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ABSTRACT

Hoogsteen (HG) base pairs (bps) provide an alterna-
tive pairing geometry to Watson—Crick (WC) bps and
can play unique functional roles in duplex DNA. Here,
we use structural features unique to HG bps (syn
purine base, HG hydrogen bonds and constricted
C1'-C1’ distance across the bp) to search for HG
bps in X-ray structures of DNA duplexes in the Pro-
tein Data Bank. The survey identifies 106 AeT and
34 GeC HG bps in DNA duplexes, many of which are
undocumented in the literature. It also uncovers HG-
like bps with syn purines lacking HG hydrogen bonds
or constricted C1'-C1’ distances that are analogous
to conformations that have been proposed to pop-
ulate the WC-to-HG transition pathway. The survey
reveals HG preferences similar to those observed for
transient HG bps in solution by nuclear magnetic res-
onhance, including stronger preferences for AeT ver-
sus GeC bps, TA versus GG steps, and also suggests
enrichment at terminal ends with a preference for 5’-
purine. HG bps induce small local perturbations in
neighboring bps and, surprisingly, a small but signif-
icant degree of DNA bending (~14°) directed toward
the major groove. The survey provides insights into
the preferences and structural consequences of HG
bps in duplex DNA.

INTRODUCTION

Hoogsteen (HG) base pairs (bps) were discovered in 1959
when Karst Hoogsteen used single crystal X-ray crystal-
lography to visualize the pairing between 1-methylthymine
and 9-methyladenine (1). Rather than observing a Watson—
Crick (WC) bp, a unique pairing geometry was observed in

which the adenine base was flipped 180° to form a unique set
of hydrogen bonds (H-bonds) (Figure 1). Two years earlier,
Rich et al. had speculated that such a pairing scheme could
explain how poly(rU) associates with poly(rA)-poly(rU)
duplexes to form RNA triplexes (2). These bps are now re-
ferred to as ‘HG’ bps. Subsequent crystallographic studies
on isolated pairs of AeU derivatives yielded HG bps (3-5)
while, in contrast, GeC derivatives co-crystallized into the
expected WC bps (6). The lack of experimental evidence
for AeT/U WC bps raised considerable scepticism about
the WC base-pairing scheme during 1960s and early 1970s
as reviewed in (7). Computational studies on AeT base
derivatives later showed that HG bps form H-bonds that
are ~0.2-1 kcal/mol more stable than that corresponding
WC pairing (8§—10). The controversy over HG versus WC for
AeT /U bps was partly resolved in 1973 when Rich et al. re-
ported single crystal structures of dinucleoside phosphates
showing WC AeU and GeC bps (11,12). Although WC bps
became the dominant model for AeT and GeC bpsin DNA,
HG bps continued to surface in high-resolution structures
of naked antiparallel DNA duplexes (13), DNA in complex
with quinoxaline bis-intercalators (14) and proteins (15—
17) as reviewed in (7). In parallel, computational studies
(18,19) indicated that the stability of antiparallel HG duplex
is comparable to that of the B-form WC helix and that the
chimera WC-HG helix is an energetically accessible con-
formation. Studies based on circular dichroism (CD), nu-
clear magnetic resonance (NMR) and molecular dynamics
simulations also showed AeT and GeC* HG bps in paral-
lel double-stranded DNA (20-22), DNA triplexes (23) and
dumbbell-like DNA structures (24). Here, we present a sur-
vey that is focused on HG bps in the context of antiparallel
DNA duplexes including stem-loop DNA hairpins.

In duplex DNA, HG bps form by rotating the purine base
180° around the glycosidic bond, to adopt a syn rather than
anti conformation (Figure 1). While AeT HG bps retain the
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Figure 1. HG-unique criteria. Shown are WC and HG AeT and GeC bps with highlighted key geometrical differences. Heavy atoms involved in HG
hydrogen bonds (in red), syn x angle (in orange) and constricted C1’-C1’ distances (in green). Average C1'~C1’ distances from the survey are shown for

each base-pair type.

WC A-N6-H—04-T H-bond, they replace the WC N1—H-
N3 H-bond with an N7—H-N3 H-bond (Figure 1). On the
other hand, GeC HG bps retain the O6—H-N4 H-bond
and replace the other two WC H-bonds (N1-H—N3 and
N2-H—O02) with a single N7—H-N3* H-bond, which re-
quires protonation of cytosine N3 (Figure 1). In addition,
formation of HG-type H-bonds requires that the two bases
come into closer proximity, thus constricting the C1'-C1’
distance by ~2 A relative to WC bps (1,25) (Figure 1).

By modifying the structural presentation of sequence in-
formation in duplex DNA, HG bps can carry out unique
functions (7,17,26-28). HG bps have been observed in sev-
eral protein—-DNA complexes (15-17,29) and DNA in com-
plex with quinoxaline bis-intercalators (30-33) where they
are thought to contribute to recognition. For example, in
X-ray structures of bent TATA elements in complex with
the TATA box-binding protein (TBP), two consecutive CeG
HG bps help avoid a steric clash between the guanine exo-
cyclic NH; group and a nearby leucine side chain (16). Two
consecutive AeT HG bps in X-ray structures of DNA in
complex with the tumor suppressor protein p53 are thought
to contribute to a narrowed minor groove and a more
negative electrostatic potential surface that may favor in-
sertion of positively charged Arg248 (17). HG bps have
also been observed in chemically modified DNA, includ-
ing N2-propanoguanine (34), 1,N2-ethylguanine (35), and

N1-methyladenine (36), and 8-amino-purine (37-39) where
they may contribute to damage accommodation, recogni-
tion and repair. There is also strong evidence that some
members of the Y-family ‘low fidelity polymerases’ repli-
cate DNA using HG pairing as the dominant mechanism,
providing a means for bypassing lesions on the WC face
during replication (27-28,40). In the complex structures of
DNA-quinoxaline bis-intercalators (i.e. triostin A and echi-
nomycin), HG bps are observed flanking the intercalation
sites at both the interior and termini of the duplex. Solution
NMR studies on this complex with various DNA sequences
provided evidence for dynamic HG bps in solution (41,42).
Theoretical studies suggested that the stabilization of HG
bps flanking intercalation site and its dependence on DNA
sequence could result from favorable van der Waals (43) and
stacking (44) interactions.

Recent studies employing NMR spin relaxation in the ro-
tating frame (R, ) (45-47) have shown that GeC* and AeT
HG bps exist transiently in duplex DNA (7,48) across a va-
riety of sequence and positional contexts (49). These tran-
sient HG bps form with strong sequence-specific energetic
preferences that are comparable to the sequence-specific
variations in WC stability (50) potentially providing a new
basis for sequence-specific DNA transactions (50). These
transient HG bps have populations of ~0.5% and lifetimes
of ~1 ms (48,49) but can increase considerably in modified



3422 Nucleic Acids Research, 2015, Vol. 43, No. 7

bases such as inosine (51). Although small in population,
these suggest that there can be as many as ~15 million HG
bps in the human genome at a given time. In addition, it is
well documented that WC and HG bps can be difficult to
distinguish due to ambiguous electron densities (17,29,52—
53) and yet they are often modeled by default as WC bps.
This leaves open the possibility that there are actual HG bps
mismodeled as WC. It is also possible that bps are often
modeled as single states (HG or WC) when in fact partial
occupancies of WC and HG might fit the density even bet-
ter. These findings emphasize the need to rigorously study
the occurrence and preferences of HG bps in duplex DNA.

Here, we comprehensively examine the Protein Data
Bank (PDB) (54) to survey the occurrence and structural
features of HG bps in duplex DNA. We identify sequences
and context preferences for HG bps, expose new types of
HGe-like bps that satisfy only one or two of the above three
structural features (Figure 1) and show that HG bps induce
local structural perturbations in adjacent WC bps as well as
global DNA bending toward the major groove. This study
provides a valuable framework for guiding future studies ex-
ploring the occurrence and functional importance of HG
bps in duplex DNA.

METHODS
Survey protocol

DNA X-ray crystal structures (excluding DNA-RNA hy-
brids) with resolution < 3.0 A were downloaded as the
biological assemblies from the PDB (54) on 4 September
2013 (Figure 2). For structures with palindromic double-
stranded DNA that were deposited as single chains in the
asymmetric unit, the chain ID of the symmetry mate was
edited to be unique using a PyMOL (The PyMOL Molec-
ular Graphics System, Schrodinger LLC) script for sub-
sequent analyses. An in-house program was used to parse
all structures using 3DNA (55) into a searchable database.
The database contains all DNA bps in the biological unit
and an accompanying list of structural descriptors defin-
ing those bps, including local base-pair parameters (shear,
stretch, stagger, buckle, propeller, opening), the C1'-C1’ dis-
tance across the bp, heavy atom distances in H-bonds and
sugar-phosphodiester backbone torsion angles (vy, vy, va,
Vi, v4, &, B, 7Y, O, €, {) (55,56). Next, the in-house program
was used to identify bps that satisfy the following HG cri-
teria (Figure 1):

(i) HG hydrogen bonding: Both AN7—TN3 and
AN6—TO4 distances <3.5 A for AeT; both GN7—CN3
and GO6—CN4 distances <3.5 A for GeC.

(i1) Constricted C1'-C1’ distance: The distance between the
C1” atoms of the purine and pyrimidine pair is restricted
to <9.5 A, which is midway between the average distances
observed for WC bps (~10.5 A) (12) and HG bps (~8.5A)
(14,25). (Note that the constricted C1'-C1’ distance does
not necessarily entail a shortened P-P distance across the
helix.)

(iii) syn purine: The syn glycosidic torsion angle (x angle) of
the purine base is in the range 0° < x < 90°.

Protein Data Bank
DNA X-ray structures
with resolution < 3A

Identify
AT and G*C bps

51485
*T and G+C bp

HG Criteria
Identify HG
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d(C1-C1') 386
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Figure 2. The protocol employed to identify HG bps in DNA duplexes
from the X-ray crystal structures. The number of identified HG bps satis-
fying each criterion is shown for the last two steps of the protocol. Manual
inspection was used to exclude bps involved in base triples, tertiary interac-
tions, bps between consecutive nucleotides on the same DNA strand, WC
bps in Z-DNA and WC-like bps as described in Methods.

A list of bps was created that satisfy one, two or all
three HG criteria listed above (Figure 2). Manual inspec-
tion was then carried out to exclude bps corresponding to
base triples, tertiary interactions, bps between consecutive
nucleotides on the same DNA strand, WC bps in Z-DNA
and WC-like bps only satisfying the constricted C1'-C1’
distance criterion which are better described as distorted
WC bps (Figure 2). Average B-factors, if not specified, were
calculated for each HG bp by averaging B-factors over all
sugar-phosphate backbone and base heavy atoms (i.e. C, N,
O and P). Finally, a total of 178 HG and HG-like bps (Fig-
ure 3A, Supplementary Table S1) were identified in antipar-
allel DNA duplexes including stem-loop hairpins, 12% of
which are from naked DNA, 21% and 67% from DNA in



complex with small molecules and proteins, respectively. To
assess potential modeling errors in the bps, we manually ex-
amined the electron density maps and average B-factors (av-
eraged over all sugar-phosphate and base heavy atoms, i.e.
C, N, O and P) of a given bp. For HG-like and terminal HG
bps which are more susceptible to dynamics, we examined
the B-factors, real-space correlation coefficient (RSCC) and
o-weighted 2F ,—F. map values for the base (Supplementary
Table S3). The RSCC values range between 0 and 1 for zero
and perfect correlation between the F. and 2F,~F_. maps,
respectively.

To statistically analyze the sequence- and position-
specific preferences of HG bps, and their structural features,
a set of 54 ‘non-redundant HG bps’ which satisfy all three
criteria was generated (Supplementary Table S2, Table 1)
by excluding redundant bps that are surrounded by identi-
cal adjacent WC bps in both 5 and 3’ directions, involved
in DNA duplexes with identical lengths, and when applica-
ble, are bound to the same protein or ligand. A set of 43
‘adjacent WC bps’ consisting of WC bps immediately ad-
jacent to helical HG and HG-like bps was also generated
along with a set of 186 ‘control WC bps’ consisting of heli-
cal WC bps that are in the same DNA duplexes containing
HG bps but more than one bp away from the HG bps. For
each of the three sets of bps (‘non-redundant HG’, ‘adja-
cent WC’ and ‘control WC’), population-weighted distribu-
tions were constructed for local base-pair parameters (i.e.
shear, stretch, stagger, buckle, propeller, opening), C1'-C1’
distances, heavy atom distances in H-bonds, as well as sugar
(vo—v4) and phosphodiester backbone torsion angles (o, 3,

’Y,S, 6! C)'

Analysis of local structure

To examine the impact of HG bps on the local DNA struc-
ture, we constructed 1D histogram distributions for lo-
cal structural parameters (including sugar-phosphodiester
torsion angles, local base-pair parameters, C1'-C1’ dis-
tances and heavy atom distances in H-bonds) for the ‘non-
redundant HG’, ‘adjacent WC’ and ‘control WC’ sets. We
then used a recently introduced R Esemble approach (57) to
measure the similarity between ‘control WC’ distributions
and those of ‘non-redundant HG’ and ‘adjacent WC’. Here,
the overlap between two distributions (T and P) is com-
puted using the square root of the Jensen—Shannon diver-
gence (£2°) (58) given by Equation (1) (57):

@2 (w/ om). wfom)) = s(w> B

1

3 [S Gl o) + (/)]
where w(m) and wf (m) are the corresponding population
weights for the ith bin for a given bin size m of distribu-
tions 7'and P, i.e. HG bps or adjacent WC bps and control
WC bps. The term S(w;) = — Y w;(m)log, w;(m) is the in-
formation entropy (57). The value of £2 is then computed
as a function of bin size (m) that is used to build the his-
togram distribution. The resulting values are summed over
K different bin sizes and normalized against a zero-overlap
condition (£2 = 1 for all bin sizes) according to Equation
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Figure 3. (A) Venn diagram illustrating the number of identified HG and
HG-like bps in duplex DNA, with the total numbers of HG bps that sat-
isfy different combinations of the three criteria shown in the union of the
circles. Examples of HG-like bps that satisfy one or two HG criteria are
shown in Supplementary Figure S1. (B) Percentage distribution of the 54
non-redundant HG bps with respect to the base-pair type (AeT or GeC)
and their position in the secondary structure (at termini or interior of the
DNA helix).
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The value of )~ Q (w”, w”) provides a measure of sim-
ilarity between distributions 7" and P and ranges between
0 and 1 for perfect and zero similarity, respectively (57).
REsemble was used to compare 1D distributions of sugar-
phosphodiester backbone torsion angles («, 8,7, 8, €, {, vo,
V1, V2, v3, vg) (see Figure 4A) and local base-pair parame-
ters (shear, stretch, stagger, buckle, propeller twist, open-
ing), CI'-C1’ distances and heavy atom distances in H-
bonds) (Supplementary Figures S2 and S3).

We previously used REsemble to compare 1D torsion
angle distributions (57). Here, we extended the analysis to
compare multi-dimensional probability distributions con-
sisting of six phosphodiester backbone torsion angles, five
sugar torsion angles and six local base-pair parameters.
This was necessary because two pairs of 1D distributions
(A and B versus a and b) could exhibit perfect overlap in
1D (A = a and B = b) yet exhibit zero overlap in 2D (AB #
ab). To maintain computational efficiency, 6D, 5D and 6D
REsemble were used to compare similarities between ad-
jacent WC bps (or HG bps if applicable) and the control
WC bps of six phosphodiester backbone torsion angles («,
B, v, d, €, £), five sugar torsion angles (v, vy, v, v3, V4)
and six local base-pair parameters (shear, stretch, stagger,
buckle, propeller twist, opening) distributions, respectively
(see Supplemental Information). Because HG bps have a
distinct reference frame of local base-pair geometry relative
to WC bps and by definition have a constricted C1'-C1’ dis-
tance, the local base-pair parameters and C1'—C1’ distances
for HG bps were not computed and compared with control
WC bps. As a control, we measured the similarity between
the control WC bp distributions and distributions obtained
by randomly picking entries from the same set such that the
total number of entries equals that in the HG distribution.
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To carry out multi-dimensional REsemble analyses, the
translational local base-pair parameters (i.e. shear, stretch
and stagger) between —2.5 A and 2.5 A were linearly con-
verted to the range of 0° to 360° to be consistent with the
torsion angle distribution range. The multi-dimensional dis-
tribution was constructed by using the same bin size to bin
each parameter. The bin size (m) used in the REsemble
analysis was varied between 15° and 360° with an incre-
ment of 15° (K = 24). Note that data points near the edges
of the angle distribution (i.e. —180° and 180°) can lead to
overestimation of ), Q2 (e.g. —179° and 179° differ by 358°
in binning but only differ by 2° in reality). All of the local
structural parameters including the converted translational
base-pair parameters are distributed in the middle of the
range (—180° to 180°) except the backbone torsion angles
B and e, which have major distributions near the edges (see
Figure 4C). To minimize adverse effects from data near the
edges, all backbone torsion angles («, B, 7y, 9, €, {) between
—180° and 0° were reflected onto the 180° to 360° region by
an addition of 360°, while those in the 0° to 180° region re-
main unchanged (Supplementary Figure S3a). This yielded
a final distribution between 0° and 360° with all angles dis-
tributed away from the edges.

Analysis of global structure

To assess the impact of HG bps on the DNA structure,
we adopted the inter-helical Euler angle protocol developed
for describing relative orientations of RNA A-form helices
across junctions (59,60). Here, three inter-helical Euler an-
gles (o, Bn, Yn) are computed which describe the relative
orientation of two helices across a given junction, in this
case, a single or tandem HG/HG-like bps. For a given target
DNA structure containing HG bps, we define a correspond-
ing lower helix H1 and upper helix H2 to be the helices at
the 5" and 3’ sides, respectively, of the syn purine base in an
HG bp (see Figure 5A). The inter-helical Euler angles de-
scribe the orientation of H2 relative to H1 across the junc-
tion of HG/HG-like bps and are determined by computing
the rotation matrix that is required in order to rotate H2
so that it is in perfect coaxial alignment with H1. The ap-
proach has been described elsewhere in A-form RNA (59—
61). Here we provide a brief description emphasizing those
differences that relate to bending in B-form DNA. By, is the
inter-helical bend angle between H2 and H1, and ranges be-
tween 0° and 180°. o, and vy}, are defined as ‘twist” and ‘arc’
angles of H2 around the H2 and H1 helical axes, respec-
tively, and range between —180° and 180° (see Figure 5B).
The inter-helical Euler angles (o, B, 'Yn) are computed rel-
ative to a reference idealized B-form linear helix with 10 bps
per turn consisting of two consecutive and perfectly coax-
ial helices (iH1 and iH2). This reference B-form helix was
constructed using the 3DNA fiber model (62) and the he-
lix axis was oriented along the z-axis (see Figure 5B). The
C1’—C1’ vector across the WC bp in iH1 immediately neigh-
boring the junction was oriented along the y-axis with the
major groove facing the +x direction (see Figure 5C). H1 in
the target DNA structure was superimposed onto iH1 us-
ing heavy atoms (i.e. C, N, O, P) in the sugar-phosphodiester
backbone. Next, reference helix iH2 was superimposed onto
the resulting target helix H2 to yield iH2'. A rotation matrix

R(ap, Bn, yn) was then computed to transform iH2' back to
1H2 using the EULER-RNA program (https:/sites.google.
com/site/hashimigroup/resources) (60,63). The direct out-
put (a,”, Br?, y1”) from EULER-RNA was then converted
based on the current definition of inter-helical Euler angles
by

ifBY >0, (a, Bu, vi) = (af), B, v):;
ifB <0, (@, B, ) = () £ 180°, =By, v + 180°)

In this reference frame, vy, corresponds to the angle be-
tween the x-axis of the reference frame and the projection of
the H2 helix axis onto the x—y plane (see Figure 5B) and rep-
resents the bending direction of H2 relative to the aligned
WC bp (see Figure 5C); —90° < v, < 90° indicates bending
toward the major groove whereas —180° < y, < —90° and
90° < vy < 180° reflect bending toward the minor groove
(see Figure 5C). Note that the bending direction (major or
minor groove) may vary depending on the choice of the ref-
erence bp. For example, the direction may be different rela-
tive to a reference bp in H2, where oy, and not -y, specifies
the direction of bending of H1 relative to H2. A complete
description of the bending direction requires all three Euler
angles. The inter-helical twist angle {;, = ay+vyy, describes
the relative twist between H1 and H2, and is equal to zero
for a perfectly coaxial helix in B-form DNA. {}, > 0° and {y,
< 0° represents under- and over-twisting, respectively (59).
The three angles By, 'yn and ¢, provide a complete angular
description of the two helices.

The above approach for computing bend and twist angles
assumes an idealized B-form geometry for the two helices.
In RNA, the A-form geometry has been shown to be highly
robust across different sequence contexts, and to a very
good approximation, WC bps surrounding WC bps can be
modeled assuming an idealized A-form geometry (59-61).
There can be greater variability in local structural parame-
ters in B-form DNA based on analyses of X-ray structures
(64) and molecular dynamics simulation (MD) trajectories
(65). We previously showed that the computed inter-helical
Euler angles will not be reliable if the target helices super-
impose with idealized helices with RMSD > 2 A (59). In
the current study, six out of 15 structures yielded superposi-
tion RMSD > 2 A and were excluded from analysis (Table
2 and Supplementary Figure S5b). Among the remaining
nine structures, five contained helices with terminal or non-
canonical bps, which were used in the superposition (Sup-
plementary Figure S5c). To evaluate the robustness of this
approach, we compared the inter-helical angles computed
when varying the number of bps (2 versus 3 bps) and types
of heavy atoms (with or without sugar atoms C1'/C2'/0O4’)
used in the superposition and found very small variations
(<2° for B, and <6° for o, and y) (data not shown). In ad-
dition, as a negative control, we computed inter-helical an-
gles for 11 X-ray structures of B-form naked DNA duplexes
that do not contain HG bps and show no significant local-
ized bending (Supplementary Table S4). These structures
were used in a prior survey of duplex DNA structures (66).
Each duplex was sub-divided into two coaxially stacked 3
bp helices denoted H1 and H2 (see Figure 5A) as indicated
in Supplementary Table S4. Inter-helical Euler angles (ay,
Bh, Yn) were then computed for H1 and H2 in all 11 struc-
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Definition of the rotation axis around the Z direction for the calculation of inter-helical Euler angles. The C1’~C1’ vector of the WC bp of iH1 nearest to
iH2 is oriented along the y-axis. This orientation makes it possible to distinguish bending toward major or minor groove by the value of yy,. (D) Examples
of DNA bending at single (PDBID: 1K61) and tandem HG bps (PDBID: 3KZ8) in DNA-protein complexes. Structures are overlaid on reference B-form
DNA helix (in gray). (E) Correlation plot between the inter-helical bend angle (By,) and corresponding C1'~C1’ distance across the HG or HG-like bp.
(F) The bending directions (y) of nine structures containing helical HG and HG-like bps (in red) compared to those of 11 linear control B-form DNA

structures (in gray).

tures. As a positive control, we computed inter-helical an-
gles for two bent DNA structures that do not contain HG
bps, including an A6-T6 A-tract sequence (PDBID: 1FZX)
(67) and the nucleosome particle (PDBID: 3UT9) (68). The
inter-helical Euler angles were then computed at the bent
site and compared to the bending angle reported in liter-
ature as determined by other methods (e.g. Curves (69))
(Supplemental Information).

RESULTS AND DISCUSSION
Structural polymorphism in HG bps

Our survey identified a total of 106 AeT and 34 GeC HG
bps that satisfy all three HG criteria in DNA duplexes. In
addition, the survey identified 22 AeT and 16 GeC HG-like
bps that satisfy one or two of the HG criteria (Figure 3A).
Note that 91% of HG and 74% of HG-like bps have aver-
aged B-factors over all heavy atoms (i.e. C, N, O and P) on
the base and sugar-phosphodiester backbone < 60 (Sup-
plementary Figure S1b), indicating that they are reasonably
well defined by the crystallography data.

The vast majority of the HG and HG-like bps (88%) are
found in structures of duplex DNA in complex with pro-
teins and/or ligands. Among these bps, most cases (96%)
are not in direct contact with the protein or ligand and 66%
are located at the duplex terminal ends. In contrast, all 16
HG bps observed in naked DNA duplexes correspond to
pure HG helices of AT-repeats. No HG bps neighbored by
WC bps on either end in naked DNA duplexes are observed.
Many of these HG and HG-like bps, especially those lo-

cated at duplex termini, do not appear to be documented in
the primary literature.

The survey identifies a total of 178 HG and HG-like bps
(128 AeT and 50 GeC bps) which correspond to ~0.3%
of all 51485 AeT and GeC DNA bps in the PDB (as of
4/9/2013). Interestingly, this overall abundance of HG bps
compares favorably to the population ~0.5% (at pH ~6.8)
measured by NMR relaxation dispersion for transient HG
bps in duplex DNA in solution (48). This suggests that the
HG bps captured by NMR and X-ray crystallography are
subject to similar energetic forces and that the differences
in the experimental conditions do not lead to substantial
changes in the overall abundance of HG versus WC bps.
However, we cannot rule out that the environmental fac-
tors influence the distribution of HG bps and their specific
location.

The 38 HG-like bps exclude the entries that only sat-
isfy the constricted C1'-C1’ distance criterion, which we
consider ‘distorted WC’ bps. Most of the HG-like bps sat-
isfy only the syn purine criterion (22 HG*") or both the
syn purine and constricted C1'-C1’ distance (7 HG#"*C!),
The HG"" represents a partially open HG bp in which the
purine and pyrimidine bases are not brought into proximity
following the purine flip, explaining the absence of HG-type
H-bonding (Supplementary Figure Slc, top). Interestingly,
the HG*” conformation falls along a WC-to-HG transition
pathway previously proposed based on peak conjugate re-
finement simulations (48) and by ®-value analysis (49). The
HG*"*C!" bps feature deviations in shear that do not sup-
port HG-type H-bonds (Supplementary Figure Slc). Ap-



Table 1. Summary of DNA structures containing HG and HG-like bps
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Resolution . . :

PDBID Sequence Context ( Al; ! Biological Context Context Function Crystal Contact
1RSB 5'-ATATAT-3' 2.17 naked DNA N.A. blunt-end stacking (HH)
1XVK 5-GCGTACGC-3' 1.26 echinomycin antitumor antibiotic blunt-end stacking (HH)
IXVN 5-ACGTACGT-3' 1.50 echinomycin antitumor antibiotic blunt-end stacking (HH)
3EY0 5'-ATA 2.52 pentamidine antiprotozoal drug blunt-end stacking (HH)
1VS2 5-GCGTACGC-3' 2.00 triostin A antitumor antibiotic blunt-end stacking (HH)

alpha-ketoglutarate-dependent . . . . .
3H8O T(MAT)G 2.00 dioxygenase alkB homolog 2 (ABH2) oxidoreductase; methylation lesion repair
3IGM GCA-3' 2.20 apicomplexan apetala2 (AP2) domain transcription regulator protein
2XCS SLAGC 210 S. aureus gyrase and antibacterial  type IIA topoisomerase; introduction of negative protein contact
agent supercoils in DNA
4BUL SLAGC 260 S. aureus gyrase and antibacterial  type IIA topoisomerase; introduction of negative protein contact
agent supercoils in DNA
1F21I 5'-ATG 2.35 fusion Cys2His2 zinc-finger protein  DNA binding blunt end stacking (HH)
, heme-regulated transporter .
“ 3VOK 5-ATG 2.00 regulator (HrtR) transcription regulator
,E 1T3N 5'-AGG 2.30 human polymerase 1 error-prone Y family polymerase; replicate DNA
= 2ALZ 5-TGG 2.50 human polymerase 1 error-prone Y family polymerase; replicate DNA
Q 3GVs TTC 2.00 human polymerase error-prone Y family polymerase; replicate DNA
N 4EBD 5-CTG 2.57 human polymerase error-prone Y family polymerase; replicate DNA
w 4EYI 5'-(DG8)GG 2.90 human polymerase error-prone Y family polymerase; replicate DNA
S kel TAA 2.10 Mating-type protein o-2 (MAT02)  py inding
=) homeodomain
\ Microphthalmia- .
Q: 4ATI AAC-3 2.60 associated transcription factor (MITF) DNA binding
m 2ATA 5'-AAG 220 human p53 core domain tumor suppressor protein blunt-end stacking (HH)
3IGK CATG 1.70 human p53 core domain tumor suppressor protein
3KZ8 CATG 1.91 human p53 core domain tumor suppressor protein
20DI 5-AAC 1.45 Benl typell restriction endonuclease; recognize and  sticky-end stacking (WH)
3N7B 5-AGT 2.65 SgrAl excise DNA blunt-end stacking (WH)
, sulfolobus solfataricus P2 DNA . o
21BK 5'-TCATGA 2.25 polymerase IV (Dpod) error-prone Y family polymerase; replicate DNA
y sulfolobus solfataricus P2 DNA . . .
3veJ (EFG)GA 2.30 polymerase IV (Dpod) error-prone Y family polymerase; replicate DNA
s . transcription initiation factor TFIID-1;
1QN3 ACGG 1.95 TATA-box binding protein specifically binds TATA-box DNA
. o . transcription initiation factor TFIID-1;
1QN6 AGG 2.10 TATA-box binding protein specifically binds TATA-box DNA
) o . transcription initiation factor TFIID-1;
1QNB TGG 2.23 TATA-box binding protein specifically binds TATA-box DNA
2VIH CTITTAG 2.10 IS608 transposase DNA binding and excision
2VIJU CTITAG 2.40 IS608 transposase DNA binding and excision
2XM3 CTTICAG 2.30 ISDra2 transposase DNA binding and excision
10DG  5'-TAGGC(5CM)TG 2.80 very-short-patch repair (Vsr) enzyme nucleotide excision repair of G*T mismatches
1QP5 CGG 2.60 naked DNA N.A.
239D GGG-3' 2.05 naked DNA N.A.
2PIS GAA(FFD)TT 2.80 naked DNA N.A.
g 329D CGG 2.70 naked DNA N.A.
e 4E8X CGG-3' 2.18 ruthenium complex N.A.
S human 8-oxoguanine DNA - .
1ILWW TAC 2.10 base excision DNA repair
Q glycosylase
WV 3GYH TAG 2.80 alkyltransferase-like (ATL) protein  DNA alkylation damage repair
2 2WT7 5-AAT 2.30 heterodimeric MafB: cFos leucine zipper transcription factor blunt-end stacking (WH)
g 1K7A 5-ACA 2.80 Ets domain of Ets-1 Ets family transcription activator
4120 TAT 1.77 FixK2 protein transcription regulator
N IIHF CAA 2.50 integration host factor (IHF) DNA binding; architectural factor protein contact
:ﬁ 4AUW 5-TAA 2.90 bZIP homodimeric MafB transcription factor sticky-end stacking (HT)
~ \ ) human major apurinic/apyrimidinic ~ base excision DNA repair of
RID 1DE9 3-BDR)GA 3.00 endonuclease (APE1) apurinic/apyrimidinic DNA
3G2D 5-CAG 2.30 Mth212 exodeoxyribonuclease uridine/abasic endonuclease, 3'->5' exonuclease
I 30DH ATA-3' 2.30 OkrAlI endonuclease restriction endonuclease stacking (WH)
1SOM 5'-AT(BPA)A 2.70 sulfolobus solfataricus P2 DNA . . .
3V6H (EFG)GA 2.30 polymerase IV (Dpo4) error-prone Y family polymerase; replicate DNA
10Z] 5'-GTA 2.40 Smad3 MH1 DNA binding domain  transcription factor; DNA binding

Shown are non-redundant HG bps that satisfy all three HG criteria (top) and also HG-like bps (bottom) as defined in Methods. Only the sequence of one
strand surrounding the HG bp (colored in red) is shown and strand termini are indicated using ‘5'-" and ‘-3””. Modifications with abbreviations from the
PDB are shown in parentheses in the sequence. Residues that do not form bps in the helix are underlined. Interactions involving HG bps in crystal contacts
are listed in the last column with types of stacking shown in the parentheses including HG-to-HG (HH), WC-to-HG (WH) and HG-to-TT mismatch (HT).
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Table 2. Inter-helical Euler angles (ay, Bp, yn) and the inter-helical twist angle ({1,) calculated across the junction of HG and HG-like bps

H1 RMSD H2 RMSD

PDB Residue  Sequence (A) (A) @, (°) Bn ©) Wm® G ()

IK61  E.4:10 TGTAATT 0.8 0.9 18 18 46 8
F. 40:34 ACATTAA

3KZ8 .29 GGCATGCC 0.8 0.8 20 18 56 3
D.19:12 CCGTACGG

3IGL AL 3:10 GGCATGCC 0.8 0.8 20 18 56 4
B. 10:3 CCGTACGG

IQNB  E.207:213  AATGGGC 24 13 17 60 -1 21
F.222216  TTACCCG

IQN3  E.206213  AAACGGGC 29 1.2 33 77 10 29
F.223216  TTTGCCCG

IQN6  E.207:213  ATAGGGC 24 1.1 17 61 3 22
F.222:216  TATCCCG

IIHF  C.-32:26  AGCAATG 28 0.7 20 57 -9 25
D. 32:26 TCG(n)TTAC

3HSO  B.266:270  AT(MA7)GC 12 0.8 7 19 41 3
C.278274  TATCG

VS2  A.27 CGTACG 29 29 16 23 20 -69
B.7:2 GCATGC

IXVK ~ A.2:7 CGTACG 31 3.1 14 24 2 -65
B.7:2 GCATGC

2PIS €37 CGAA(FFD) 0.8 0.9 29 13 61 4
D. 24:20 GCTT(FFD)

2PIS D.17:21 GAA(FFD)T 0.6 0.9 10 6 29 2
C. 10:6 CTT(FFD)A

ILWW  E.26:30 CTACC 1.0 1.0 -10 7 48 2
D.5:1 GATGG

4RO X.37 CTATC 0.7 0.8 1162 1 -160 1
W. 26:22 GATAG

320D B.20:24 GCGGT 0.7 0.8 29 12 7 0
A.5:1 CGCCA

Sequences are shown corresponding to the given residues where the lower helices (H1) are marked in bold and HG or HG-like bps shown in red. Helices
with superposition RMSD > 2 A to the idealized B-form helix upon aligning heavy atoms in the sugar-phosphodiester backbone are underlined. The
inter-helical twist angle is computed by {, = ap+yp-72x36°, where n corresponds to the number of HG bps in the junction, assuming that each HG bp in
the junction of H1 and H2 contributes to +36° helical twist change as in the B-form DNA.

proximately 62% of the HG»”" and HG*"*C!" bps are lo-
cated at or near the duplex terminal ends (Supplementary
Table S1). Another 8 bps satisfy the HG H-bonds and con-
stricted C1'-C1’ distance but feature anti rather than syn
purine base (HGHPond*Cly Seven of these HGHPon*CL' ppg
are located at a nicked site in the integration host factor
(IHF)-DNA complex and another one occurs at the ter-
minal end of a left-handed DNA duplex (Supplementary
Figure S1c). We also find one bp that only satisfies the HG
H-bonding criterion (Supplementary Figure Slc, bottom).
This corresponds to an anti purine base with a C3’-endo
sugar pucker that forms HG H-bonds through rearrange-
ment of the sugar-phosphodiester backbone in a manner
analogous to Z-DNA. Note that we cannot rule out that
some of these bps arise due to modeling errors and ambigu-
ous density. Indeed, it was previously shown that an open
G-U pair without hydrogen bonding in the ribozyme struc-
ture (PDBID: 1CX0) could be more confidently assigned to
be a reverse wobble G-U bp after single-residue remodeling
with ERRASER (70).

Structure and sequence preferences of HG bps

We examined a set of 54 non-redundant HG bps (see Meth-
ods, Table 1) to assess the statistical significance of their
position and sequence preferences. In this non-redundant
set, HG bps are ~4-fold more enriched in AeT versus GeC
bps at both helical (by ~5-fold) and terminal (by ~3-fold)
sites (Figure 3B). Similar preferences are observed when
considering all 140 HG bps. The increased preference for
AeT versus GeC* HG bps is consistent with the ~8-fold
greater abundance of transient AeT versus GeC* HG bps
measured in duplex DNA in solution by NMR relaxation
dispersion (48,71). The lower abundance of GeC* HG bps
can be attributed to the loss of one H-bond as well as by the
requirement to protonate cytosine N3 (pKa ~7.2) (71). The
average pH and standard deviations in the crystallization
conditions for structures containing AeT or GeC HG both
have pH~6=1 as compared to the overall average pH~7=1
of all DNA structures in the PDB with resolution <3.5 A
(Supplementary Figure S6). Interestingly, three structures
of DNA-quinoxaline bis-intercalator complexes with GeC



HG bps are collected under rather acidic conditions (pH =
4.5) (31,72). In these cases, it is possible that the lower pH
contributes toward the stabilization of the HG bps. Other
structures with only AeT HG bps from similar complexes
are observed at higher pH~6.

The overall ratio between bps in the interior of DNA he-
lices and bps at helix termini is ~6:1. The same ratio for
non-redundant HG bps identified in the survey is ~1:1 (Fig-
ure 3B), implying that HG bps are enriched at terminal
ends. The terminal bps should be treated with caution given
that they have increased susceptibility to dynamics and in-
trinsic structural noise. However, close examination of the
electron density maps (see Methods) at these terminal HG
bps reveals that most have good electron density and low
to moderate average B-factors (Supplementary Table S3).
The examination of non-redundant HG and HG-like bps
reveals that 66% of all terminal HG and HG-like bps are in-
volved in crystal contacts with nearby DNA or proteins in
the crystal lattice while the remaining 34% of terminal HG
bps are observed within active sites of polymerases, endonu-
cleases or as the apical loop closing bps showing no contact
with nearby molecules. It is possible that these terminal HG
bps are stabilized, at least in part, by crystal packing forces.
All of the HG bps in crystal contact with nearby DNA
molecules show end-to-end stacking, 86% of which involves
very similar blunt-ended HG-to-HG stacking with 2-fold
symmetry while 14% are attributed to HG-to-WC stacking
with translational symmetry in the crystal contact (Table 1).
Enrichment of one specific type of stacking in crystal con-
tacts indicates that favorable stacking could be a reason for
the enrichment of HG bps at terminal ends. Nevertheless,
one should not solely consider these HG bps as crystallo-
graphic artifacts. It may well be that packing in the crystal
lattice could have parallels in vivo including in nucleosomes,
chromatin, and possibly other stressed cellular DNA. This
suggests that HG bps may play unique roles at termini-
involved DNA biochemical transactions such as active sites
of DNA polymerases, nucleases, transposases and ligases
involved in DNA replication, recombination and various
damage repair pathways. This also suggests that transient
HG bps may also be more abundant at terminal ends, possi-
bly as intermediates that have been observed accompanying
end-fraying events (50,73). This preference for AeT HG bps
at terminal ends is consistent with early studies showing that
isolated 9-methyladenine and 1-methylthymine bases prefer
to associate as HG rather than WC bps (1,7).

Interestingly the syn purine bases in terminal HG bps
show a 12-fold preference for being at the 5 versus the 3'-
end. A recent study showed that sequence-specific varia-
tions in the stabilities of HG bps in duplexes can be at-
tributed to variations in WC stability (49,50). These AeT
HG preferences may also mirror variations in WC stabili-
ties and indeed prior NMR studies suggest weaker stability
for 3’ versus 5 terminal guanine WC bps (74). End-to-end
intermolecular stacking could also favor 5'-purine AeT HG
bps as this results in a TA dinucleotide step formed in the
crystal contact which favors HG (19,49).

Although the limited number of HG bps does not allow
a statistically rigorous analysis of sequence-specific prefer-
ences, we note a few observations. First, we only observe
either single HG bps surrounded by WC bps or two tan-
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dem (TA, AT or CG) HG bps that are palindromic. There
are also three entire helices that are formed exclusively of
HG bps in sequences consisting of three (13,75-76) or five
AT repeats (77). We do not observe three or more consec-
utive HG bps that are surrounded by WC bps. In addi-
tion, the TA step (HG bp is underlined) is the most fre-
quently observed HG step representing 47% of all single
HG bp-involved steps while the GG step is completely ab-
sent. These sequence-specific preferences are in good agree-
ment with studies showing that HG bps favor AT-rich se-
quences (7,48-49) and NMR relaxation dispersion studies
showing the greatest abundance of transient HG bpisin TA
steps and lowest abundance is in GG steps (49).

Impact of HG bps on local B-form DNA structure

Prior structural (29,75-76) and computational stud-
ies (18,19) have shown that HG bps can be accom-
modated within B-form helices of WC bps without
significantly distorting the base-pairing geometry and
sugar-phosphodiester backbone of neighboring WC
bps. Nevertheless, studies have reported small pertur-
bations induced by HG pairing including «/y torsion
angles with gauche*/gauche™ rather than the common
gauche™ /gauche* at the HG bp (29,75). Our survey pro-
vides an opportunity to examine any local perturbations
that may be induced by formation of HG bps.

To this end, we compared 1D histogram distributions of
sugar (vop—v4) and phosphodiester backbone («, B, 7y, 9, €,
{) torsion angles (Figure 4A) for three data sets (i) non-
redundant HG bps (‘HG’), (ii)) WC bps adjacent to HG (‘ad-
jacent WC’) and (iii) WC bps surrounded by WC bps (‘con-
trol WC’). Visual inspection reveals relatively broad distri-
butions with no discernable differences between the three
sets of distributions (Figure 4C). To more quantitatively
compare the similarities between the distributions, we used
the REsemble approach (57), which was recently developed
to measure the extent of similarity between histogram dis-
tributions (see Methods). In this approach, the similarity
between two distributions is measured by computing X £2
which ranges between 0 and 1 for maximum and minimum
similarity, respectively (see Methods) (57). In general, we
observe high similarity between the three datasets with X £2
< 0.2 for HG versus control WC and adjacent WC versus
control WC with the values being generally lower for sugar
torsion angles (X££2 < 0.1) (Supplementary Figure S3b).
However, among these small differences, the relatively larger
deviations (X£2 > 0.1) are in y and ¢ for HG versus control
WC and in « for adjacent WC versus control WC, suggest-
ing that HG bps more likely induce changes in these torsion
angles (Supplementary Figure S3b).

Although only small deviations are apparent when com-
paring 1D (Supplementary Figure S3b) and 2D (Supple-
mentary Figure S4) distributions of local torsion angles,
there could be more significant deviations induced by HG
bps that are not captured because they involve small cor-
related variations in different torsion angles. To examine
this, we used REsemble to compare 5D sugar (vg, vy, va,
vs3, v4) and 6D phosphodiester («, B, 7y, 8, €, {) torsion
angle distributions across the various sets of bps. Note
that carrying out higher dimensionality comparisons (e.g.
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11D encompassing both sugar and phosphodiester torsion
angles) is very computationally costly (see Methods). Al-
though the probability for overlap decreases rapidly for
multi-dimensional distributions, this inherent decrease in
overlap is taken into account by evaluating the overlap be-
tween the control WC distribution and sub-distributions of
its own (see Methods). Based on this analysis, we find that
6D distributions (see Methods) of six phosphodiester back-
bone torsion angles for both HG bps (X2ugep, = 0.42)
and adjacent WC bps (X §2,qwc = 0.37) deviate significantly
from control WC bps as compared to the subset WC bps
taken from the control WC bps (Z2spwc = 0.25) (Fig-
ure 4B). This indicates that torsion angles in HG bps and
adjacent WC bps deviate from the control WC bps even
when taking into account intrinsic statistical deviations in
the multi-dimensional distribution of torsion angles for the
control WC bps (Figure 4B). Similar but smaller deviations
are observed for the 5D distributions of sugar torsion angles
(V(), Vi, V2, V3, 1)4) (Figure 4B).

Examination of histogram distributions and REsemble
analyses for local base-pair parameters (shear, stretch, stag-
ger, buckle, propeller, opening), C1’-C1’ distances, heavy
atom distances in H-bonds reveals slight differences in base-
pair geometries between adjacent WC and control WC
datasets. In particular, although the differences are small
based on 1D REsemble analysis (X£2 < 0.2), 6D REsem-
ble analysis shows local base-pair parameters in the adja-
cent WC deviate from control WC bps (X£2,qwc = 0.31),
compared to that of a subset taken from control WC bps
(2 2supwe = 0.20) (Supplementary Figure S2c¢). The largest
deviations are observed for shear, opening, C1'-C1’ dis-
tances as well as heavy atom distances in H-bonds for ad-
jacent WC bps compared to control WC bps (Supplemen-
tary Figure S2b). Based on 1D histogram distributions, the
adjacent WC bps tend to have larger shear and opening,
together with shorter heavy atom distances in H-bonds as
compared to control WC bps (Supplementary Figure S2a).
These perturbations on the WC bps adjacent to HG are con-
sistent with the observation of exchange broadening of aro-
matic resonances in WC bps adjacent to HG bps that are
trapped by N1-methylation which suggests enhanced dy-
namics (48,71).

Impact of HG bps on global B-form DNA structure

In crystal structures of DNA-IHF (e.g. PDBID: 1THF) and
DNA-TBP (e.g. PDBID: 1QN3) complexes, HG bps are ob-
served near sharp kinks in the DNA (15,16). Interestingly,
kinking across HG helices with sticky ends has also been
observed in the absence of proteins or ligands in a coiled-
coil DNA structure with sequence d(CGATATATATAT)
(PDBID: 2AF1) where the (AT)s HG bps form a linear HG
helix but there is a kink between two HG helices at the junc-
tion of two intermolecular G-C bps formed by the sticky
ends (77). To examine whether HG bps are more generally
associated with DNA bending, we manually examined all
DNA structures (total of 15) containing HG bp(s) flanked
by at least two WC bps.

Among these 15 DNA structures, 10 contain a single HG
bp while five contain tandem HG bps. Interestingly, we find
evidence for bending across all single and tandem HG bps.

In some cases, the ability to characterize global bending is
obscured by local structural distortions arising due to the
presence of nicks in DNA strands and protein/ligand inter-
actions. However, clear signs of bending are observed for the
complexes of DNA-MAT«2 (PDBID: 1K61) (Figure 5D),
DNA-p53 (PDBID: 3KZ8) (Figure 5D) and DNA-AIKBH2
(PDBID: 3H80) that show very little local deviation from
the reference B-form structure with superposition RMSD
of HI and H2 < 2 A (see below and Supplementary Figure
S5a and ¢).

To put these observations on a quantitative footing, we
adapted our approach for computing inter-helical Euler an-
gles in RNA junctions to compute inter-helical Euler angles
in DNA (59,60) (see Methods). We first benchmarked this
approach on 13 DNA structures that do not contain HG
bps and that show either the absence or presence of bend-
ing (Supplementary Table S4). The computed inter-helical
Euler angles were consistent with previous analyses of these
DNA duplexes. The linear DNA duplexes yielded an aver-
age computed inter-helical bend angle of B, = 6° with a nar-
row standard deviation (o = 2°) and average inter-helical
twist angle of {;, = —3° with a narrow o = 2° (Supplemen-
tary Table S4). The computed averages and standard devia-
tions of By, and {j are insensitive to having one or two WC
bps as the junction between H1 and H2 (data not shown).
As expected these angles are near zero when considering
the uncertainty in the computed inter-helical bend angle of
~5° arising due to superposition inaccuracy for short he-
lical segments (59). For the bent duplexes, the computed
inter-helical Euler angles capture the degree and direction
of bending previously reported in the solution structure of
A6-T6 A-tract DNA (PDBID: 1FZX) (67) and the nucleo-
some DNA (PDBID: 3UT9) (68) (Supplemental Informa-
tion).

By comparison with the negative control results (B, = 6°
=+ 2°), we observed consistently higher degrees of bending in
the HG-containing duplexes overall (average By, = 37° with
arange of ¢ = 23°) (Table 2). Substantial bending (average
Bh = 14° with o = 5°) is observed for structures that show
little local distortion (superposition RMSD < 2 A) from the
idealized B-form helix (Table 2). A smaller degree of bend-
ing is observed for two A-T bps in two similar DNA-p53
complexes when they adopt WC (B, ~8° in structure with
PDBID: 3KMD) rather than HG (B, ~18° in structure with
PDBID: 3KZ8) geometry. Significant bending (B, ~14°) is
also observed at a HG-like bp, which does not satisfy HG
H-bonding found in a naked DNA duplex (PDBID: 2PIS)
containing the modification of 3-fluorobenzene (78).

These results imply that HG bps are associated with a
modest degree of DNA bending though contributions from
environmental factors such as protein/ligand interaction
and crystal packing cannot be ruled out. This is consistent
with spin relaxation dispersion showing that the popula-
tion of transient HG bps in CA steps increases in longer
A-tracts, which are known to induce DNA bending (48).
This increase in global bending may arise in part from the
correlated local variations in sugar and phosphodiester tor-
sion angles identified by REsemble (Figure 4B). It should
be noted that the computed inter-helical bend angles are in
principle subject to uncertainties arising due to a small num-
ber of bps flanking the HG bp available for superposition as



well as local distortions in the helical structure (see Meth-
ods). However, control calculations examining the effect of
varying the number of bps and the types of atoms used in
the superposition suggest that the observed bending can be
robustly defined (see Methods).

Interestingly, the HG bending is consistently directed to-
ward the major groove (—90° <y < 90°) as compared to
the more random bending directions observed for the nega-
tive control linear B-form DNA structures (Figure SF). This
directional bending is observed consistently across naked
DNA and diverse DNA-protein complexes containing HG
and HG-like bps (Table 2) under different crystallization
conditions. The only exception is an HG-like bp (PDBID:
4120) showing bending toward the minor groove that also
features the least constricted C1’~C1’ distance (see below).
In addition, we observe an inverse correlation (R> ~ 0.8)
between the degree of bending (B,) and the C1'-C1’ dis-
tance of HG and HG-like bps in intact DNA helices (Fig-
ure 5E). This trend holds even for duplexes that have only
minor local distortions (superposition RMSD to idealized
B-form <2 A). This suggests a mechanism for correlating
HG and bending. In particular, it becomes increasingly dif-
ficult to accommodate a WC bp geometry under more con-
stricted C1’—C1’ distances due to steric clashes that arise be-
tween the bases. This steric clash can be released by forming
HG bps, which in turn makes possible a range of confor-
mations with variable constricted C1’—C1’ distances, sugar-
backbone distortions and DNA bend angles. It is inter-
esting to note that constricted C1'—C1’ distances naturally
lead to a narrowed minor groove of the bp which can re-
sult in favorable electrostatic interactions through minor
groove recognition as observed for example with Arg248 in
the structure of the p53-DNA complex (17,79). It is also
important to note that DNA bending does not necessarily
require constriction of the C1’'-C1’ distance; bending may
arise also due to local translation or rotation of WC base-
pair steps (e.g. in roll, tilt and/or propeller twist) as pro-
posed for bending in the nucleosome DNA (68) and A-tract
DNA (67,80). For example, the average C1’-C1’ distance in
the curved nucleosome structure (PDBID: 1KX5) is ~10.6
A+03A.

In contrast to the bend angle, HG bps do not appar-
ently lead to significant changes in the inter-helical twist
angle {}, (see Methods). For example, a single HG bp leads
to over-twisting by ~8° in the complex structure of DNA-
MATa2 (PDBID: 1K61) and ~3° in the complex structure
of DNA-AlkBH2 (PDBID: 3H8O) (Table 2). Additional
data is needed to examine the effects of single HG bps,
though based on these two observations, one would predict
that single HG bps are favored by positive DNA supercoil-
ing as arises for example, in front of RNA polymerases dur-
ing transcription and in front of the replication fork during
DNA replication. On the other hand, the observed inter-
helical twist angle ({, = —3°) across tandem HG bps in the
p53-DNA complex (Figure 5D) is within error of control
B-form DNA structures ({, = —3° & 2°); thus no evident
tendency to over- or under-twisting of tandem HG bps can
be concluded from the current survey. Similarly in five other
structures containing single HG-like bps (Table 2), the com-
puted inter-helical twist angles range from —4° to 2°, which
shows no preference for over- or under-twisting.
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HG-mediated DNA bending may provide a new mecha-
nism for indirect DNA sequence-specific recognition. Many
DNA binding proteins bind DNA as oligomers and interact
with multiple sites along the DNA. HG-induced bending
could play topological roles defining the geometrical pre-
sentation of distant binding sites along the DNA duplex.

CONCLUSION

The survey reveals that HG bps exist in B-form DNA at a
similar level of abundance relative to WC bps (~0.3%), as
is observed transiently in canonical duplex DNA under so-
lution conditions by NMR. The HG bps are ~4-fold more
abundant in AeT versus GeC™ bps, in good agreement with
the ~8-fold larger populations observed for transient AeT
versus GeC* HG bps in solution by NMR. Likewise they
appear to be more abundant in AT-rich sequences, consis-
tent with sequence-specific preferences observed by NMR.
The survey also reveals that HG bps are ~6-fold more abun-
dant at helix termini versus the helix interior with a prefer-
ence for the syn purine base being located at the 5’'-terminal
end. Such terminal HG bps may play unique roles in DNA
biochemical transactions. Future NMR studies should ex-
amine the abundance of transient HG bps at terminal ends.
In addition, the survey uncovers HG-like bps that only sat-
isfy one or two of the HG criteria. These conformations
provide insights into the potential mechanisms for WC-to-
HG transitions. The survey also suggests that HG bps in-
duce small local perturbations, particularly on phosphodi-
ester backbone torsion angles «, y and {. Perhaps the most
significant finding in the survey is the observation that HG
bps induce significant degrees of DNA bending (~14°) and
in a manner that is inversely proportional to the C1'-Cl’
distance across the bp. This HG-mediated DNA bending
may provide a new mechanism for indirect DNA sequence-
specific recognition.
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