P chemical shifts
and coupling constants provides an important monitor
of both melting and premelting structural transitions
in the phosphate ester backbone. Thus as represented
by the 3P chemical shift melting curve (Figure 8)
for a tandem GA-mismatch decamer, d(CCAAGAT-
TGG),,12 there is a general downfield shift of many of
the resonances with increasing temperature.1516 This
is consistent with the change in the backbone confor-
mation, generally B; (g~ for P-03’ ester bonds) in the
duplex to a random mix of B; and By conformations in
the single-strand random coil. However, it isinteresting
to note that three of the peaks actually move consider-
ably upfield beginning at about 30 °C. Two of these
resonances, labeled G5 and A4, are connected to the
5’-oxygens of the mismatched base pairs. The inflection
point in the curves for all phosphates occurs at ~40°C
corresponding to the Ty, of the duplex. The coupling
constants generally parallel the variation in 3P chemical
shifts and show quite similar melting curves.118125 Thus
31P chemical shifts (and coupling constants) follow the
expected variation in the sugar phosphate backbone
conformation as the duplex melts into a random coil
single strand.

Gorensteln

6. *'P NMR of Polynuclelc Aclds

81P NMR may usefully be applied to the study of
polynucleic acids as well.#® As described above, the
range of 3P chemical shifts for individual phosphates
in duplex fragments is <0.9 ppm. It is not surprising
therefore that individually resolved signals are not
observed for longer (>100 bp) nucleic acid fragments,
for which much broader lines are expected. Infavorable
circumstances, however, separate signals may be re-
solved.

Thussonicated poly(A)-poly(U) 3P spectrashow two
equal intensity signals separated by ca. 0.4 ppm (-1.2
and -1.6 ppm relative to 85% H3PO,). As shown by
Alderfer and Hazel, 1% these signals are associated with
theduplex. Thechemical shiftsof the triplex are +0.07,
—0.38, and —0.90 ppm!1% referenced to 85% phosphoric
acid. Joseph and Bolton? have shown by 170 labeling
of the phosphates that the two main 3!P signals are
associated with phosphates in alternating conforma-
tions along the duplex poly(A)-poly(U) rather than the
phosphates in the two differentstrands. The separation
of the two signals could possibly be attributed to an
“alternating A-RNA” structure.

The 3P spectrum of poly[d(AT)] also gives two
signals separated by as much as 0.8 ppm depending
upon salt conditions.!® In low-salt solution poly-
[d(AT)] shows a separation of 1P signals of 0.24 ppm.136
By thiophosphoryl labeling, Eckstein and Jovinl3” were
able to establish that the deshielded 3!P signal arises
from the TpA phosphates, which based upon an X-ray
crystal model, are in a more extended trans-like, By
phosphate ester conformation. The 3P signal of the
ApT phosphates is quite similar to that of a normal
B-DNA phosphates and indeed is in a g-,g~ B; confor-
mation.

One of the earliest, most direct indications that 3P
chemical shifts were dependent on phosphate ester
conformations comes from the study of poly[d(GC)]
and shorter oligomeric GC and related base duplexes.
In highsalt, the 3P spectra of these alternating duplexes
(including an RNA duplex) shows two signals of equal
area with a chemical shift difference of 1.4-2.0
ppm.1%-142 The crystal structures of this high-salt left-
handed Z-DNA conformation show an alternation along
the sugar phosphate backbone («, {) of either B;-like
(g*,g* for CpG) and By-type (g*,t or gt for GpC)
phosphates.143-145 Sklenar and Bax!46 have nicely used
the 2D heteronuclear indirect detection experiment to
assign the downfield shifted signal to the By type of
phosphates.

7. *'P NMR of DNA-Drug Complexes

Patel1?6:147 first reported that the intercalating drug,
actinomycin D (Act D) shifted several phosphate diester
signals up to 2.6 ppm downfield from the double helical
signal upon binding to oligonucleotide duplexes con-
taining dGdC base pairs. Thus, downfield shifts of 1.6
and 2.6 ppm in the dCAGdCdG-Act D (2:1) and 1.6
ppm in the pdGdC-Act D (2:1) complex at 8 °C have
been observed. Similar shifts arealso observed in other
Act D oligonucleotide duplex complexes (cf refs 148
and 149).

These shifts are consistent with the Jain and Sobell15°
model for these intercalated complexes: partial un-
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winding of a specific section of the double helix allows
these planar, heterocyclic drugs such as Act D to stack
between two base pairs. The downfield shifted peak
ina d(AGCT)s-Act D complex has been assigned to the
dGdC base pair by the 170/180 phosphoryl labeling
method;!5! (see also ref 91). X-ray studies on various
intercalating drug-duplex complexes?152 suggest that
the major backbone deformation of the oligonucleotide
upon intercalation of the drug involves changes in both
the P-O and C-O torsional angles.

Similar spectral changes have been observed for drug-
polynucleic acid complexes. For example, titration of
the poly(A)-poly(U) 3P spectra with ethidium produces
a new signal 1.8-2.2 ppm downfield from the duplex
signal.1$8 At saturating levels of the drug ([drugl/
[DNA] ratios > 0.5) the relative intensities of the
downfield signal relative to the largely unperturbed
upfield signal is ca. 1:1.

This deshielding for approximately one-half of the
phosphate signals in the poly(A)-poly(U)-drug com-
plexes is entirely consistent with the intercalation
perturbation of the phosphate ester geometry observed
in the Act D and related ethidium ion complexes. The
chemical shift of this downfield peak is supportive of
the intercalation mode of binding, since the purely
electrostatic association between drugs and nucleic acid
produces only small and generally upfield 3IP shifts. 15415
The largely unperturbed upfield signals at 15 °C in
these complexes likely represent undistorted B, phos-
phates in regions adjacent to the intercalation site. The
ca. 1:1 relative intensity of the downfield and main
upfield peaks at saturating drug ratios is consistent
with the nearest-neighbor exclusion model for these
drug-duplex complexes. Thus atsaturating drugratios
only every other base-pair step can accommodate an
intercalated drug. The phosphate ester backbone at
the intercalation site is in an extended conformation
(see below), whereas the phosphate ester backbone at
the two neighboring sites is in a normal B-DNA
conformation.

In contrast to the above RNA duplex results, Wilson
et al.1551%8 gnd Lai and Gorenstein!®? did not observe
a separate downfield peak in the binding of ethidium,
quinacrine, daunomycin, and tetralysine to sonicated
DNA. In 3P NMR studies on the intercalating drug-
DNA complexes, increasing amounts of drugs only
produces downfield shifts and line broadening. The
difference between the duplex RNA and DNA systems
is attributed to the rate of chemical exchange between
the duplex—drug complex. In the drug-DNA com-
plexes, the phosphates are undergoing fast chemical
exchange between sites not involving the intercalated
drug (nearest neighbor or further removed) and sites
directly linking the intercalated base pairs.

The 3P chemical shifts of various drug com-
plexes!®157 appear to correlate with the observed degree
of unwinding of the duplex DNA upon drug binding
(Figure 9). The helical twist values for various drug
complexes that are used in Figure 9 represent the
difference between the normal B-DNA helical twist
angle of 35.6° and the observed helical unwinding angle
resulting from binding of the drug. Because of the
nearest-neighbor exclusion principle, at saturating
concentrations of these drugs, only every other site has
a bound drug. Because of fast chemical exchange
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Figure 9. Plot of 31P chemical shift vs calculated helix twist,
tg; 10-14 bp oligonucleotide terminal phosphate shifts (O; ¢,
derived from t; = 35.6 + 2.1%;)). Wilson and Jones’1% drug-
DNA data (X), drug—calf thymus DNA datals’ (3), A-DNA
(m), B-DNA (4), and alternating poly[d(AT)] (+) shifts are
shown. The helix twist for the drug—-DNA is calculated from
the difference between the helix twist of B-DNA (¢, = 35.6°)
and the unwinding angle, ¢ for the drug-DNA complex (for
ethidium (¢ = 26°), quinacrine (¢ = 17°), and daunomycin
(¢ = 10°). The 3P chemical shifts of the drug-DNA
complexes have been corrected for chemical shift averaging.
31P chemical shifts are reported relative to trimethyl phos-
phate. (Derived from ref 157).

averaging, only one 3P signal is observed in these drug
complexes and this must represent an average of the
3IP chemical shifts of phosphates at nonintercalative
and intercalative sites. Correction for this chemical
exchange averaging has been made in Figure 9 by
multiplying the observed perturbation of the 3!P shifts
by 2.

8. Sequence-Specific Varlation in 3'P Chemical
Shifts and Coupling Constants of Duplex
Oligonucleotides

A number of “modest”-sized oligonucleotide se-
quences have had individual 3!P resonances completely
assigned. 3P chemical shifts of individual phosphates
for similar sequences are quite similar and perturbations
in the shifts are largely localized near the sites of base-
pairsubstitution. While “complementary” phosphates
(phosphates opposite each other on complementary
strands) are chemically and magnetically nonequiva-
lent, rather surprisingly, the 3P chemical shifts at
complementary phosphate positions generally follow
the same pattern in both strands of the duplex
regardless of base sequence or position, suggesting that
the phosphate geometry is nearly the same in comple-
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Figure 10. Comparison of the 3P chemical shifts of
tetradecamers, d(TGTGACGCGTCATA); (solid line) and
d(CACAGTATACTGTG); (dashed line) vs sequence. 31P
chemical shifts are reported relative to trimethyl phosphate.
(Reprinted from ref 158. Copyright 1989 American Chemical
Society.)

mentary positions along both strands.!®® This suggests
thatlocal helical parameters which are symmetric across
the base step (e.g. helix twist and roll)? but not tilt are
largely responsible for the phosphate ester geometry
changes.

A very intriguing comparison!®® of the 3P chemical
shift of two 14-mers, d(TGTGACGCGTCATA), and
d(CACAGTATACTGTG),,isshownin Figure 10. The
two 14-mers are related by an “opposite” nucleotide
sequence (a pyrimidine is replaced by the other
pyrimidine and a purineis replaced by the other purine).
This retains the purine-pyrimidine base steps but
obviously completely alters the sequence at every
position. As shown in Figure 10, remarkably, the
pattern of variation of 3P chemical shifts of the two
sequences 14-mers are quite similar. The observed
variation of 3!P chemical shifts is largely a function
only of the purine-pyrimidine sequence. The through-
space magnetic or electric chemical shielding effects of
either a guanosine or adenosine base (i.e., through ring-
current and electric charge effects) will not be identical
at the phosphorus nucleus. The fact that it is im-
material whether an A or a G base is present at a
particular purine position in the sequence, further
supports the hypothesis that conformational differences
are responsible for the 3'P chemical shift variations.

As pointed out in Ott and Eckstein!®® and Schroeder
et al.”12 3IP chemical shifts appear to vary in response
tolocal, sequence-specific, and induced environmental
distortions in the duplex geometry. Earlier attempts
in the laboratory of Gorenstein and that of F. Eckstein
utilized a set of simple “Calladine rules” to predict local
helical structure. Thus Dickerson and co-workersl®®
had shown that the helical distortions observed in the
crystal structure of adodecamer could be quantitatively
predicted through a series of simple “Calladine rule”
sum function relationships.1#* This was attributed to
local helical variations introduced to relieve purine—
purine steric clash in PyPu sequences. Other explana-
tions for this variation have been offered, including
intrinsic stacking interactions resulting from the dif-
fering charge distributionsin the bases.12 On the basis
of the 31P assignments of over a dozen oligonucleotides,
Gorenstein et al. were able to establish a modest
correlation between 31P chemical shifts and the Cal-
ladine helical twist sum function for a number of the

Gorenstein

oligonucleotides.”1220:157 The correlation coefficient (R)
between 3'P shifts and helical twist was 0.71 if just the
terminal phosphates and the 1P chemical shifts of the
drug complexes described in the previous section were
included in the correlation. However in the middle
region of the duplex oligonucleotides, no correlation (R
= (0.05) was found between 3P chemical shifts and helix
twist.®

It is now becoming clear that the failure to observe
a correlation between *'P chemical shifts of duplex
oligonucleotides and these sequence-specific local heli-
cal structural “Calladine rules” as derived from X-ray
crystal structures simply reflect the failure of the rules
themselves to accurately predict the solution-state
sequence-specific local helical structural varia-
tions.21:5081,162165-187 Fyrther, NMR studies have sug-
gested that the duplex conformation in solution may
not be identical to the static picture provided by X-ray
diffraction in the crystal state,"168 as one might expect.
Fortunately 2D NOESY NMR solution structural
methods are now sufficiently advanced that it is possible
to determine some of the torsional angles and local
helical structural parameters with reasonable precision
and accuracy,'®170 and now comparisons may be made
between the solution conformation and 3!P spectra.

1. 3P Chemical Shifts as a Function of
Sequence and Position

Besides this sequence-specificeffect, the 3!P chemical
shifts of the phosphates generally move upfield as the
position of the phosphate moves toward the center of
the helix.?:118 As mentioned above, one of the factors
that will affect 3'P chemical shifts is the degree of
conformational constraint imposed by the duplex
geometry.1617L172 Bage pairs closer to the ends of the
duplex are less constrained to the stacked, base-paired
geometry. This “fraying” at the ends imparts greater
conformational flexibility to the deoxyribose phosphate
backbone, and thus phosphates at the ends of the duplex
will tend to adopt more of a mixture of different
conformations. Phosphateslocated toward the middle
of a B-DNA double helix assume the lower energy,
stereoelectronically'® favored polymer B; conformation,
while phosphodiester linkages located toward the two
ends of the double helix tend to adopt a mixture of B;
and By conformations, where increased flexibility of
the helix is more likely to occur. Because the B,
conformation is responsible for a more upfield 3P
chemical shift, internal phosphates in oligonucleotides
would be expected to be upfield of those nearer the
ends. Althoughseveral exceptions have been observed,
this positional relationship appears to be generally valid
for oligonucleotides where 3P chemical shift assign-
ments have been determined.?121789.171178 Thjg “posi-
tional” 31P chemical shift is superimposed on site- and
sequence-specific effects.”12:20.171,172

Asshown in Figure 9 3P chemical shifts are sensitive
to the degree of helix twist in various drug-DNA
complexes. This (as well as other site- and sequence-
specific effects in normal oligonucleotides) is very likely
due to the changes in the length of the sugar-phosphate
backbone which in turn alters the phosphate confor-
mation. These local helical changes (and in the case of
drug-DNA complexes, the additional structural changes
incurred as the result of drug intercalation) require
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changes in the deoxyribose phosphate backbone angles
« and ¢ (Figure 1). As the helix winds or unwinds or
adjusts toaccomodate an intercalated drug, the distance
between the adjacent C-4’ atoms of deoxyribose rings
along an individual strand must change to reflect the
stretching and contracting of the deoxyribose phosphate
backbone between a base step. To asignificant extent,
these changes in the overall length of the deoxyribose
phosphate backbone “tether” in changes in the P-O
ester (as well as other) torsional angles.2® Thesequence-
specific variations in the P-O (and C-0) torsional angles
may provide the linkage between the sequence-de-
pendent structural variations in the duplex and 3P
chemicalshifts. Thesimilarity of the shift and coupling
constants for complementary phosphates (Figure 10)
suggests that local helical parameters which will sym-
metrically modulate the length of the sugar phosphate
tether equally across the two strands in a base step are
largely responsible for these changes (e.g. helix twist
and roll'#), However, large values of tilt (wedging along
the long axis of the stacked base pairs) would create
unequal tether lengths and hence differing 3!P shifts
and coupling constants.

Analysis of the X-ray crystal structures?’-?® and
NOESY distance refined structures® of B-form
oligodeoxyribonucleotides has shown that torsional
angles a, 3, and v on the 5’-side of the sugar are largely
constrained to values g-(~60°), £(180°), g(+60°), whereas
significant variations are observed on the 3'-side of the
deoxyribose phosphate backbone. The greatest varia-
tion in backbone torsional angles is observed for {
(P-03’) followed by e (C3’-03’) and then § (C4’-C3").
It is important to note that many of these torsional
angle variations are correlated.20:27-20

As indicated previously, when the P-03’ conforma-
tionis g-, invariably the C—03’ conformation (e) is found
to be t. This ¢ (t), { (g") conformation is the most
common backbone conformation. In this By (t,9)
conformation (Figure 1), § can vary considerably (8
largely reflects the sugar pucker).?># As § increases to
its maximum limit of ~160° in order to relieve any
additional local helical distortion, { now begins to vary
from —60° to ~120° while ¢ largely remains fixed at
trans.2’?® At a maximal value for 6 the phosphate ester
conformation can switch to the By state ({=t, a =g
Figure 1). It is largely this variation in 4, ¢, and { that
allows the sugar phosphate backbone to “stretch” or
“contract” to allow for sequence-specific variations in
the local base-pair geometry of B-DNA. The B; and
By states represent ground-state minima with the P-O
and C-O torsional angles in the staggered conforma-
tions.1321%5 Partially or fully eclipsed conformations
which are not energy minima are only accessible through
libration in each of the staggered states or through
transient passage during the rapid jumps between the
two ground states.

Thus the possible basis for the correlation between
helix unwinding (helix twist) and 3!P chemical shifts in
both nucleic acids and nucleic acid—drug complexes can
be analyzed in terms of sugar phosphate backbone
distortions.? Presumably, as the helix unwinds upon
binding an intercalating drug, the length of the sugar
phosphate backbone increases to accommodate the
additional heterocycle intercalated between the two
stacked base pairs with a base to base separation now
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of ~6.7 A. Thislocal helical unwinding and lengthening
of the tether requires an increase in the population of
the By conformation and shifts the 3P signal downfield.
However, as noted below, a different backbone read-

justment occurs for changes in helix twist in normal
B-type DNA.

2. Conformation and Dynamics of the Phosphate
Ester Backbone

Unfortunately, tH-'H 2D nuclear Overhauser effect
spectra (NOESY) give no direct information on the
phosphate ester conformation and NOESY distance-
constrained structures have been suggested to be
effectively disordered in this part of the structure.2
However, as described above 3!P chemical shifts and
IH-31P coupling constants clearly indicate sequence-
specific variations in the backbone conformation. The
solution structural refinements of a d(CGCTTAAGCG),
decamer duplex, tandem-GA-mismatch decamer, and
several tetradecamersi®176-178 Ly a hybrid matrix/
NOESY distance-restrained molecular dynamics
methodology®168173-181 provided important suggestions
that full analysis of DNA structure requires a complete
picture of the internal dynamics.

An example of an NMR-restrained molecules dy-
namics trajectory (time course) of the variations in the
six backbone torsional angles, a—¢ of one internucleotide
linkage in d(CGCTTAAGCG); decamer duplex, is
showninFigure 11A-F.2! Most of these torsional angles
showed relatively small amplitude fluctuations about
the average B-DNA values for the 50 ps restrained
molecular dynamics calculation. As noted above in
B-DNA the ¢ and ¢ torsional angles show the largest
variability and indeed our calculations demonstrate that
large amplitude fluctuations occur for these two
torsional angles. These torsional angle changes reflect
a transition from the low-energy B; conformation to
the higher energy By conformation. These transitions
were short lived and relaxed back to the low energy
conformation. Other internucleotide phosphates show
similar transitions (Figure 11G-L; only the ¢ and ¢
torsional angles for three phosphates are shown),
although the fraction of By/By, states varies. Note how
phosphate 8 (Figure 11, parts I and J) spends most of
its time in the B; conformation while phosphate 9 is
largely dominated by By. These calculations also
provided strong support for the coupled elbow con-
formational transition between the B; and By; confor-
mations and the strong correlation between the ¢ and
{torsion angles observed in the X-ray crystal structures
of B-DNA.2%28 The correlation between the ¢ and ¢
torsion angles over the entire 50 ps restrained MD
time course for the A17 phosphate on the 3’-strand of
the decamer is shown in Figure 12. The similarity
between the plots of Figure 6 (based upon the crystal
structures) and 12 (based upon the solution structure
derived from NOESY restrained MD calculations) is
particularly striking and further supports the correlated
motion. ‘

There is some question whether some of the sequence-
specific structural variations observed in the X-ray
crystallographic studies are the result of less profound
crystal packing forces.®33 Indeed Dickerson et al.
have suggested that all of the sequence-specific variation
in the B; and By conformations arises from crystal
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packing forces. Similar conclusions have been reached
in a Raman spectroscopy analysis of the backbone
phosphate conformation in solution and the solid
state.l® Our own results clearly show that there are
significant variations (sequence- and/or position-de-
pendent) in the relative populations of the B, and By
conformations in duplex oligonucleotides in solution.
In the Dickerson et al.? analysis variation in local helix
parameterssuch as helix twist, base roll, propeller twist,
and sugar pucker are determined by base sequence and
thus are “hard” parameters and a real phenomenon.
They further argue that the backbone conformation is
a “soft” parameter that is easily perturbed by crystal
packing forces and is “an epiphenomenon”. However
in solution, the backbone conformation clearly does
display sequence, position, and site specificity?0:118.158
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and as such these variations indeed represent true
“phenomena”.

3. Origin of Sequence-Specific Varlation In the ¢
and { Torsional Angles and P-H3’ Coupling
Constants; C4’-C4’ Interresidue Distances

In normal DNA as the helix unwinds (and the helix
twist ¢; decreases), the length of the deoxyribose
phosphate backbone decreases.20158178 Ag in the case
of the drug-duplex complexes, these local helical
changes require changes in the deoxyribose phosphate
backbone angles « and {. Yanagi et al.}83 pointed out
the importance of the variationsin the sugar phosphate
backbone and the limitations it imposes on local helical
parameters. Indeed it is possible that the failure of the
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Figure 11. Time course for the fluctuations in the backbone torsional angles for the A17 residue of the d(CGCTTAAGCG),
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course for only the e (left panels) and { (right) panels for phosphates 7 (top), 8 (middle), and 9 (bottom) of the decamer.

(Reprinted from ref 21. Copyright 1990 Adenine Press.)

Calladinerules toreliably explain the sequence-specific
local helical structural variations is at least partially
attributable to the failure to properly take into account
this structuralfeature. The maximal length of the sugar
phosphate backbone (in an all-trans conformation about
each of the backbone bonds) is 7.4 A, leading to a
maximal Cl’ to Cl’ distance between adjacent sugars
of 5.6 A (Dickerson defines this as D,,,).188 The mean
D,,, found in crystals is 5.0 A and thus the backbone
is90% extended. The observed range of D,,.in crystals
varies from 4.3 (77%) t0 5.5 A (98%). As earlier noted
in ref 20 and further by Yanagi et al.1#3 the backbone
linkage (as measured by either the C4’-C4’ distance in

Gorenstein’s laboratory or Dickerson’s C1'-C1’ dis-
tance) provides a connection between various local
helical parameters such as rise, twist, and roll. It again
supports the importance of the sugar phosphate
conformation in helping to define or at least constrain
the duplex base-pairing geometry.

Thus the distance between the adjacent C-4’ atoms
of deoxyribose rings along an individual strand (Dy¢)
may be used as a measure of the overall length of the
deoxyribose phosphate backbone “tether”. Signifi-
cantly, the Dcycy distances obtained from the four
crystal structures®-2 of the dodecamer duplex d(CGC-
GAATTCGCG); as well as the calculated Dcycy dis-
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Figure 12. Plot of P-03’ ({) vs C3-03’ (¢) torsional angles
for the A17 residue of the d(CGCTTAAGCG), decamer duplex
during the last 45-ps restrained molecular dynamics refine-
ment. {/etorsional angles were obtained for the phosphate
every 50 fs. The best straight (solid) line is { = -348.1 - 1.42¢
(R = 0.86). The dashed line is derived from the crystal
structures from Figure 6 ({ = -367.5 - 1.54¢). (Reprinted
from ref 21. Copyright 1990 Adenine Press.)
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Figure 13. Correlation of distance between adjacent
deoxyribose C4’ atoms, Dcycy, along one strand of duplex
oligonucleotide d(CGCTTAAGCG); and helical twist pa-
rameter t; derived from the solution structure for the
decamer (O; solid line) and the crystal structures of the
dodecamer d(CGCGAATTCGCG); (O, dashed line). Values
for the decamer were derived by averaging the entire last
45-ps time course for the restrained molecular dynamics
refinement. The crystallographic data only includes B;
conformations and the residue at the ends of the duplex has
been eliminated. Each conformation represents the average
of phosphate conformations on complementary strands and
has also been end for end averaged. (Reprinted from ref 21.
Copyright 1990 Adenine Press.)

tances of the d(CGCTTAAGCG); decamer also follow
a similar change as a function of ¢,, as shown in Figure
13.21 The correlation coefficient between the crystal-
lographically derived Dcyce distances and ¢, is 0.77
(Figure 13). While the restrained MD calculated
distances for the d(CGCTTAAGCG); decamer duplex
are shifted slightly from the crystal structure distances,
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Figure 14. Plot of distance between adjacent deoxyribose
C4’ atoms, Dcycy, along one strand of the d(CGCTTAAGCG),
decamer vs measured P-H3’ coupling constant (4, dashed
line) and the calculated e torsional angles (O, solid line) derived
by averaging the entire last 45-ps time course for the restrained
molecular dynamics refinement for the decamer d(CGCT-
’II)‘AAGCG). (Reprinted from ref 21. Copyright 1990 Adenine
ress.)

the trend is quite similar and the correlation is very
good (R = 0.90).

Aremarkable, similar correlation also exists between
the Jyyp coupling constant and the calculated C4’-
C4’ distances derived from the NOESY distance-
restrained MD-refined structure for the decamer (R =
0.69; Figure 14). Figure 14 also demonstrates thatthere
isagood correlation between the derived ¢ torsion angles
from the NMR/MD refinement and C4’-C4’ distances
(R = 0.83). It is important to note that the ¢ torsional
angles have been calculated by averaging all of the values
taken every 50 fs in the entire last 45 ps NOESY
distance-restrained MD refinement.

4. 3P NMR Spectra of a Tandem GA-Mismatch
Duplex, d(CCAAGATTGG),

A tandem GA-mismatch decamer, d(CCAAGAT-
TGG); has provided additional insight into the role of
phosphate ester conformation and backbone dynamics
on 31P NMR chemical shifts and coupling constants.184
The %P spectrum is quite dispersed at 20 °C with a
range of 1.2 ppm. This “spread” in chemical shifts is
unusual for a duplex DNA fragment, most being
generally less than 0.7 ppm. Even in the cases where
there are two mismatch sites (nontandem), the chemical
shifts of the 3P spectrum are dispersed between 0.5
and 0.9 ppm.118.185-187 In the GA mismatch two low-
field signals are separated from the main cluster
representing more normal type of phosphates (Figure
8). These unusual 3P signals are associated with
phosphates at or near the site of the mismatch (much
as is found in drug-DNA complexes). While it may
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seem obvious that the mismatch will affect the chemical
shift, it appears to do so in no predictable fashion. It
was expected that a downfield chemical shift perturba-
tion would be observed for the G5p and A6p resonances;
however, this has proved to be only partially correct.
Although the phosphorus resonance of the phosphate
attached to the 3’-oxygen of G5 is shifted downfield,
the phosphorus resonances 3’ to the mismatched A6 is
not. Rather it is the phosphorus resonance attached
to the 3’-oxygen of A4. Thus the backbone distortions
of both mismatched base pair are evidenced on the 5’
side of the mismatched bases, pG5 and pAs.

The downfield shift of a single phosphorus resonance
has been observed in other distorted duplex sequences
aswell. The extrahelical adenosine containing duplexes
d(CGCGAAATTTACP*GCG); and d(CCGGAATT-
CACp*GG); previously studied!8”:168 hoth contained a
downfield-shifted phosphorus peak associated with the
phosphate one residue removed to the 3’ side of the
extrahelical base. The extrahelical cytosine-containing
duplex d(CCGp*CGAATTCCGG); also studied by
Kalnik et al.1¥7 contains no anomalously downfield
shifted 31P peak; however, the phosphate attached to
the 5’-oxygen of the extrahelical cytosine shifts down-
field upon warming. This is unusual since warming
has been observed to produce the opposite effect (i.e.,
an upfield movement of the affected 3!P resonance) for
the phosphate at the site of an extrahelical adenosine
duplex.}® Additionally, the 3IP assignments of several
sequences containing nonstandard base pairs have been
determined in Gorenstein’s laboratory.11® These mis-
matches have been derived from the parent self-
complementary dodecamer d(CGX;GAATTCX,CG),.
In the A-G and C-A dodecamers (X;°X,) studied, it is
the phosphorus attached to the 3’-oxygen of G2 which
resonates downfield from the rest of the 3!P cluster.
Contrarily, in the TG and U-G mismatches, it is the
phosphorus resonance of the phosphate on the 5’ side
of the mismatched T and U (p11) which becomes the
most downfield shifted peak. Finally, the G-G mis-
match shows a downfield shift (although not as seen in
the other sequences) of the T8p peak (one residue
removed to the 5 side of the mismatched G10 residue).

It is thus clear that there appear to be no rules which
would allow the prediction of where distortion relief
might occur along the phosphate backbone (as moni-
tored by 3P NMR) in molecules such as those described
above.

5. Comparison of the Phosphate Backbone
Torslonal Angle Varlations from Solution
Coupling Constants, NOESY Restrained
Molecular Dynamics Calculations, and the X-ray
Crystal Structure of the GA-Mismatch Decamer
Duplex

AsshowninFigure15the NOESY distance restrained
MD calculations for the tandem GA-mismatch d(C-
CAAGATTGG), are able to reproduce the observed
variation in the e torsional angles for the decamer as
calculated from the experimental Jus_p coupling con-
stants.1® (The ¢ torsional angles also rather accurately
parallel the variation in 3P chemical shifts; see ref 189.)
The e torsional angles were calculated by averaging over
160 ps dynamics of a 2D NOESY/hybrid matrix/
restrained MDrefinement. Itis clearthat aremarkably
strong correlation exists between the pattern of the
variation of the torsional angles derived from the
restrained MD calculations and the experimentally
measured coupling constants (the fit is poorer to an
alternate conformation that is in slow chemical ex-
change; O in Figure 15). Similar correlations between
the averaged torsional angles from restrained MD
refinement of the d(CGCTTAAGCG), base-paired
B-DNA decamer have also been demonstrated.2!

It is important to note that the ¢ torsional angles in
Figure 15 derived from the restrained MD calculations
represent time averages during which large amplitude
fluctuations are observed on the picosecond time scale,
similar to those shown in Figure 11. As found for the
d(CGCTTAAGCG); base-paired B-DNA decamer the
time course of the restrained MD calculated fluctuations
about the six sugar phosphate torsional angles in the
GA-mismatch decamer show relatively small amplitude
fluctuations about the average B-DNA values except
for the ¢ and ¢ torsional angles. These torsional angle
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Figure 16. (A) Comparison of gas-phase calculations, solution conformational data, and X-ray crystallographic data on dodecamer
d(CGCGAATTCGCG).. Plot of calculated ¢, P~03’ torsional angles as a function of helix twist, ¢;, based upon the AMBER,
molecular mechanics energy-minimized dTpG-dCpA duplex dimer structures (--O--). Also shown are the { torsional angles
derived from the X-ray crystal structures?’.28 of the dodecamer (- + -). The crystallographic data only includes B; conformations
and the residue at the ends of the duplex has been eliminated. Each conformation represents the average of phosphate
conformations on complementary strands and has also been end-for-end averaged. The { torsional angles derived from the
solution coupling constants20116 are also shown (A). Lines represent the best least-squares fit of the crystal and theoretical
data. Part B shows a plot of helix twist (t) vs ¢ - {, and part C shows a plot of helix roll vs ¢ - { (data from Hartmann et al.1?2):
(4, +) based upon molecular dynamics simulations (+) and crystallographic studies (3). Experimentally derived structures
for (CGCTTAAGCG); (0) and d(TGTGAGCGCTCACA), (@) duplexes from Gorenstein’s laboratory. The latter results were
calculated from 2D NOESY/restrained MD refinements (e - { were averaged over the MD refinement).21192 (Part A, reprinted

from ref 20. Copyright 1988 American Chemical Society.)

changes again reflect a transition from the low-energy
B, conformation to the higher energy By conformation.

Figure 15 also demonstrates that the variation in the
backbone conformation in the crystal state follows the
same pattern of variation in the measured coupling
constants and the averaged torsional angles derived
from the restrained MD refinement. Inthe crystalstate,
most of the phosphates appear frozen in either pure B;
or pure By conformations. At any single snapshot of
the restrained MD calculations, some phosphates are
also frozen in pure B; or pure By; conformations (similar
to that shown in Figure 11). However analysis of the
¢ torsional angle in any single snapshot during the MD
trajectory leads to an incorrect value for the ¢ torsional
angles as measured by the Juy_p coupling constants. It
is only the time average of the torsional angles that
correctly describes the pattern of Jus_p coupling
constants. (In another tandem GA-mismatch duplex
conformational constraints on the backbone are suf-
ficiently strong so as to keep two of the phosphates
locked in a By state—and the 3P chemical shifts of
these phosphates are shifted downfield as expected.1®
Similar downfield shifts in another GA-mismatch have
been observed by Lane and co-workers.1?!) These
results and those described in the previous section
provide strong support for our hypothesis that dynamic

variations in the backbone torsional angles are largely
responsible for 3P chemical shift variations in duplex
oligonucleotides.

6. Correlation of Local Hellcal Geometry with
Backbone Conformation

X-ray, NMR, and computational methods now all
agree that there are major backbone conformational
changesintroduced as aresult of sequence-specific, local
helical variations. Dickerson and co-workers?™?® had
first noted that there appeared to be little correlation
between the helical parameters and the deoxyribose
phosphate backbone torsional angles in the crystal
structures. A modeling study of an idealized Arnott
B-DNA dinucleoside monophosphate duplex structures
with sequence d(T'G)-d(CA) in which the helix twist
was varied from 25° to 45° while the helical height was
kept fixed at 3.38° was carried out in Gorenstein’s
laboratory. The model-built structures were then
energy refined.2 The modeling results (Figure 16A,
O) showed that as the helix twist increases the
phosphate ester conformation goes from a B; to a By-
type of conformation (i.e. { changes from g to t).
Reanalysis of the crystallographically derived backbone
torsional angles for the dodecamer d(CGCGAAT-
TCGCG); also showed a modest (Figure 16A, +)
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correlation between ¢, and { (R = —0.50) for the B,
phosphates?® consistent with the model-calculated ¢
torsional angle variations.?® Significantly, the Dcycy
distances obtained from the model duplex dimer and
four crystal structures of the dodecamer duplex also
followed a similar change as a function of ¢, similar to
that shown in Figure 13.20 While the calculated
distances from the model-built dimer responded more
steeply to the variation in t; than the actual values, the
trend was similar. This was reasonable since we were
ignoring other helical adjustments (e.g., roll and base
slide) which must also perturb the backbone length.

Hartmann et al.1?2have carried out another molecular
modeling study of the relative energetics of the two
phosphate ester conformations in the context of local
helical structural variations. As shown in Figure 16,
parts B and C, their very important results, comparing
X-ray crystral structures and the modeling study,0:122
provide additional strong support to the dependence
of helical twist (and roll) on the backbone conformation
(and of course indirectly on Jysp coupling constants
and 3!P chemical shifts).”12.2015 Recall thatan e—{value
of —90° is associated with a B; phosphate whereas a
value of +90° is associated with a By phosphate.
Included in this plot (as derived from ref 122) are values
of 2D NOESY restrained MD calculated values of
several tetradecamer and decamer duplexes calculated
in my laboratory.?:192 Egpecially for helix twist, the
solution conformation generally follows the same
variation observed in the crystal structures.

Clearly B phosphates are associated with high values
of helix twist® and large negative values of helix
roll.11%122 High twist and low positive roll perturb the
phosphate ester backbone and decrease base-stacking
interactions in TpA relative to ApT.1191% Similar
effects are noted for the Py—Pu sequence CpG vs Pu-
Py sequence GpC.119:193.19¢ Ag pointed out in ref 122
when both Bj; phosphates are opposite each other in a
duplex step, as the phosphates turn toward the minor
groove, they force the base pairs to be displaced into
the major groove by up to 2 A. This results in some loss
of stacking energy. With alarge negative roll, the effect
is to produce a kink toward the minor groove in the
DNA at this juncture, producing a significant local bend
in the duplex. Indeed in several instances of a GA
mismatch, a very high twist value is found at a base
step with either phosphates always in a By conforma-
tion!?® or with phosphates predominantly in the By
conformation.!? Asindicated earlier, previous efforts
to relate local helical parameters (as calculated from
the Calladine rules) with 3P spectral data led to
marginal or poor correlations. There is however amuch
better correlation between solution calculated values
of helix twist and phosphate conformation (and between
31P chemical shifts and phosphate conformation) in
DNA fragments.

Calculations have suggested that the energy barriers
for a By/By transition vary between 4.6 and 15.0 kcal/
mol with energy differences between the two states of
1.9-10.0 kcal/mol.122 [n one instance with symmetri-
cally disposed By phosphates on both strands of the
base step, the By phosphate was 3.6 kcal/mol lower
energy than the B; state. These results are consistent
with the transitions that can be seen in the molecular
dynamics trajectories of various base steps such as that

Chemical Reviews, 1994, Vol. 84, No. § 1331

shownin Figure 12. Similar transitions have been noted
in MD studies in water with added counterions,1951%

Low-field phosphates generally appear to be associ-
ated with Py-Pu base steps20:118:119,122,168 that have high
helical twist. This produces an increase in the length
of the sugar phosphate tether, lowering the relative
energy difference (and energy barrier?) between the
two phosphate states. This will produce a more flexible
phosphate site in which transitions can occur more
readily and in higher frequency, as appears to be
observed in the MD simulations. Asshown by El antri
et al.11? in a study of six related octamers, the four
different base steps have the following average values:
Pu-Py (AC, AT, GC, GT) -4.30 ppm = Py-Py (TT,
CT, TC) -4.28 > Pu-Pu (AA, AG, GA) -4.17 > Py-Pu
(CA, CG, TA, TG) -4.08. These trends generally also
appear in longer duplexes (generally with a wider
chemical shift).20118,158 A strong correlation was also
observed between observed Jua_p coupling constant and
3P chemical shifts in the octamers, again consistent
with longer duplexes. El antri et al.l!® also note the
strong correlation of helix twist with phosphate ester
conformation and 31P spectra. A CpG step shows low-
field signals with large three-bond coupling constants
while ApT show high-field signals with small three-
bond coupling constants. Again as nicely noted by El
antri et al.}1? in NOESY distance-restrained molecular
dynamics calculations, the ApT Pu-Py step is ca. 30°
in CApTG and the CpG Py-Pu step is 43° in
ACpGT. 184197

As shown by the very similar 3'P chemical shifts,
coupling constants and NMR calculated values of helix
twist for various decamers and tetradecamerg20:118,158,192
the effects of sequence are largely localized at the base
step and its one or two flanking nearest neighbors. Note
in Figure 17, how the values of helix twist and roll
between the two tetradecamers in regions outside of
the G-C to A-T mutation (nts 4-10) are quite similar.
In contrast, at the mutation site or adjacent to it there
are large changes in helix twist (a 4-6° increase at
positions 2, 3, 11, and 12) and roll (from +2 to —5° at
positions 2 and 12). After taking into account those
structures that might be influenced by crystal packing
interactions, similar localization of the helical param-
eters is often noted for similar units of 4-6 base pairs.
Indeed the original Calladine rules were based upon
the idea that base step and the single nearest neighbor
on either side defined local helical changes. It is quite
likely that the failure of the simple Calladine rules arise
from the neglect of another important variable in
allowing DNA local geometry to respond to sequence:
the conformation of the sugar phosphate backbone.

9. lac Repressor Headplece—-Operator *'P NMR
Spectra

How do proteins recognize DNA? Most attention on
understanding the binding specificity between amino
acid sequences and DNA sequences has centered on
hydrogen bonding to the acceptor/donor groups on the
Watson-Crick base pairs in the major groove (cf. ref
36). At present we do not understand this “second
genetic code” of protein-DNA recognition. Perhaps
one reason for the inability to dissect the basis for this
specificity is the emphasis on base-pair interactions
alone. Ineveryhigh-resolution X-ray crystal structure
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of a protein—-DNA complex, the majority of the contacts
aretothe phosphates.?*# Perhapslocalized, sequence-
specific conformational variations in DNA which alter
the position, conformation, and dynamics of the
phosphate are another important component of a
protein’s recognition of specific sites on the DNA 19819

The regulation of the expression of the lac genes has
served as the archetypal example of a negatively
controlled operon in prokaryotes.?® While site-specific
mutagenesis and mutant operators have proven to
provide important information on the role of individual
amino acids and base pairs in the recognition pro-
cess?01:202 it jg still not understood at a detailed molecular
level 203204 X.ray crystallographic structural refine-
ments, extensive mutagenesis experiments,205-212 agg well
as model-building suggest that certain side-chain
residues recognize the individual bases of nucleic acids,
while others “recognize” the backbone phosphates,
possibly through sequence-specific variations in the
DNA conformation.

It is possible to duplicate the basic lac operator-lac
repressor protein interaction by using the smaller lac
repressor headpiece N-terminal domain fragment,213-217
Recent NMR-derived structures of repressor headpiece
bound to lac operator DNA fragments have begun to
provide details confirming the sequence-specific in-
teractions of a recognition a-helix binding within the
major groove of the operator DNA. In this section, the
31P NMR spectra of various 14-base pair lac operators
free and bound to both wild-type and a Y7I (tyrosine
7 toisoleucine) mutant lac repressor headpiece proteins
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Figure 18. 3P NMR spectra of the 14-bp oligonucleotide
duplex, d(TATGAGCGCTCATA), (mutant operator 02) as
afunction of the relative ratio of [14-bp operator]/[wild-type
lac repressor headpiece] at ionic strength, 0.067 M. The
[O1/{HP] ratios during the titration are shown. Numbering
corresponds to phosphate position from the 5-end of the
duplexes, starting at position 4. (Reprinted from ref 199.
Copyright 1992 American Chemical Society.)

are shown to provide information on the backbone
conformation and dynamics in the complexes.

Asillustrated in Figure 4, 2D pure absorption-phase
constant time (PAC) heteronuclear correlation NMR97
and 170-180 labeling methodologies” have been used to
assign the °1P spectra of palindromic, wild-type lac
operator 14-mer d(TGTGAGCGCTCACA), (0O1) aswell
as a number of base-pair mutants, d(TATGAGCGCT-
CATA), (02) and d(TGTGTGCGCACACA), (03;
complementary sites of mutation in the palindromic
operators are italicized). These symmetrical base
sequences are about two-thirds the length of the 21
base-pair wild-type sequence, and the 14-mers are
believed to contain most of the important recognition
sites?18210 for the lac repressor protein. Mutagenesis
studies??® have indicated that repressor protein still
binds, although less tightly, to operators containing
either a single-site G to A transition at position 5 (02)
or an A to T transversion at position 8 (03).

The3IP spectral changes upon binding the N-terminal
56-residue headpiece (HP) to the 14-mer operators
demonstrate that all of the phosphate resonances
remain in fast chemical exchange during the entire
course of the titration because only one set of peaks is
observed at all DNA—protein ratios.}®® An example of
the 3P NMR spectra at various [0]/[HP] ratios for
the mutant operator (02) and wild-type headpiece is
shown in Figure 18. At low ionic strength the %P
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Figure 19. Summary bar plots of the perturbation of the 3IP chemical shift of individual phosphates of the 14-mer operators
upon binding 2 equiv of the 56 residue lac repressor headpiece: (A) symmetric “wild-type” operator O1 and wild-type headpiece,
(B) wild-type operator O1 and Y71 mutant headpiece, (C) O2 mutant operator and wild-type headpiece, and (D) O3 mutant
operator and wild-type headpiece. (Reprinted from ref 199. Copyright 1992 American Chemical Society.)

spectral changes for all of the complexes level off at a
ratio of two headpiece molecules (HP) per one operator
duplex (O). Therefore, one headpiece is bound at each
half of the operator (presumably to the I TGTGA wild-
type recognition sequence).

In the wild-type O1 operator binding to the wild-
type headpiece,!®® the 3!P signals of phosphates 5, 7,
and 8 are well resolved at the beginning of the titration
and show significant perturbation upon addition of
headpiece. (The G5 phosphate shifts 0.20 ppm down-
field while the G7 phosphate shifts 0.16 ppm upfield
during the titration.) The A8 phosphate shifts 0.13
ppm upfield during the titration. The 3!P signals of
phosphates 6, 9, and 11 are coincident in the absence
of repressor and in the 2:1 complex two of the three
shift 0.15 ppm upfield during the titration. The 3P
signals of the remaining phosphates 4, 10, and 12-16
show either no or small perturbations (<0.1 ppm) upon
titration with headpiece. Assuming thatthe magnitude
of the 3P shift reflects the degree of interaction of the
phosphate with the headpiece we can conclude that
phosphates 5-8 (and possibly 9) represent a major
bindingsite for the headpiece. A barplotrepresentation
of the 3!P chemical shift perturbations is shownin Figure
19A.

Inall of the complexes the range of 1P chemical shifts
in the free operators narrows upon binding either wild-
type or mutant headpiece as the most upfield signal
shifts downfield and the furthest downfield signal moves
upfield. This presumably reflects a change to a more
uniform conformation (more Bi-like) for all of the
phosphates in all of the operator headpiece complexes.
Consistent with this interpretation note that in the O1,
02, and O3 operators phosphate 5 is shifted downfield
upon binding to either wild-type or Y71 headpiece (in
O1 and O2 complexes it is the only phosphate that is
shifted significantly downfield). In each of the 01-03
operators, phosphate 5 is also the most upfield signal.

The interaction of O2 mutant operator with wild-
type headpiece as monitored by 1P NMR spectroscopy
is also very similar to that of wild-type headpiece and
wild-type O1 operator. The phosphate sites of interac-
tion for this interaction are the same as those sites
observed for the wild-type—wild-type operator repressor
interaction. However, one difference is that the
magnitude of the change in chemical shifts is greater
for the O2 interaction than for any others that have
been studied so far (Figure 19C). This is really quite
remarkable because the mutant O2 operator binds more
weakly to both the wild-type and Y71 mutant head-
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pieces. Thus the magnitude of the *'P perturbations
is not reflective of the tightness of the complex.

As previously observed for sequence-specific 3P
chemical shift effects in the free operators, the 3P
chemical shifts are largely perturbed only at the sites
surrounding the mutation.!®® Phosphatesthat are more
than two positions removed generally have identical
31P ghifts as the wild-type sequence. Thus in the free
mutant O2 operator, the 3P chemical shifts of only
phosphates pl4 and p15 (and to a lesser extent p6 and
p7) differ significantly from operator O1 even though
the G5 — A5 (and C16 — T16) mutations might be
expected to perturb nearest-neighbor phosphates p4-
p7 and p14-p16. Thisindicatesthatthe conformational
state of all of the phosphates in O2 are very similar to
their counterparts in O1 with the exception of p6, p7,
pl5, and p16. However, as shown by the bar plots of
Figure 19, parts A-D, the 3'P chemical shifts of p15 and
pl6 arelittle changed in any of the complexes suggesting
that the protein makes little contact with these
phosphates.

The pattern of changes in the 3P chemical shifts of
the wild-type symmetrical O1 operator upon binding
Y7I mutant headpiece were strikingly similar to the
changes observed for the wild-type headpiece—operator
complex (Figure 19, parts A and B).1%81% This might
be expected since the Y7I mutant repressor protein
binds a 322 bp DNA fragment containing the wild-type
nonpalindromic operator with only a 3-fold poorer
binding constant than the wild-type repressor protein.
Similarly, the operators bind ca. 10-fold poorer to the
Y7I mutant headpiece with Kp’s ca. 4.5 X 100" M t0 6.7
X 107 M to the wild-type headpiece.22! 2D 'H NMR
studies show that the mutation significantly disrupts
the overall structure and stability of the recognition
helix of the headpiece (residues 17-25; see ref 222). In
the mutant, loss of the Y7-Y17 aromatic sidechain
interaction, proposed to exist in the wild-type 56-residue
headpiece, presumably selectively destabilizes the helix.
The presence of nearly all of the tertiary structure cross-
peaks? in the mutant protein indicates that the overall
folding has not been dramatically altered. A model for
the wild-type-wild-type complex derived by NOESY
distance-restrained molecular dynamics calculations?324
shows the basic orientation of the recognition helix in
the major groove of the operator near the dTGTGA
site.

Analysis of 3P Chemical Shift Perturbations in
Protein-DNA Complexes. The perturbations in 3P
chemical shifts in forming the O—-HP complex can arise
from several sources. Electrostatics and local shielding
effects by the bound protein certainly can play arole.1?
However, as described earlier, the ratio of By/By
phosphate ester conformations play a dominant role in
the 3P chemical shift differences in small DNA
fragments.!’® Any set of hydrogen-bonding donors or
positively charged groups could readily discriminate
between these two conformations that differ signifi-
cantly in the orientation of the phosphoryl group and
hence the electrostatic potential. These sequence-
specific variations in the conformation of the DNA sugar
phosphate backbone thus can possibly explain the
sequence-specific recognition of DNA, as mediated
through direct contacts and electrostatic complemen-
tarity between the phosphates and the protein.
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Figure 20. Plot of 31P chemical shifts () vs sequence for
(A) wild-type O1 operator-Y71 mutant headpiece and (B)
mutant O2 operator-wild-type headpiece. The 3IP chemical
shifts (0) vs sequence for the wild-type O1 operator-wild-
type headpiece is shown for comparison. The percentage of
the B; phosphate backbone conformation calculated from
the 31P chemical shifts as described previously is also shown.
(SReprinted fromref199. Copyright 1992 American Chemical
ociety.)

Assuming then that the 31P chemical shifts also
represent the relative populations of the B; and By states
in the HP-O complexes, then we can calculate the
fractional populations by assuming a simple two-state
model. A plot of 3P chemical shifts (and By/By)
populations vs sequence for several of the operator
complexes is shown in Figure 20. Note as expected for
the very similar perturbation in 1P chemical shifts in
the O1 wild type and Y7I mutant headpiece complexes,
the pattern of sequence-specific variation in 3'P chemi-
cal shifts in the two complexes are very similar (Figure
20A). In the lac 02 mutant operator-headpiece
complex several of the phosphates are significantly
perturbed from the phosphate ester populations in the
O1-HP complex. Phosphates such as p6, p8 and pll
in the O2 complex are apparently constrained to a By
conformation (Figure 20B; p15 is also shifted to a more
B)-type state). Other complexes (including ones de-
scribed in more detail in ref 221) have 2-4 phosphates
constrained to a more B;-like state. This is a reflection
that almost all of the 31P signals are shifted upfield
(more Bj-like) as shown in the bar plots of Figure 19.

These results have suggested that discrimination
between the operators may be based upon the degree
towhich the repressor proteinrestricts phosphate ester
conformational freedom in the complex.19%:221 Specific,
tightly bound complexes apparently retain theinherent
phosphate ester conformational flexibility of the
operator itself, whereas more weakly bound operator—
protein complexes restrict the phosphate ester con-
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formationally freedom in the complex relative to the
free DNA, It is especially intriguing that alternating
Py-Pu sequences show enhanced flexibility, not only
in the sugar phosphate backbone?:% but in the overall
conformation of the duplex.120225 The identical 5'-
dTGTG-5-dCACA recognition sequence in an Og3
operator mutant of A phage and in the complex with
the sequence-specific DNA binding protein Cro shows
unusual flexibility based upon gel circularization as-
says.)?® In contrast the averaged static struc-
ture appears to be quite normal. NMR structural
studies??-227 indicate a partial unstacking of bases in
one strand in a GTG-CAC triplet. The high properties
of By phosphates in the same 5-dTGTG-5-dCACA
region of the lac operator also signify increased flex-
ibility of this sequence. Interestingly the GTG-CAC

sequence is often observed in gene regulatory re-
gions, 120,226,228

This proposal based upon the loss of conformational
freedom in the complex contributing to specificity of
interaction can also explain the 10-fold reduction in
binding of Y7I mutant to wild-type operator. The first
two helices of the Y7I mutant headpiece are partially
disordered,?? which is not the case for wild-type
headpiece. In order for the second, recognition helix
to bind within the major groove of the operator, this
disorder or dynamic flexibility must be removed.
Conformational restriction of the peptide backbone will
be entropically unfavorable, presumably reflected in
the weaker association of the mutant headpiece. (In
wild-type headpiece, the recognition helix is already
conformationally restricted and no entropy must be
lost in order for it to fold and bind to operator).

Thus these studies suggest that optimal protein—
DNA recognition will require a balance between the
dynamics of both the protein and DNA. Too rigid of
aprotein will lock up the phosphates,reducing affinity.
If the protein is too flexible then a certain amount of
entropy will be lost as the secondary structure is
orderedtoallow operator binding and recognition. This
requirement for retention of DNA and protein backbone
torsional freedom in strongly bound complexes (which
is entropically favorable) provides a new mechanism
for protein discrimination of different operator binding
gites. Thus upon binding, various rotational degrees
of freedom must be lost if the repressor were to bind
to only one of the phosphate conformations. The
dissociation constant will reflect this internal entropic
disadvantage, which may be as large as 8 eu (2.4 kcal/
mol at 25 °C) per lost degree of torsional freedom.??
For freezing two rotational degrees of freedom, this
entropic factor may represent a binding difference of
up to 10°-10% In duplex DNA, of course, the phos-
phodiester bonds of the different phosphates are already
partially conformationally constrained and the entropic
penalty will be much less (however, at least a factor of
RT In 2 or ca. 0.4 kcal/mol at room temperature). As
described in the previous sections, X-ray crystal
structures, solution NMR structures, and molecular
dynamics simulations demonstrate that the most con-
formationally mobile portion of the DNA is the
phosphate ester.® Binding of the repressor in such a
way as to restrict the intrinsic conformational freedom
of 10 or more of the operator phosphates could, in
principle, contribute to a sizable entropic disadvantage.
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This analysis suggests another explanation both for
the entropy differences in the binding of various wild-
type and specific mutant operator for repressor as well
an entirely new appreciation for the difficulty in which
a protein must recognize the structural features and
dynamics of operator DNA. Thus in the strongly
bound, specific complexes the protein must not only
provide a binding surface that matches the sequence-
specific variation in the phosphate conformation of the
operator but also allow for retention of the phosphate
conformational freedom in the complex. The position
of the phosphate will move in changing from a By to a
Bpstate and indeed the position of the phosphate shows
the greatest RMS variation in molecular dynamics
calculations.?® This will place enormous constraints
onthe protein structure in the complex if the phosphate
ester conformational freedom is not to be greatly
reduced in the complex. This can only be possible if
the protein~DNA interface is flexible enough and if
there is a “coupling” of the motion of the amino acid
residues in the binding site with the phosphate ester
motion. In contrast in a specific mutant operator that
does not bind as strongly to the repressor, the subtle
structural and dynamical requirements for providing
the necessary coupling or flexibility is presumably lost
80 as to preclude free torsion of at least some of the
phosphate esters in the protein-DNA complex. Recall
that in the wild-type O1-wild-type HP complex the 3!P
data suggests that only one of the phosphate appears
to be restricted to a B; state. In contrast, in all of the
mutant complexes (operators and/or headpiece) 2—-4
phosphates are “frozen” in a B; conformational state.

Therefore a significant requirement for an “evolu-
tionarily perfected” repressor to strongly bind a specific
operator is to allow sufficient flexibility in the complex
such that the phosphate can still jump between the B,
and By states.1% It should not be so flexible that in its
free state therecognition helix is disordered. In mutant
operators and proteins presumably the structural and
dynamical coupling between the protein and DNA is
disrupted such that the DNA and/or the protein
backbone conformational freedom in the complex is
greatly restricted through either steric or electrostatic
interactions.

10. Concluslons

Through multidimensional heteronuclear NMR or
170 labeling experiments it is now possible to unam-
biguously assign the 31P signals of modest-sized duplex
oligonucleotides. J(H3-P) coupling constants (and
hence the ¢ (C4'-C3'-03’-P) torsional angles) can now
also be measured. Correlations between experimentally
measured coupling constants (and thus to P-O and C-O
torsional angles) show that sequence-specific variations
in 31P chemical shifts are attributable to sequence-
specific changes in the deoxyribose phosphate back-
bone. By analysis of the multiplet patterns in 1H-13C
natural abundance HMQC and HSQC spectra, it is now
also possible to extract additional carbon and proton
coupling constants to phosphorus. There is little
question that 3P chemical shifts, 33 P-1H and 81P-13C
coupling constants will serve as an important probe of
the conformation and dynamics of nucleic acids,
particularly the deoxyribose phosphate backbone.
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