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DNA mismatches reveal conformational 
penalties in protein–DNA recognition

Ariel Afek1,2, Honglue Shi3, Atul Rangadurai4, Harshit Sahay1,5, Alon Senitzki6, Suela Xhani7, 
Mimi Fang8,9, Raul Salinas4, Zachery Mielko1,10, Miles A. Pufall8,9, Gregory M. K. Poon7,11, 
 Tali E. Haran6, Maria A. Schumacher4, Hashim M. Al-Hashimi3,4 ✉ & Raluca Gordân1,2,12,13 ✉

Transcription factors recognize specific genomic sequences to regulate complex 
gene-expression programs. Although it is well-established that transcription factors 
bind to specific DNA sequences using a combination of base readout and shape 
recognition, some fundamental aspects of protein–DNA binding remain poorly 
understood1,2. Many DNA-binding proteins induce changes in the structure of the DNA 
outside the intrinsic B-DNA envelope. However, how the energetic cost that is 
associated with distorting the DNA contributes to recognition has proven difficult to 
study, because the distorted DNA exists in low abundance in the unbound 
ensemble3–9. Here we use a high-throughput assay that we term SaMBA (saturation 
mismatch-binding assay) to investigate the role of DNA conformational penalties in 
transcription factor–DNA recognition. In SaMBA, mismatched base pairs are 
introduced to pre-induce structural distortions in the DNA that are much larger than 
those induced by changes in the Watson–Crick sequence. Notably, approximately 10% 
of mismatches increased transcription factor binding, and for each of the 22 
transcription factors that were examined, at least one mismatch was found that 
increased the binding affinity. Mismatches also converted non-specific sites into 
high-affinity sites, and high-affinity sites into ‘super sites’ that exhibit stronger affinity 
than any known canonical binding site. Determination of high-resolution X-ray 
structures, combined with nuclear magnetic resonance measurements and structural 
analyses, showed that many of the DNA mismatches that increase binding induce 
distortions that are similar to those induced by protein binding—thus prepaying some 
of the energetic cost incurred from deforming the DNA. Our work indicates that 
conformational penalties are a major determinant of protein–DNA recognition, and 
reveals mechanisms by which mismatches can recruit transcription factors and thus 
modulate replication and repair activities in the cell10,11.

A comprehensive survey of high-resolution structures of transcrip-
tion factor (TF)-bound DNA revealed that more than 40% of the 
complexes contain base pairs with geometries that deviate substan-
tially from the B-form envelope of naked DNA duplexes (Extended 
Data Fig.  1, Methods). The energy required to distort the DNA 
must come from favourable intermolecular interactions that take 
place upon complex formation12,13. This energetic cost could vary 
with sequence and contribute to protein–DNA binding affinity and 
selectivity1,14,15. Assessing conformational penalties experimentally 
is challenging because it requires accurate measurement of the 
abundance of these distorted DNA conformations in the unbound  

ensemble—conformations that are difficult to even detect using exist-
ing biophysical methods3,4.

In a similar manner to the effects of TFs, mismatched base pairs can 
also induce distortions to the DNA ensemble that are much greater 
than those that occur in naked Watson–Crick sequences (Fig. 1a–c, 
Extended Data Fig. 2). For example, purine–purine mismatches such 
as G-G and G-A widen the base pair and can also flip the base into 
the syn conformation; pyrimidine–pyrimidine mismatches such as 
C-T and T-T constrict the base pair; wobble G-T and T-T mismatches 
change the shear; and A-A and C-C with only a single hydrogen bond 
can adopt a variety of conformations including partially melted states  
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(Extended Data Fig. 2a). Mismatches can also affect the geometry of 
the DNA minor and major grooves and base-step parameters, albeit 
to a smaller extent (Extended Data Fig. 2c). In addition, mismatches 
destabilize the DNA duplex by an amount (3.5–10 kBT, in which kB is 
the Boltzmann constant and T is temperature) (Extended Data Fig. 2b) 
comparable to the typical energetic cost of distorting the DNA upon 
protein binding (3–8 kBT)16.

SaMBA
To gain insights into the role of DNA conformational penalties in pro-
tein–DNA recognition, we developed a new high-throughput approach 
that we name SaMBA (saturation mismatch-binding assay), which 
leverages the DNA distortions induced by mismatches. We reasoned 
that different types of mismatches could redistribute the unbound 
DNA ensemble in various ways and lead, in some cases, to an increased 
abundance of distorted DNA states that are recognized by TFs. By pre-
paying some of the energetic cost of deforming the DNA, mismatches 
could in turn increase the TF–DNA binding affinity, provided that the 
reduction in conformational penalty outweighs any effects caused 
by the potential loss of protein–DNA contacts. A conceptually similar 
strategy was used previously to assess conformational penalties in 
RNA–RNA association9.

In SaMBA experiments, mismatches are generated by introduc-
ing every possible single-base variation in known DNA-binding sites 
of TFs in a high-throughput manner on a high-density DNA chip 
(Fig. 1d, Extended Data Fig. 3a–d, Methods). Mismatches are intro-
duced by changing the sequence on one strand at a time (for example, 
G-C → A-C, T-C and C-C (the bases that are changed are shown in bold)). 
Protein-binding measurements are then conducted directly on the chip, 
with high reproducibility (Fig. 1e). The SaMBA signal intensities can be 
calibrated to equilibrium dissociation constants (Kd) using binding 

measurements from a variety of independent experimental methods 
(Fig. 1f), thus providing a route for determining binding energetics 
in a high-throughput manner (Methods, Extended Data Fig. 3e–h,  
Supplementary Table 3).

Beyond investigating the role of conformational penalties in TF–DNA 
recognition, SaMBA can be used more broadly to examine the effect 
of mismatches on protein–DNA binding landscapes and the proposed 
role of TF-bound mismatches in mutagenesis10,17–19, including in cases in 
which mismatches enhance binding by creating or reinforcing favour-
able interactions that involve hydrogen bonding, electrostatics and 
stacking (as discussed below).

Mismatches enhance the binding of TFs to DNA
For 22 TFs from 15 distinct protein families, we used SaMBA to obtain 
saturation mismatch-binding profiles that show the quantitative 
changes in protein-binding signal induced by the introduction of every 
possible mismatch to known TF-binding sites and their flanking regions 
(Fig. 2a, Supplementary Table 1). Although two thirds of the mismatches 
introduced within TF-binding sites substantially weakened binding, 
around 10% increased binding. Notably, for each of the 22 TFs exam-
ined, at least 1 mismatch was found that increased the binding affinity 
when introduced within the binding site (Fig. 2a). In some cases, single 
mismatches created ‘super sites’ that exhibit a stronger binding affinity 
than the best canonical Watson–Crick binding sites (for example, in the 
case of p53) (Supplementary Table 1b). In other cases, mismatches intro-
duced in non-specific DNA sites increased TF binding (Supplementary 
Table 1d) to levels similar to those observed for specific binding sites, 
thus effectively creating novel binding sites within non-specific DNA. 
For ETS1, the protein with the largest mismatch-driven effects outside 
of specific binding sites, we verified that mismatches could indeed 
increase TF binding beyond the distribution of non-specific binding 

Mismatched base-pair geometries

4 8 12 16
4

8

12

16

Replicate 1

R
ep

lic
at

e 
2

M
aj

or
 g

ro
ov

e 
si

d
e

M
in

or
 g

ro
ov

e 
si

d
e

Watson–Crick

d

Hybridization Protein binding 

a
G

C

G

T A G

Binding site

Variant single-
stranded DNA chip

Firs
t

str
an

d

Second
strand

TF Y

Y
Y

Y

Y

Y
Y

Constant

b

ETS1 FAp53 EMSA
R2 = 0.963

8 9 10
–31
–30
–29
–28 R2 = 0.997

GR EMSA

5 7 9
–36

–34

–32

4 5 6 7

R2 = 0.886

ln
(K

d
) 

7 8 9 10
–20

–18

–16
CBF1 SPR

R2 = 0.941

7 9 11
–23

–21

–19
R2 = 0.909

MAX MITOMI

8 9 10
–19

–15

–11 R2 = 0.843

EGR1 k-MITOMI

–22

–18

–14R2 = 0.98

fe
SaMBA

Acceptor

Donor

Methyl 

Non-polar 

Y

TF
Fluorophore-
labelled oligo

Mismatched 
complement

Fluorophore-
labelled antibody

C

TBP EMSA

–18

–16

–14 R2 = 0.976

8.2 8.6 9 9.4

C

C

C

G

ln(signal) ln(signal) ln(signal) ln(signal) ln(signal) ln(signal) ln(signal) 

c
CG G

N

N

N
N

N H

H

N

N

N
N

ON
H

H

H

N

N

NO H

H

N

N

NO H

H
N

N

N
N

ON
H

N

N

NO H

H

H

H

N
N

N

N O

N

H

H
H

N
N

N N

O
N

H
H

HN

N

N
N

ON
H

H

H

N

N

OO
H

1-nt variant 

Fig. 1 | SaMBA measures the effects of mismatches on protein–DNA binding 
in high throughput. a–c, Mismatches change the local DNA geometry (a), 
affect global features such as the minor groove width (b) and destabilize the 
DNA (c). d, SaMBA is a chip-based assay for testing the binding of TFs to 
thousands of DNA mismatches and Watson–Crick sequences (Methods). DNA 
hybridization and protein–DNA binding are quantified using fluorophore- 
labelled oligos and antibodies, respectively. e, Reproducibility of SaMBA data, 
for technical replicates of ETS1 at 125 nM. Axes show the base 2 logarithm of the 
median fluorescent intensity signal corresponding to the bound ETS1 protein 
(n = 12 replicate spots for Watson–Crick sequences, and n = 8 for mismatched 
sequences). f, Protein binding levels measured by SaMBA (shown here for p53, 

ETS1, the glucocorticoid receptor (GR), CBF1, MAX, TBP and EGR1) correlate 
linearly with independent Kd measurements from a variety of experimental 
methods (FA, fluorescence anisotropy; MITOMI, mechanically induced 
trapping of molecular interactions; k-MITOMI, ‘kinetic MITOMI’; SPR, surface 
plasmon resonance), allowing calibration of SaMBA data. Similarly to related 
array-based techniques20, median values over replicate DNA spots are shown 
for SaMBA (error bars, median absolute deviation). Average values over 
replicates are shown for the orthogonal methods (error bars, s.d., when 
available). See Methods for the number of replicates (n ≥ 3) for each 
experiment. Red shaded region, 95% confidence interval for Pearson’s 
correlation.
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affinities (defined here as the 99th percentile of random sites) and 
towards high affinities characteristic of specific binding sites (defined 
here as sites with ETS1-bound nuclear magnetic resonance (NMR) struc-
tures or crystal structures) (Methods, Fig. 2c, Supplementary Table 2).

We verified representative examples of mismatch-induced enhance-
ments in TF-binding sites using fluorescence anisotropy and electro-
phoretic mobility shift assays (EMSA), and found binding increases of 
0.7–2.3 kBT relative to consensus Watson–Crick binding sites (Fig. 2b, 
Extended Data Fig. 3e). Overall, the magnitude of mismatch-induced 
effects on TF binding was comparable to the magnitude of the effects 
of mutations in Watson–Crick binding sites (Extended Data Fig. 4a), 
although the directionality of these effects was sometimes oppo-
site for mismatches versus their nearest mutations (for example, 
C-G → G-G increases binding, whereas C-G → G-C decreases binding) 
(Fig. 2d, e, Extended Data Fig. 4b). This shows that mismatches can 
provide an additional layer of information about TF–DNA interactions 
beyond what can be learned from analysing the effects of mutations in  
Watson–Crick DNA using traditional high-throughput methods20–24.

Mismatches versus Watson–Crick mutations
The simplest explanation for the observed mismatch-induced increase in 
TF binding affinity is that the mutated base forms more favourable interac-
tions with the TF, in a manner that is independent of the mismatch shape. 
In this simple additive model, each base in a base pair contributes indepen-
dently to the TF binding energetics. Such a model predicts that the sum of 
the energetic changes (gains or losses) from the two individual single-base 
mutations is equal to the change in binding energy due to the double 
mutation (for example, ΔΔGCG>CT + ΔΔGCG>AG = ΔΔGCG>AT (mutated bases 
are shown in bold)). On the other hand, any mismatch-shape-dependent 
contribution to increased TF binding—including changes in the DNA 
ensemble that might help offset the energetic cost of DNA deforma-
tion—could lead to deviations from the additive model. We tested this 

simple model for the seven TFs for which calibration data were available 
in our study (Methods, Extended Data Fig. 4c, Supplementary Table 4).  
We found that additivity holds, within experimental error, in around 42% 
of cases in which mismatches significantly affect TF binding (for example, 
for ETS1 we found that ΔΔGAT>AG + ΔΔGAT>CT ≈ ΔΔGAT>CG for position 7 in the 
binding site) (Extended Data Fig. 4c). For the remaining cases (around 
58%), Watson–Crick mutations had a different energetic effect on TF 
binding compared to the sum of the two corresponding mismatches 
(Fig. 2e, Extended Data Fig. 4c, Supplementary Table 4)—indicating that 
the contributions of the mispaired bases are non-additive. Although 
non-additive models have been previously tested with regard to base 
pairs in Watson–Crick binding sites25,26, our TF–mismatch binding data 
provide a unique opportunity to investigate dependencies between bases 
in a base pair.

Mismatches prepay distortion penalty
Deviations from the simple additive model can arise from various 
mechanisms. These include non-native interactions with the newly 
formed mismatch-dependent DNA shape (including the bases), and 
the reinforcement of native interactions, owing to mismatch-specific 
changes in the DNA ensemble that offset the conformational penalties 
associated with distorting the DNA upon TF binding. For the latter 
case, we would expect the mismatches to be located in regions that are 
distorted in the protein-bound DNA structure. Indeed, for the subset of  
12 TFs for which structures were available at the RCSB Protein Data Bank 
(PDB), we found that the binding-site positions for which mismatches 
enhanced TF binding affinity were significantly more distorted than the 
rest of the binding-site positions, in terms of either the magnitude of the 
distortions (P = 0.017) or the number of distorted features (P = 0.015) 
(Methods, Supplementary Table 5).

If mismatches increase binding affinity in part by prepaying con-
formational penalties, we would also expect mismatches to bias local 
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Fig. 2 | The effects of DNA mismatches on TF binding. a, SaMBA profiles for 
the 22 tested TFs. Heat maps show the effects of mismatches on TF binding, 
normalized so that −1 corresponds to the largest decrease (Methods). b, SaMBA 
profile for ETS1, with a representative mismatch-induced binding increase that 
was independently validated by fluorescence anisotropy. The y axis shows the 
base 2 logarithm of the ratio between the ETS1 binding signal at the 
mismatched site versus the Watson–Crick site, where binding signals are 
computed as median fluorescent signal intensities over replicate DNA spots. 
Coloured circles indicate significant changes (P value < 0.05, one-sided Mann–
Whitney U test with Benjamini–Hochberg correction). Box plots show median 
signals over replicate DNA spots for SaMBA (n = 8 and n = 12 for the mismatched 
and Watson–Crick site, respectively) and replicate experiments for EMSA 
(n = 3). Boxes extend to the 25th and 75th percentiles; whiskers extend to the 

most-extreme data points. c, Five validated examples of mismatches in 
non-specific sequences that increase ETS1 binding to levels similar to specific 
sites (Methods). Each arrow corresponds to one mismatch in a particular 
non-specific sequence (Supplementary Table 2c). In some cases, Watson–Crick 
mutations also increase binding affinity, albeit to a smaller extent, indicating 
that the identity of the newly introduced base is important for enhanced 
binding affinity (Supplementary Table 2, Extended Data Fig. 5). d, Comparison 
of mismatch versus mutation effects for the ETS1 site in b, for mismatches on 
the upper strand. Values represent medians over replicate spots (n = 8). e, The 
energetic effects of base-pair mutations (diagonal) are different from the sum 
of the energetic effects of the two corresponding mismatches, demonstrating 
deviations from an additive model.
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or global aspects of the DNA structural ensemble to better mimic the 
structure of the DNA when bound to the TF. Because such ensembles 
are difficult to obtain, we used high-resolution crystal structure data 
(which were available for 12 TFs in our study) to compare the distor-
tions in the TF-bound DNA with the distortions induced by mismatches 
(Methods). We observed some form of structural mimicry in 66% of 
cases (Supplementary Table 6). Returning to the example of ETS1, we 
found that the G-A mismatch at position 6—which increases binding by 
around 2.3 kBT (Fig. 2b)—mimics the stretch, the C1′–C1′ distance and 
the minor groove width of ETS1-bound DNA (Extended Data Fig. 5b, 
Supplementary Table 6d). In addition, molecular dynamics (MD) simu-
lations of the bound mismatched and Watson–Crick DNA for this and 
other mismatches that increase TF binding (Extended Data Fig. 5c, 
Supplementary Table 7) suggest that the formation of new protein–
DNA contacts might also contribute to the enhanced binding affinity. 
Together, these data indicate that a single mismatch can affect the 
energetics of several types of interactions, including base readout, 
shape readout and conformational penalties.

To better isolate contributions from the energetic penalty, we focused 
on mismatches that enhanced the binding of p53 and TATA-binding 
protein (TBP). These mismatches were selected because they showed 

structural mimicry in base-pair features that deviate most strongly 
from the B-form envelope, and they occurred at positions that lack 
hydrogen bonds with the bases (Supplementary Table 5). In the case of 
p53, two positions in each p53 half-site have a preference for adopting 
non-canonical Hoogsteen conformations27,28 (Fig. 3a). Hoogsteen base 
pairs represent an example of alternative, sparsely populated confor-
mations in apo-DNA ensembles; they form with an abundance of less 
than 1%, at an estimated energetic cost of 3–7 kBT4,29,30. The Hoogsteen 
pairing is achieved by flipping the purine base from an anti to a syn 
conformation, followed by a reduction of around 2 Å in the helical diam-
eter and the C1′–C1′ distance. This reduction in DNA diameter at the 
p53-binding site allows p53 monomers to come into closer proximity, 
thus stabilizing the p53 tetramer28. Notably, our SaMBA data revealed 
that replacing the A-T at Hoogsteen sites with T-T or C-T mismatches, 
which also reduce the C1′–C1′ distance (Fig. 3a), enhanced the bind-
ing affinity of p53 by around 0.4–1.8 kBT (Supplementary Tables 3, 
4)—comparable to the magnitude of changes in p53 binding affinity 
caused by base-pair mutations (Extended Data Fig. 4a).

NMR analysis confirmed that the perturbations induced by A-T 
Hoogsteen base pairs30 are similar to those induced by T-T and C-T 
mismatches (Fig. 3b, Extended Data Fig. 6c, d). The T-T and C-T 
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TBP–DNA complexes shows that the complexes have nearly identical structures.  
Green, PDB 1QNE, Watson–Crick site 5′-TATAAAAG-3′; cyan, TBP-CC(2), 
5′-TATAAAAG-3′ with CC at position 8; orange, TBP-AC, 5′-TATAAAAG-3′ with AC 
at position 7; yellow, PDB 6NJQ, Watson–Crick site 5′-TATAAACG-3′; purple, 
TBP-CC(1a) and pink, TBP-CC(1b), 5′-TATAAACG-3′ with CC at position 7. Bold 
font shows the positions where mismatches were introduced. g, Overlay of the 
TBP–DNA interfaces (for 1QNE and TBP-CC(2)) demonstrates that interactions 
are highly similar between Watson–Crick and mismatched sites, including Phe 
interactions at the position of the mismatch (black rectangle).
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mismatches also induced narrowing of the minor groove width, thus 
resulting in an enhanced negative electrostatic potential12, and the 
C-T mismatch led to over-twisting of the DNA helix, mimicking the 
p53-bound Watson–Crick structure (Fig. 3a, Extended Data Fig. 6e). 
These results indicate that T-T and C-T mismatches effectively mimic, 
in naked DNA, structural features of the Hoogsteen pairing favoured 
by p53, and thereby prepay some of the energetic penalty to form the 
preferred bound structure. As T-T and C-T mismatches do not increase 
the binding energetics to the same extent as the cost of forming Hoog-
steen base pairs, it is possible that the mismatches do not mimic all 
aspects of the Hoogsteen conformation, and/or that the Hoogsteen 
conformation is not fully populated in the protein-bound state of the 
Watson–Crick DNA.

To test whether the reduction in DNA diameter is causing the 
increased binding of p53 to mismatched DNA, we measured the effects 
of all mismatches at the four Hoogsteen positions in the p53-binding 
site, using not only single-base variations (which are typical for SaMBA 
assays) but also double-base variations (Methods, Supplementary 
Table 4). As expected, pyrimidine–pyrimidine mismatches (C-T, T-C, T-T 
and C-C) enhanced p53 binding affinity, whereas all other mismatches 
at these positions either decreased binding or had non-significant 
effects (Extended Data Fig. 6f), consistent with our hypothesis. These 
findings are in line with a previous study in which modified bases were 
shown to induce Hoogsteen conformations and increase p53 binding 
affinity in a similar manner28.

For TBP, previous studies have shown that partial intercalation of 
Phe residues at the first and last base steps of the TATAAAAG binding 
site (base steps are shown in bold) leads to a loss of base stacking and 
the formation of a sharp kink as a key feature of the bound DNA8,31,32 
(Fig. 3c). Mismatches also destabilize the DNA duplex, with C-C having 
the least-favourable stacking interactions33 (Fig. 3d). Notably, introduc-
ing mismatches at position 8 in the TBP-binding site, which is one of 
the highly unstacked positions, resulted in an increase in TBP binding 
affinity, with C-C having the largest effect (Extended Data Fig. 7a). This 
indicates that mismatches increase affinity by prepaying the energetic 
cost to partially melt the base pairs. If this were true, we would expect 
an inverse correlation between the increase in binding affinity and 
the stability of the mismatch. To test this prediction, we performed 
additional TBP-binding measurements for all mismatches and base-pair 
mutations at each position in the TBP-binding site using a modified 
SaMBA protocol (Methods, Supplementary Table 4). We compared 
these binding measurements to predicted destabilization energies 
(Methods) and observed a strong correlation (R2 = 0.765) (Fig. 3e). 
Analysis of the other positions in the TBP-binding site revealed high cor-
relations between destabilization energies and TBP binding (R2 > 0.4) 
at three of the four unstacked positions (Extended Data Fig. 7b). No 
significant correlations were observed at other positions in the binding 
site, consistent with our hypothesis.

To further examine how mismatches affect protein–DNA binding, 
we solved four X-ray structures of TBP bound to DNA containing C-C 
and A-C mismatches at the unstacked positions 7 and 8, which increase 
the TBP binding affinity by 0.8–1.4 kBT (resolution 2.0–2.5 Å) (Fig. 3f, 
Extended Data Fig. 7c, Supplementary Table 4). These structures are the 
first, to our knowledge, examples of structures of mismatch-containing 
DNA bound by a TF, and shed light on how mismatches might increase 
binding affinity. The heavy atoms of the structures superimpose with 
a root mean square deviation (r.m.s.d.) of 0.29–0.49 Å, which suggests 
that TBP interacts with mismatched and Watson–Crick DNA sites in 
a nearly identical manner, including in and around the mismatches 
(Fig. 3f, Extended Data Fig. 7c, Supplementary Discussion). Notably, 
the four TBP–DNA structures were obtained from distinct crystal forms 
(Extended Data Table 1), indicating that packing was not a factor in the 
similar DNA conformations. In all cases, no evidence was found for new 
contacts with the mismatches that would explain the large increases in 
TBP binding. This provides further evidence that mismatch-induced 

enhancements in protein binding can arise from prepaying energetic 
penalties that are invisible to detection based on X-ray structures.

Native and non-native interactions
In addition to prepaying conformational penalties and thus reinforc-
ing native interactions (that is, hydrogen bonds and water-mediated, 
electrostatic and other interactions that would also form in Watson–
Crick DNA), our MD simulation data also suggest that mismatches can 
enhance TF binding by promoting non-native interactions with the mis-
matched DNA, through changes in both the base identity and the DNA 
conformation at the mismatch and/or neighbouring sites. For example, 
in the case of the T-G mismatch at position 6 in the ETS1-binding site, 
for which no structural mimicry was identified in our analyses (Supple-
mentary Table 6), MD simulations of protein-bound mismatched and 
Watson–Crick DNA revealed that the wobble conformation positions 
the mismatched T base to form non-native contacts with protein side 
chains (Extended Data Fig. 5e, Supplementary Table 7). Non-native 
interactions were also observed in MD simulations of non-specific 
sites that are rendered high-affinity ETS1-binding sites by specific 
mismatches (Extended Data Fig. 5i, j, Supplementary Table 7). In addi-
tion, a combination of non-native interactions and structural mim-
icry is observed in the case of A-G at position 6 in the ETS1-binding 
site (Extended Data Fig. 5b, e, h). Determining the structures of these 
complexes may help to reveal the nature of the non-native interac-
tions, which could also include water-mediated hydrogen bonds and 
electrostatic interactions that might enhance the binding energetics 
(Extended Data Fig. 8).

Summary
Our study provides the largest analysis to date, to our knowledge, of 
the effects of DNA mismatches on protein binding, and reveals that 
DNA conformational penalties are an important determinant of pro-
tein–DNA binding affinity and selectivity. Our assay can be extended 
to include distortions in DNA shape that are induced by multiple mis-
matches, insertions and deletions, as well as damaged and epigenetically 
modified nucleotides, and can thus be used to thoroughly investigate 
these penalties in a high-throughput and unbiased manner. In addition, 
regardless of the precise mechanisms by which mismatches enhance 
TF binding, these high-affinity interactions could provide a biophysical 
mechanism for inhibiting the repair of specific mismatched sites, which 
would consequently contribute to the formation of genetic mutations 
in the cell11 (Extended Data Fig. 9, Supplementary Discussion).
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Methods

Data reporting
No statistical methods were used to predetermine sample size. The 
experiments were not randomized and the investigators were not 
blinded to allocation during experiments and outcome assessment.

Structural survey of Watson–Crick and mismatched base pairs
We performed a comprehensive survey of DNA base-pair structures 
deposited in the RCSB PDB34. X-ray crystal structures (resolution < 
3 Å) and NMR solution structures containing DNA were downloaded 
from the RCSB web server and organized into a searchable database35. 
Base-pair parameters (shear, stretch, stagger, buckle, propeller twist, 
opening and C1′–C1′ distance) of a given base pair, as well as base-step 
parameters (shift, slide, rise, tilt, roll and twist) were computed using 
X3DNA-DSSR36 as described previously37. Base-pair parameters (except 
C1′–C1′ distance) and base-step parameters of bases with syn conforma-
tion (for example, in Hoogsteen base pairs and G-A and G-G mismatches) 
were not computed owing to incorrect reference frame.

The overall shape of the DNA was characterized by analysing the 
following shape parameters: minor groove width, major groove width, 
local helical bending, bending direction and local helical twisting. Minor 
and major groove widths were calculated using the P-P definition38 by 
X3DNA-DSSR36. A well-established inter-helical Euler angle approach 
was used to quantify DNA local bending, including the bending mag-
nitude (βh, 0° ≤ βh ≤ 180°), the bending direction (γh, −180° ≤ γh ≤ 180°) 
and the helical twist (ζh, −180° ≤ ζh ≤ 180°) of two helices across a given 
base-pair junction35,37,39,40. All calculations with poor alignment to the 
idealized helices (r.m.s.d. >2 Å for sugar and backbone atoms39) were 
omitted from analysis. Global parameters were analysed at the mis-
match positions as well as ±1 base pair or base step.

A total of 903 A-T and 746 G-C standard Watson–Crick base pairs 
in naked DNA were identified (Supplementary Methods) and used to 
define the B-DNA envelope (Extended Data Fig. 1a, Supplementary 
Table 8). A total of 613 TF–DNA structures in the PDB34 were used to iden-
tify Watson–Crick base pairs for which at least one base-pair parameter 
deviates from the free B-DNA envelope by three standard deviations 
or is completely outside the envelope. The statistics of these distorted 
Watson–Crick base pairs in TF-bound DNA are summarized in Extended 
Data Fig. 1 and Supplementary Table 8. To survey the DNA mismatch 
structure and geometry, all possible single mismatches (excluding 
modified bases) surrounded by at least two canonical Watson–Crick 
base pairs on both sides were identified and subjected to manual inspec-
tion (Supplementary Table 9). Of the 110 identified mismatches, 26 
were in free DNA and not mediated by heavy metals (8 G-T, 7 G-A, 5 A-C, 
3 T-T, 2 G-G and 1 C-T) (Supplementary Table 9, Extended Data Fig. 2a).

DNA melting analysis
Thermodynamic parameters for mismatch formation were computed 
using MELTING v.5.2.0 (ref. 41) as an average over all possible sequence 
contexts surrounding each mismatch. Default options for nearest 
neighbour thermodynamic parameters and ion correction terms were 
used along with a sodium ion concentration of 150 mM. The energetic 
terms for helix initiation and symmetry were set to zero to mimic the 
placement of the mismatch within the context of a non-palindromic 
duplex.

Molecular dynamics simulations
All MD simulations were performed using the AMBER ff99 force field42 
with bsc0 corrections for DNA43 and ff14SB corrections for proteins44, 
and using standard periodic boundary conditions as implemented in the 
AMBER MD package45. To systematically analyse the ensemble behav-
iour of all mismatches, we performed MD simulations on unbound 
DNA for all possible Watson–Crick and mismatched base pairs embed-
ded in constant flanking sequences: 5′-CTCTGCCACGTGGGTCGT-3′  

(the variable position is shown in bold). For G-A and G-G, we simu-
lated two possible geometries: G(anti)-A(anti), G(anti)-A(syn) and 
G(anti)-G(syn), G(syn)-G(anti), in which one of the bases was manually 
rotated around the glycosidic bond by 180° to generate a syn confor-
mation. Production runs of 500 ns were carried out and extended to 
achieve convergence of the r.m.s.d. of the DNA if necessary. Summary 
descriptions of the ensemble behaviour of different mismatches in the 
unbound DNA simulations are presented in Extended Data Fig. 2c. The 
dynamics of DNA mismatches in MD simulations are in good agreement 
with previous work46.

For MD simulations of protein–DNA complexes, starting structures 
corresponding to the MYC/MAX, ETS1, p53, MAX/MAX, CTCF, EGR1, GR, 
ELK1 and RELA systems were obtained from PDB entries 1NKP, 2NNY, 
3KZ8, 1AN2, 5KKQ, 1P47, 1R4R, 1DUX and 5U01, respectively (see Sup-
plementary Methods for details). The TFs were chosen according to the 
availability of TF–DNA structures for DNA sequences similar to the ones 
tested by SaMBA. Production runs of 200 or 500 ns were carried out and 
extended to achieve convergence of the r.m.s.d. of the protein–DNA 
complex if necessary. For proteins bound to mismatched DNA sites, 
we chose not to simulate the mismatches A-A, A-C and C-C, given the 
lack of a stable base-pairing geometry for A-A47 and the tendency of 
A-C and C-C to undergo protonation-dependent structural changes 
to form stable base-pairing geometries48,49. Protonation-dependent 
base-pairing conformational equilibria are susceptible to being highly 
influenced by protein binding50, and are also difficult to model compu-
tationally51. We simulated one mismatch per protein, focusing on G-T 
and C-T mismatches, as well as T-T, G-G and G-A in specific cases, given 
their stable base-pairing geometries52–56 and ability to be reliably mod-
elled computationally46. The simulation results were used to analyse 
protein–DNA contacts and the buried surface area (Supplementary 
Table 7), as described in Supplementary Methods.

Protein expression and purification
For SaMBA experiments, full-length human proteins ETS1, ELK1, GABPA, 
RUNX1, E2F1, SIX6, AP2A, GATA1, MYC (c-MYC), MAX and MAD (MAD1), 
human EGR1 residues 335–423, human RELA residues 20–290, human 
GR residues 418–517, human STAT3 residues 128–715 and full-length Sac-
charomyces cerevisiae Cbf1 were expressed and purified as described 
previously21,57–60. Full-length human p53, TBP, CTCF, CREB1, CREM and 
ATF1 were obtained commercially (Supplementary Methods). For X-ray 
crystallography, the Arabidopsis thaliana TBP DNA-binding domain 
was produced as described previously61. For ETS1 fluorescence anisot-
ropy binding assays, mouse ETS1 (residues 280–440) was produced as 
described previously62. For EMSA binding-affinity measurements, the 
human GR DNA-binding domain (residues 418–506) and human p53 
(residues 94–360) were expressed and used as described previously63–65.

SaMBA library design and measurements
SaMBA was performed as follows. Five custom DNA libraries (v.1–v.5), 
each containing around 15,000 single-stranded 60-base oligonu-
cleotides, were designed computationally based on TF binding site 
sequences for 22 TFs (Supplementary Table 1a, e–j). The binding sites 
for each TF were selected on the basis of published data showing spe-
cific TF binding to these sites. Sites were selected to contain central 
8-mers with protein-binding microarray (PBM) enrichment scores 
(E-score) of 0.35 or higher, which is indicative of specific protein bind-
ing20,21. For CTCF, p53 and RELA we selected strong binding sites on the 
basis of their DNA-binding motifs reported in the literature (CTCF66, 
p5322, RELA67). For GR, we used two identical half-sites of an idealized 
glucocorticoid response element with the preferred 3-base-pair spacer, 
as described and used previously68.

Each DNA library was designed to contain multiple replicates (8–20) 
of both wild-type binding site sequences and all possible single-base 
variants of the same sites. For SaMBA library v.1, we used 14 replicate 
spots for each wild-type sequence and 8 replicate spots for each 
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mismatch. For SaMBA libraries v.2, v.3, v.4 and v.5, we used 20 repli-
cate spots for each wild-type sequence and 10 replicate spots for each 
mismatch. The DNA libraries were commercially synthesized on DNA 
microarray chips (Agilent). Next, double-stranded DNA-binding sites 
were generated on the chip by hybridization with the wild-type reverse 
complement oligonucleotides in solution (variant complements were 
absent from the hybridization solution). For each wild-type sequence, 
the solution contained around 2.5 μM (large excess) unlabelled oligonu-
cleotides purified by high-performance liquid chromatography (HPLC) 
and around 0.25 μM FAM/Cy3-labelled HPLC-purified oligonucleotides 
(Integrated DNA Technologies). For the variant sequences on the chip, 
the absence of perfect complements in solution ensured successful 
hybridization with the wild-type complements. The small fraction of 
fluorescently labelled oligonucleotides allowed us to assess the suc-
cessful formation of mismatched duplexes on the chip (Extended Data 
Fig. 3a–d, Supplementary Table 10).

The reaction buffer mixture for the hybridization step was 100 μl 
10× reaction buffer (260 mM Tris-HCl, pH 9.5, 65 mM MgCl2) in a total 
volume of 1,000 μl, similarly to a previous study20. The chip was incu-
bated with reaction mixture in a hybridization oven using a pre-warmed 
stainless-steel chamber and gasket cover slip. After a 5-h incubation 
(85 °C for 10 min, 75 °C for 10 min, 65 °C for 60 min, 60 °C for 120 min 
and 55 °C for 100 min), the hybridization chamber was disassembled in 
a glass staining dish in 500 ml phosphate buffered saline (PBS)/0.01% 
Triton X-100 at 37 °C. The chip was transferred to a second staining 
dish, washed for 10 min in PBS/0.01% Triton X-100 at 37 °C and washed 
once more for 3 min in PBS at room temperature, similarly to a previ-
ous study20. The fluorescent signal (Cy3/FAM) of hybridized oligonu-
cleotides was measured using a GenePix 4400A microarray scanner 
to confirm that the hybridization was successful and reproducible, 
and that no detectable cross-hybridization occurred (Extended Data 
Fig. 3b, Supplementary Table 10).

Protein binding and antibody steps were performed similarly to PBM 
assays20 (Supplementary Methods). The fluorescent signal of bound TF 
for each DNA spot was measured using a GenePix 4400A microarray 
scanner and the GenePix Pro 7.0 software. Multiple replicates of each 
sequence were used to quantitatively compare the binding signals 
between sequences and to statistically assess the significance of bind-
ing differences using a one-sided Wilcoxon-Mann–Whitney test, cor-
rected for multiple hypotheses testing using the Benjamini–Hochberg 
procedure. SaMBA profiles (for example, Fig. 2b) representing the 
effect on TF binding for each possible mismatch along each parent 
sequence were produced by calculating the log2-transformed ratio 
between each mismatch and its corresponding wild-type parent 
sequence (Supplementary Table 1b). As the magnitudes of these ratios 
vary widely between proteins, for each parent site all ratios were also 
divided by the ratio of the largest decrease at the same site and mul-
tiplied by −1, so that the largest decrease for each parent sequence 
became −1 (Fig. 2a).

Validation and calibration of SaMBA data using measurements 
of TF binding affinity
DNA-binding affinity measurements for p53 were performed using 
EMSA, as described previously64,69 (Supplementary Methods). The 
macroscopic dissociation binding constants for the dominant p53 tetra-
meric species were computed for ten different hairpin duplexes: four 
Watson–Crick and six containing mismatches (Supplementary Table 3). 
Six replicate measurements were performed for each duplex, and the 
average binding affinities were used in comparisons with SaMBA data 
(Fig. 1f, Extended Data Fig. 3e).

Binding affinity measurements for ETS1 (residues 280–440, termed 
ETS1(ΔN280)) were performed using steady-state fluorescence polar-
ization, as described previously70, using a Cy3-labelled DNA probe 
encoding the ETS1-binding sequence 5′-CGCACCGGATATCGCA-3′. In 
brief, 0.5 nM of DNA probe and 10 nM ETS1(ΔN280) were co-titrated with 

one of five unlabelled DNA duplexes: two Watson–Crick and three con-
taining a mismatch (Supplementary Table 3). Triplicate measurements 
were performed for each duplex. The data confirmed both increased 
and decreased ETS1 binding owing to mismatches, as revealed by 
SaMBA (Fig. 1f, Extended Data Fig. 3e).

Binding affinity measurements for GR were performed using EMSA, 
as described previously63 (Supplementary Methods). One Watson–
Crick and three mismatched sites were tested (Supplementary Table 3). 
To avoid self-hybridization of the probes in EMSA, one of the two GR 
half-sites and the spacer between them were mutated compared to 
the SaMBA site. Positions known to be critical for GR binding were 
kept constant. Measurements were performed in triplicate, and the 
average binding affinities were used in comparisons with SaMBA data 
(Fig. 1f, Extended Data Fig. 3e).

The measurements described above were used both to validate TF 
binding increases and decreases due to mismatches, and to calibrate 
SaMBA data. To calibrate SaMBA data for additional TFs, we leveraged 
publicly available binding affinity data for Watson–Crick sequences 
by using a modified SaMBA protocol to test, for each TF of interest, 
multiple Watson–Crick sites with available affinity measurements 
(in addition to the wild-type and mismatched binding sites tested in a 
typical SaMBA assay). In our modified protocol, 60-mer DNA probes 
were designed to form hairpin duplexes with and without mismatches, 
and binding measurements were performed similarly to regular SaMBA 
assays (Supplementary Table 4). The following TF binding affinity 
datasets were used: surface plasmon resonance (SPR) data for CBF171, 
mechanically induced trapping of molecular interactions (MITOMI) 
data for CBF1 and MAX72, fluorescence anisotropy (FA) data for p5322, 
k-MITOMI data for EGR173, and EMSA data for TBP (from sites with con-
sistent measurements in previous reports74,75).

Calibration of SaMBA data into free energy terms was performed 
as shown in Extended Data Fig. 3g, h, on the basis of the correlation 
between the EMSA, FA, SPR or MITOMI-derived affinities and the loga-
rithm of the binding signal obtained in SaMBA (Supplementary Table 3). 
DNA libraries used for calibration also included all possible mismatches 
and mutations over a small number of DNA sites: two binding sites for 
ETS1, MAX and TBP, one binding site for CBF1, EGR1, p53 and GR, and two 
non-specific sites for ETS1 (Supplementary Table 4). The data for these 
12 sites were used to directly compare the effects of mutations versus 
mismatches (Extended Data Fig. 4 and related text). When comparing 
the effect of base-pair mutations versus the sum of the effects of the 
corresponding one-base mismatch variants (Extended Data Fig. 4c and 
related text), the significance of the difference between these quantities 
was assessed using a two-sided t-test with Benjamini–Hochberg correc-
tion for multiple hypotheses testing; significant differences were called 
at a cut-off of 0.05 for the corrected P value. The effect of mutations 
on TF binding was also measured using the standard PBM protocol20 
(Supplementary Table 1). Consistent with the results obtained using the 
SaMBA libraries, the PBM libraries show that mutations have different 
effects on TF binding compared to mismatches (Fig. 2d, Supplemen-
tary Table 1). For all analyses presented here, proteins p53, ETS1 and 
GR were calibrated using new binding measurements for mismatched 
and Watson–Crick DNA sites, whereas CBF1, MAX, TBP and EGR1 were 
calibrated using data for Watson–Crick binding sites available in the 
literature (Supplementary Table 3).

ETS1 non-specific binding analysis
Owing to the high density of the DNA chips used in our experiments, 
each SaMBA DNA library can accommodate binding sites for several TFs 
(Supplementary Table 1). Thus, each TF was tested not only against its 
specific binding site(s), but also a small number of non-specific sites, 
which were specific to other TFs (Supplementary Table 1c, d). For all 
proteins examined, the introduction of mismatches increased binding 
even at non-specific DNA sites (Supplementary Table 1d) and, notably, 
in some cases the new binding levels were similar to those observed 



for specific binding sites, thus effectively creating novel binding sites 
within non-specific DNA. To further test the significance and the mag-
nitude of such increases, a new DNA sequence library was designed to 
measure the effects of mismatches that enhanced ETS1 binding at sites 
that were not originally designed for ETS1 (that is, sites that were spe-
cific to other TFs). This new library (Supplementary Table 2) contained 
positive and negative control groups of ‘specific’ and ‘non-specific’ 
sites, respectively, to enable accurate assessment of the relative binding 
strength of each of the sites of interest. The negative control group was 
composed of a set of 1,000 random DNA sequences. As specific sites can 
randomly appear among these sequences, we defined the non-specific 
binding affinity range by excluding the top 1% of the strongest bound 
sequences in this group. The positive control sequences were selected 
from crystal and NMR structures of ETS1–DNA complexes in which the 
ETS1 was shown to specifically bind the ETS-binding core GGA(A/T) 
(PDB codes: 2NNY, 2STT, 3MFK, 3RI4). Figure 2c shows five representa-
tive examples in which mismatches introduced in a non-specific site 
(that is, a site with binding affinity below the 99th percentile of random 
sites) increases the affinity to reach the specific range (that is, the range 
observed for sites with ETS1-bound crystal or NMR structures). The full 
dataset is available in Supplementary Table 2.

NMR experiments
We prepared A6-DNA duplexes containing A-T, m1A-T, T-T and C-T base 
pairs. The m1A-containing single strand was purchased from Yale Keck 
Oligonucleotide Synthesis Facility with HPLC purification. All unmodi-
fied single strands were purchased from IDT with standard desalting 
purification. Concentrations were measured using a Nanodrop 3000, 
with the extinction coefficients for single and double strands obtained 
using the ADT bio oligo calculator. After resuspension in water, equimo-
lar amounts of single strands were mixed together to form the duplexes. 
The duplexes were annealed by heating to 95 °C for 5 min and cooling 
at room temperature for around 1 h. They were then exchanged into 
NMR buffer (15 mM sodium phosphate, 25 mM sodium chloride, 0.1 
mM EDTA, pH 6.9) using centrifugal concentrators. Duplex samples 
containing 10% D2O after buffer exchange were lyophilized into 100% 
D2O. Assignments of the sugar resonances were performed using a 
combination of two-dimensional (2D) 1H-1H NOESY, 2D 1H-1H TOCSY and 
2D 1H-13C HSQC experiments. All measured chemical shift differences 
are available in Supplementary Table 11.

Structural analyses of mismatches that enhance TF binding
We used existing PDB structures of TF–DNA complexes to examine 
whether DNA mismatches can indeed mimic distorted conformations in 
native TF-bound DNA, which could explain the increased binding affin-
ity of TFs to DNA mismatches. Structures of protein–DNA complexes 
are available in the PDB for 15 of the 22 TFs examined by SaMBA. For 3 
of the 15 proteins (GATA1, MAD and STAT3), the base-pair position(s) 
at which mismatches increase TF binding are different in the crystal 
structure sequence compared to the sequences tested in SaMBA. We 
thus focused our structural analyses on the remaining 12 proteins 
(Supplementary Table 5). When multiple structures were available 
for the same TF, we chose the one with the DNA sequence most similar 
to the one tested in SaMBA. For the selected structures, we focused on 
the regions in common between the crystal structure and the SaMBA 
sequence, and at each position we computed the extent to which each 
structural feature deviates from the B-DNA envelope (Supplementary 
Table 5). For each position we also computed the largest deviation 
observed across all structural parameters, as well as the number of 
structural features with mean values more than one standard devia-
tion above the mean observed for naked B-DNA (Supplementary Table 
8a). We applied Mann–Whitney U tests on these summary statistics to 
ask whether the positions with mismatch-enhanced binding are more 
distorted than the other positions in TF-binding sites (P = 0.017 for 
the largest deviation; P = 0.015 for the fraction of distorted features).

Next, focusing on the regions that were identical between the crystal 
structure and the SaMBA sequence (underlined in Supplementary  
Table 6a), we identified 23 positions at which we found increased TF 
binding, owing to a total of 32 mismatches (for some positions we found 
several mismatches that lead to increased levels of TF binding). For 
these 23 positions, we comprehensively annotated all local and global 
distortions of DNA, defined as deviations in a structural parameter that 
are greater than one standard deviation above the mean of that param-
eter in free B-DNA structures (Supplementary Table 6b). Next, we exam-
ined the mismatch structures to determine whether the mismatches 
are inducing structural features that mimic bound geometries. Owing 
to the lack of available PDB structures of DNA mismatches embedded 
in Watson–Crick contexts, we systematically performed MD simula-
tions of free DNA containing each mismatch. Similarly to our analyses 
of distortions in protein-bound DNA, we identified the local and global 
distortions caused by mismatches by comparing the distributions 
of structural parameters for mismatched DNA versus Watson–Crick 
DNA, according to the MD simulations (Supplementary Table 6c). 
By intersecting the lists of distortions identified in mismatched DNA 
versus TF-bound DNA, we identified all candidate features that are 
potentially mimicked by the mismatches that increased TF binding. 
We found such candidate features for 21 of the 32 mismatches (66%) 
(Supplementary Table 6d).

Crystallization and determination of the structure of TBP–
mismatch DNA complexes
TBP–DNA complexes were prepared and used for vapour diffusion 
crystallization screens (Supplementary Methods), resulting in large, 
well-diffracting crystals suitable for data collection after optimization 
of initial hits. Data for all the crystals were collected at the Advanced 
Light Source (ALS) on beamlines 8.3.1 and 5.0.1. The data were pro-
cessed with MOSFLM and scaled with SCALA76,77. The structures were 
solved by molecular replacement (with MolRep) using a previous struc-
ture of TBP (PDB 1QNE) with the water molecules removed, as a search 
model. After refinement in PHENIX78, the structures were manually 
rebuilt in O79. MolProbity was used to guide the process of refitting and 
refinement80. See Extended Data Table 1 for the final data collection 
and refinement statistics for each structure.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
The data that support the findings in this study are available as Sup-
plementary Tables in Excel format. Coordinates and structure factor 
amplitudes for the TBP-AC, TBP-CC(1a), TBP-CC(1b) and TBP-CC(2) 
structures have been deposited in the PDB under the accession codes 
6UEO, 6UEP, 6UER and 6UEQ, respectively. The raw SaMBA data have 
been deposited in the Gene Expression Omnibus (GEO) under acces-
sion number GSE156375. The PDB entries used in this study are avail-
able in Extended Data Figs. 1, 2, 5, 7 and Supplementary Tables 5–7, 9. 
High-resolution gel images for the EMSA data are available at https://
figshare.com/projects/DNA_mismatches_reveal_conformational_pen-
alties_in_protein-DNA_recognition/83663.

Code availability
The code used for the structural analyses presented in this study is 
available in GitHub at https://github.com/alhashimilab/TF_MM.
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Extended Data Fig. 1 | Structural deformations in TF-bound and unbound 
DNA. a, Distributions of base-pair parameters in free and TF-bound DNA, from 
PDB34 survey. Solid lines denote the median value of each parameter. Dashed 
lines denote the upper and lower bounds of the distribution for free (pink) and 
bound (green) DNA. 613 TF-bound structures and 409 free B-DNA structures, 
all with resolution < 3 Å, were used in the analysis (Methods). b, Percentage of 
structures with base pairs outside the B-DNA envelope. Among the 613 
TF-bound structures, 41.1% (that is, 252) contain severe distortions of at least 
one base pair outside the free B-DNA envelope, with the envelope defined as at 
most 3 standard deviations above or below the mean. Only 16% (that is, 65) of 
the free B-DNA structures satisfy this criterion. (Using a less stringent 
definition of the B-DNA envelope, by considering two standard deviations 

above or below the mean, we found that 80.8% of the TF-bound structures 
contain at least one base pair outside the free B-DNA envelope, approximately 
twice the frequency observed in free DNA, which was 41.8%.) Considering the 
full range of base-pair parameter values as defining the free B-DNA envelope, 
we found that 11.3% (that is, 69) of the TF-bound structures contain at least one 
base pair with an extreme deformation that was never observed in any free DNA 
structure. c, Local deformations of base pairs observed in diverse TF-DNA 
complex structures. Left, 3D structures with the distorted base pairs 
highlighted in black boxes. Upper right, enlarged view of the base-pair 
structures with their base-pair parameters labelled. Lower right, schematic 
diagram of the corresponding base-pair parameters.
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Extended Data Fig. 2 | Structural characteristics of DNA mismatches.  
a, Base-pairing geometry of Watson–Crick base pairs and mismatches, 
obtained from a survey of crystal structures in the PDB34. Mismatches with 
modified bases and those that were metal-mediated were excluded from 
analysis (Methods). Predominant base-pairing geometries under neutral pH 
conditions are shown in black. Minor geometries are shown in grey. b, Melting 
energies for DNA mismatches relative to G-C and A-T Watson–Crick base pairs. 
See Methods for details. c, Distributions of structural parameters in Watson–
Crick and mismatched DNA, from MD simulations. Solid lines denote the 
median value of each parameter. Observations from the MD simulation results: 
(1) G-T retains wobble geometry during the MD simulation, with sheared 
conformation (|shear| around 2 Å) accompanied by a slight stretch. (2) T-T 
shows wobble geometry with sheared conformation (|shear| around 2 Å). 
Different from G-T, the T-T mismatch shows rapid dynamic equilibrium of both 
wobble geometries with either one of the Ts shifted to the minor groove 
direction. Despite this rapid dynamic equilibrium, the T-T base pair is still 
constricted with C1′–C1′ distance 8–9.5 Å. (3) Similar to T-T, the C-T mismatch is 
also constricted with two hydrogen bonds stably formed for most of the time. 
However, C-T mismatch can transiently adopt a high-energy conformation with 
only one hydrogen bond and is not constricted anymore (C1′–C1′ distance 
around 10 Å), potentially owing to the close contact between T-O2 and C-O2. 
The entire C-T MD trajectory is comprised of approximately 5% of these 

high-energy species. (4) C-C is partially constricted with C1′–C1′ distance 
around 9.8 Å owing to unstable hydrogen bonding. (5) All 
pyrimidine-pyrimidine mismatches are stacked in the helix without swing out 
of the helix in the MD trajectories. (6) G-G does not experience anti-syn 
equilibrium during the simulation. The C1′–C1′ distance of G-G (G(syn)-G(anti) 
or G(anti)-G(syn)) is around 11.2–11.5 Å, which is larger than the canonical G-C 
base pair. (7) G(anti)-A(syn) is not constricted (C1′–C1′ distance around 11 Å) and 
G(anti)-A(anti) reveals large C1′–C1′ distance around 12.8 Å. Base-pair and 
base-step parameters of bases with syn conformation (marked with *) were not 
computed, and are thus greyed out, owing to an ill-defined coordinate frame 
(Methods). The C1′–C1′ distance is shown, as it is not affected by the change of 
coordinate frame. d, Mismatches can mimic distorted base-pair geometries 
observed in protein-bound DNA. Overlays of distorted (coloured) and idealized 
Watson–Crick (grey) base pairs from 3DNA (top); mismatches (coloured) and 
idealized Watson–Crick (grey) base pairs (middle); and mismatched and 
distorted Watson–Crick base pairs (right). The mismatched conformations are 
of free DNA and were obtained from MD simulations (Methods). The C-T 
mismatch can mimic an A-T Hoogsteen base pair by constricting the C1′–C1′ 
distance (taken from PDB 3KZ8). The G-T mismatch can mimic a sheared A-T 
base pair by shifting the T to the major groove direction (taken from PDB 
4MZR).



Extended Data Fig. 3 | Validation and calibration of SaMBA measurements. 
a, Schematic representation of our experimental workflow to detect 
cross-hybridization. To check whether certain oligonucleotides hybridize with 
non-target complementary oligonucleotides, we designed an experiment in 
which only certain oligonucleotides (red) were labelled. If significant 
cross-hybridization occurred, we would have detected fluorescent signal on 
the chip even for sequences without fluorescent complements in the 
hybridization solution (that is, for the sequences shown in blue). b, No 
significant cross-hybridization was detected. Bottom, list of 12 sequences used 
in the hybridization solution of one SaMBA experiment (red: fluorescently 
labelled oligonucleotides; blue: unlabelled). Top, fluorescent signal from the 
hybridization of these 12 sequences on the chip. For the sequences on the chip 
for which their complement is not labelled, the fluorescent signal is practically 
undetectable (blue), and it is several orders of magnitude lower than the 
sequences with a labelled complementary strand (red). Box plots show median 
signals over replicate DNA spots, with the bottom and top edges of each box 
indicating the 25th and 75th percentiles, respectively. The whiskers extend to 
the most extreme data points not considered outliers. c, The effect of 
mismatches on hybridization. To estimate the efficiency of our hybridization 
protocol, we measured the hybridization signal of one specific sequence 
(sequence #3 for library v.1; see Methods, Supplementary Table 10), to different 
sequences containing multiple mismatches (0 to around 40), and a completely 
different sequence (‘60*’). As expected, the hybridization was less efficient for 
sequences with large numbers of mismatches. However, for small numbers of 
mismatches the hybridization was highly efficient. Longer incubation time, 
higher oligonucleotide concentration, and normalization of the signal could 
enable the use of SaMBA for larger numbers of mismatches. Plot shows 
medians and standard deviations over all sequences containing the same 
number of mismatches, with 6 replicate spots per sequence. Mismatches were 
introduced randomly by generating N random base changes (N = 1–5, 10, 15, 25, 

35, 45) to sequence #3, and repeating the procedure ten times for each N. This 
led to duplexes with 1 to 37 mismatches compared to the original sequence.  
d, Hybridization signal is highly reproducible. The correlation of hybridization 
signals between two replicate experiments was very high (R2 = 0.99). Plot shows 
median values, computed over six replicate spots, based on data shown in c.  
e, Validation of mismatch effects by orthogonal methods. For p53, ETS1, and GR 
proteins, the log-transformed SaMBA binding intensities correlate with 
independent affinity measurements performed on mismatched and 
non-mismatched DNA sites (Methods). Similarly to PBM experiments, median 
values over all replicates were used for SaMBA (n = 10 replicate spots); error 
bars show the median absolute deviation. Average values over replicates were 
used for the orthogonal methods (n = 6 independent measurements for p53, 
and n = 3 independent measurements for ETS1 and GR), with error bars showing 
the standard deviation. Red shaded region, 95% confidence interval for 
Pearson’s correlation. Binding free energy differences (ΔΔG) are shown 
between native Watson–Crick binding sites and the highest increase in binding 
due to a mismatch. Two SaMBA sites were tested for GR (see Methods).  
f, Correlation between binding data obtained by SaMBA versus independent 
methods. For SaMBA data the plots show the median values over replicate 
spots (n = 10 replicate spots), with error bars showing the median absolute 
deviation. For independent data (Methods) the plots show the binding 
affinities as reported in the respective papers. Red shaded region, 95% 
confidence interval for Pearson’s correlation. g, Standard equilibrium 
thermodynamics equations demonstrate that the logarithm of the Kd values of 
the TF–DNA complex is linearly proportional to the logarithm of the TF–DNA 
complex fluorescence signal, under certain conditions in which the TF 
concentration and the free DNA concentration are in excess compared to the 
concentration of the bound complex (and those remain constant during the 
reaction). h, Similar to g, for cases in which the DNA-bound species is a dimer.
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Extended Data Fig. 4 | Comparing the effects of mutations versus 
mismatches on TF binding. a, The magnitude of the energetic effects of 
mutations (light colours) and mismatches (dark colours) is similar. The effects 
were computed for all 7 proteins with available calibration data in our study, 
and for a total of 12 DNA sites (Methods). The effects of mismatches were 
calculated relative to the two closest Watson–Crick sequences (for example, 
for a G-T mismatch the closest Watson–Crick base pairs are G-C and A-T;  
the mismatch plots include both ΔΔG(G-C > G-T) and ΔΔG(A-T > G-T)).  
b, Mismatches and their corresponding mutations have different, even 
opposite effects on TF binding. Each mutation is compared to the two closest 
mismatches (for example, G-C > A-T is compared to both G-C > A-C and  
G-C > G-T). Top left quadrant, mutations increase binding, mismatches 
decrease binding. Top right quadrant, both mutations and mismatches 
decrease binding. Bottom left quadrant, both mutations and mismatches 
increase binding. Bottom right quadrant, mutations decrease binding, 

mismatches increase binding. The x axis and y axis show calibrated binding 
measurements computed from the median SaMBA signal intensities (over 
n = 10 replicate spots). c, Comparing the effect of mutations versus the 
cumulative effects of the two closest mismatches. Points close to the diagonal 
correspond to cases in which the effect of the mutation is approximately equal 
(within experimental noise) to the sum of the effects of the two mismatches. 
Points above the diagonal correspond to cases in which Watson–Crick 
mutations have either a more beneficial or a less detrimental effect on TF 
binding compared to the cumulative effect of the two mismatches. Points 
below the diagonal correspond to cases in which Watson–Crick mutations have 
either a less beneficial or a more detrimental effect on TF binding compared to 
the cumulative effect of the two mismatches. The x axis and y axis show 
calibrated binding measurements computed from the median SaMBA signal 
intensities (over n = 10 replicate spots). Please see Supplementary Table 4 for 
the raw binding data used to compute the measurements shown in this figure.



Extended Data Fig. 5 | The effects of mismatches on ETS1–DNA binding.  
a, SaMBA profile for an ETS1-binding site, highlighting the G-A mismatch at 
position 6, which shows the largest increase in binding affinity. b, Distortions. 
In the bound ETS1–DNA complex (PDB ID: 1K79), the positions at which the 
recognition helix is inserted into the DNA major groove are significantly 
distorted, with bending (βh = 23°) towards the major groove, local unwinding 
(ζh = 23°), and minor groove widening. Position 6, the middle position of the 
GGA core binding region, is highlighted to show the expanded C1′–C1′ distance. 
The G-A mismatch at this position mimics the C1′–C1′ distance of the bound 
DNA. Violin plots of the MD simulation data show that the G-A mismatch in 
anti-anti configuration also mimic the minor groove width of the bound G-C.  
c, Base readout. According to MD simulation results, G-A (anti/anti) and G-T 
mismatches increase the overall number of hydrogen bonds and the buried 
surface area at the ETS1-DNA interface, compared to the Watson–Crick G-C pair 
(Methods). d, ETS1–DNA interface in the GGAA core binding region. Contacting 
residues in the recognition helix are shown in magenta. Direct hydrogen bond 
contacts with the bases are highlighted; such contacts occur only at the GGA 
bases, on the ‘lower’ strand of the shown Watson–Crick DNA site.  
e, f, Representative snapshots of different hydrogen bond interactions 

between Arg391 and the base pair at position 6, from MD simulations. The G-T 
mismatch shows an additional hydrogen bond compared to G-C and G-A. g, In a 
non-specific site where G-A increases the affinity to reach the specific range, 
MD simulations show that the G-A mismatch forms hydrogen bonds similar to 
those formed in specific sites (shown in panel f). h, Non-native hydrogen bond 
at position 4, owing to the G-A mismatch at position 6 in the specific 
ETS1-binding site. i, j, Non-native hydrogen bond interactions created in a 
non-specific site (g) at positions neighbouring the positions of the mismatch, 
either with the base (i) or the backbone ( j). k, SaMBA profiles for additional 
ETS1-binding sites. We measured the effect of mismatches in four ETS1-binding 
sites in addition to the one shown in a. Although the profiles for different sites 
are quantitatively different and dependent on the flanks, the trends for 
increased binding due to mismatches are similar. For all cases, the A-G 
mismatch at position 6 significantly increases ETS1 binding. l, Structural 
features at the mismatch position. Violin plots show the local twisting and 
kinking at position 6, and the minor and major groove width at position 5–6 of 
ETS1-bound DNA, as well as the naked DNA for different base pairs, according  
to MD.
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Extended Data Fig. 6 | The effects of mismatches on p53–DNA binding.  
a, Mismatch profile for p53 reveals that increased TF binding occurs only due to 
C-T and T-T mismatches (red rectangle) at the same positions at which the 
Hoogsteen conformation is observed in p53–DNA complexes (PDB 3KZ8).  
b, MD simulation-based violin plots of C1′–C1′ distance at position 2, as well as 
the minor grove width (at position 0–1), for p53-bound DNA and naked DNA 
(wild-type and mismatched) reveals that the minor groove for C-T and T-T 
mismatches is more similar to the bound form compared to the free A-T base 
pair. Plot also shows that the G-T mismatch, which reduces p53 binding, does 
not mimic these distortions seen in the bound DNA. Notably, a narrower minor 
grove at position 0–1 was previously suggested to be important for the 
interaction of the DNA with the Arg248 residue in p5327. c, d, NMR validation 
showing that T-T and C-T mimic the reduced C1′–C1′ distance observed in 
p53-bound DNA27,28. c, Chemical shift overlays of the 2D HSQC NMR spectra of 
the C1′–H1′, C4′–H4′ and C3′–H3′ regions for A6-DNA m1A in which the m1AT base 
pair is in the Hoogsteen conformation30 (left, green), A6-DNA TT (middle, blue) 
and A6-DNA CT (right, red) with unmodified A6-DNA (black) at pH 6.9, 25 °C.  
d, Bar plots of the individual chemical shift differences (relative to unmodified 
A6-DNA) of the C1′, C3′ and C4′ carbon atoms of A6-DNA m1A (top), A6-DNA TT 
(middle) and A6-DNA CT (bottom). Similarity between the Hoogsteen induced 
chemical shift differences and mismatch shifts (relative to the Watson–Crick 
wild-type) is observed for both T-T and C-T. e, Additional comparisons of global 
features (twisting angle, local kinking, and kinking direction at position 2 and 

major groove width at position 0–1) reveal additional mimicry between C-T 
mismatch and the Hoogsteen conformation local twisting angle. f, Pyrimidine–
pyrimidine mismatches (C-T, T-C, T-T and C-C) in all four positions in which 
Hoogsteen conformation is observed (n = 16 mismatches total), increased p53 
binding. However, all other mismatches at these positions (n = 32 mismatches 
total) decreased p53 binding, or had non-significant effects. ΔΔG represents 
the differences between the p53-DNA binding energy of each mismatch versus 
the wild-type sequence, and was estimated using the calibration with EMSA 
measurements (Methods). Box plots show median signals over all mismatches, 
with the bottom and top edges of each box indicating the 25th and 75th 
percentiles, respectively. The whiskers extend to the most-extreme data points 
that are not considered outliers. g, Number of p53-DNA hydrogen bonds and 
buried surface area at p53-DNA interface, obtained from MD simulations, failed 
to explain the observed increase in p53 binding, consistent with the prepaying 
mechanism being a key determinant for binding in this case. h, DNA hairpin 
with four mismatches (in the four positions for which the Hoogsteen 
conformation was previously observed), strongly binds p53: 3–6 kBT stronger 
(depending on the data used for validation, Supplementary Tables 3, 4) 
compared to the highest-affinity p53-binding sites previously reported22. 
Notably, we expect the difference in binding affinity to other genomic p53 sites 
(ΔΔG) to be even larger, as most p53-binding sites in the genome are of lower 
binding affinities22.



Extended Data Fig. 7 | The effects of mismatches on TBP–DNA binding.  
a, Mismatch profile for TBP. b, Correlations between TBP-binding levels and 
DNA duplex stability were computed over all 16 base-pair variants at positions 1 
to 8 in the TBP site. Bar plots (left) represent the squared Pearson correlation 
coefficient (R2) at each position. For the only three positions with significant 
correlations (positions 2, 7, and 8) the scatter plot correlation is presented 
(right), with binding signals representing medians over 9 replicate spots. Blue 
shaded regions, 95% confidence interval for Pearson’s correlation. The 
sequences of the Watson–Crick and mismatched base pairs are shown in each 
scatter plot (for example, for position 8, GC stands for the wild-type G-C 
base-pair in bold in the TBP site TATAAAAG, CC stands for C-C at this position, 
and so on). These high correlations are observed only in the unstacked base 
step positions. c, Left, structural overlays between TBP–DNA complexes with 
DNA mismatches (TBP-AC, orange; TBP-CC(2), cyan; TBP-CC(1a), purple; 
TBP-CC(1b), pink) and their corresponding Watson–Crick counterparts with 
single base substitutions (1QNE, green; 6NJQ, yellow). The base steps at 

position 7–8 are magnified and highlighted in black boxes. The structural 
overlay of the mismatch and the Watson–Crick base pairs are shown below each 
box, with their DNA sequences. Right, overlays of protein-DNA interfaces of 
TBP-DNA complexes, comparing mismatched and Watson–Crick sites. Four 
phenylalanine residues, as well as other amino acids that are discussed in 
the Supplementary Discussion are highlighted with dashed circles.  
d, Comparisons of the effects of Watson–Crick mutations versus the 
cumulative effects of the two closest mismatches, shown for the mismatches 
with new crystal structures. In all three cases the mismatches have significantly 
larger effects than the Watson–Crick mutations (see also Methods and 
Supplementary Table 4). ΔΔG values for TBP_site_1 in Supplementary Table 4 
were used in these comparisons. e, Example of a Watson–Crick mutation that 
has a similar effect (within experimental error, Supplementary Table 4) to the 
sum of the two closest mismatches. ΔΔG values for TBP_site_1 in 
Supplementary Table 4 were used in these comparisons.
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Extended Data Fig. 8 | Potential mechanisms for mismatch-enhanced TF 
binding. a, TF–DNA complex formation involves creation of intermolecular 
interactions, as well as DNA conformational changes. Thermodynamically, 
these processes can be separated into two independent events, and thus an 
increase in binding affinity could stem from additional interactions (decrease 
of ΔGinteraction), and/or a reduction in the penalty to change the DNA 
conformation (decrease of ΔGpenalty). b, A reduction in the energetic penalty to 
distort the DNA (ΔGpenalty) could originate from DNA conformational changes 
owing to the mismatch, that is, before binding (for example, p53 and TBP, as 
described in the main text). c, A reduction in the energetic penalty for DNA 
distortion (ΔGpenalty) could also originate from changes in the bound DNA. For 
example, MD simulations of the DNA conformations in free form and in the 
MYC–DNA complex (for the wild-type A-T and the mismatch G-T) suggest that 
the reduced penalty in this case is primarily due to changes in the mismatched 
bound form. The extent of overlap of the kinking direction (γh) obtained from 

the MD simulations was: Ω = 0.34 (wild type) versus Ω = 0.15 (G-T mismatch), 
and was analysed using a revised Jensen–Shannon divergence score (Ω)81. 
Representative structures of the DNA sites are shown for wild-type free (pink), 
wild-type bound (orange), G-T free (green) and G-T bound (blue). The MYC–
MAX heterodimer is shown as a grey surface. d, Mismatches could lead to the 
formation of non-native interactions such as hydrogen bonds (left), 
electrostatic potential and shape sensing (centre), and water-mediated 
interactions (right). Red empty arrows point to the locations of the change. 
These changes could occur directly at the position of the mismatched base (for 
example, the G-T mismatch for ETS1), as well as at the positions of other bases 
and/or the backbone, owing to non-native structures (for example, the G-A 
mismatch for ETS1). Notably, mismatches not only alter the potential 
interacting chemical groups of the replaced base, but can also alter the relative 
orientation of the interacting bases (as observed for the T in the wobble 
geometry on the left).



Extended Data Fig. 9 | DNA mismatches in the cell. a, Mismatches can result 
from misincorporation of bases during DNA replication by DNA polymerases. 
The average rate at which replication errors are generated and escape 
proofreading is low in healthy cells (around 10−9), but high in certain cancers 
and cells with Pol-ε or Pol-δ mutations. Even in healthy cells, the rates of 
generation of individual mismatches vary by more than a million fold17 
depending on the sequence context and the type of mismatch. b, Mismatches 
result from genetic recombination. A characteristic feature of homologous 
recombination is the exchange of DNA strands, which results in the formation 
of heteroduplex DNA. Mismatches can result from genetic recombination 
when the parental chromosomes contain non-identical sequences. In addition, 
mismatches can arise during DNA synthesis associated with recombination 
repair. The repair of these mismatches might be less efficient, as it was 
previously shown82 that there is a strong temporal coupling between DNA 
replication and mismatch repair but a lack of temporal coupling for 
heteroduplex rejection82. c, Spontaneous deamination is common and 

estimated to occur 100—500 times per cell per day in humans83. G-T 
mismatches generated by deamination of 5-methylcytosine (5-meC) are not 
repaired by the DNA mismatch repair pathway and have considerably lower 
repair efficiency83. The high rate of 5-meC deamination, combined with their 
relatively slow repair in mammalian cells, contribute to making 5-meC a 
preferential target for point mutations (about 40-fold) compared to other 
nucleotides in the genome84, and one of the major sources of the frequent 
C-to-T mutations observed in human cells18. d, Transcription factors bound to 
mismatched DNA could interfere with Pol-δ strand displacement activity. Left, 
DNA synthesized by non-proofreading mismatch-prone Pol-α is normally 
displaced by the proofreading non-error-prone Pol-δ. Right, it was previously 
shown10 that increased mutation signals arise from regions synthesized by 
Pol-α that contain TF-binding sites. This study suggested that mismatched 
DNA synthesized by non-proofreading Pol-α is rapidly bound by TFs that act as 
barriers to Pol-δ displacement of Pol-α-synthesized DNA, resulting in locally 
increased mutation rates in subsequent rounds of replication.
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Extended Data Table 1 | Data collection and refinement statistics for TBP–DNA mismatch structures

aRsym = ΣΣ|Ihkl − Ihkl(j)|/ΣIhkl, where Ihkl(j) is the observed intensity and Ihkl is the final average value of intensity.  
bValues in parentheses are for the highest-resolution shell.  
cRwork = Σ||Fobs| − |Fcalc||/Σ|Fobs| and Rfree = Σ||Fobs| − |Fcalc||/Σ|Fobs|; where all reflections belong to a test set of 5% randomly selected data.
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TBP-CC(1a), TBP-CC(1b) and TBP-CC(2) structures have been deposited in the RCSB Protein Data Bank (PDB) under the accession codes 6UEO, 6UEP, 6UER, and 
6UEQ, respectively. The raw SaMBA data has been deposited in the Gene Expression Omnibus (GEO) under accession number GSE156375. The RCSB PDB entries 
used in this study are available in Extended Data Figures 1, 2, 5, and 7, and Supplementary Tables 5, 6, 7, and 9. High-resolution gel images for the EMSA data are 
available at https://figshare.com/projects/DNA_mismatches_reveal_conformational_penalties_in_protein-DNA_recognition/83663 .
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reproducible measurements of protein-DNA binding levels (with R^2>0.95 between independent experiments). On the SaMBA arrays we had 
sufficient space for 8-20 replicates spots per sequences; we use the maximum number of replicates possible on each array.

Data exclusions No data were excluded

Replication Scatterplot in Figure 1e shows highly reproducible data between the two independent SaMBA binding experiments performed for Ets1 
(R^2=0.98). Scatterplot in Extended Data Figure 3d shows highly reproducible data between the two independent hybridization experiments 
performed (R^2=0.98). EMSA experiments for p53 and GR used six and three replicates, respectively. FA experiments for Ets1 used three 
replicates. All attempts at replication were successful.

Randomization For each SaMBA DNA libray, replicate spots were randomly distributed across the DNA array surface. Randomization was not applicable to 
other experiments performed in this study.

Blinding Blinding is not applicable to this study, as protein DNA samples are not required to be allocated into experimental groups in protein binding 
studies. No animals or human research participants were involved in this study.
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Antibodies used Primary antibody: RelA rabbit polyclonal antibody (Origene Catalog #: TA890002). Anti-tag antibodies: Alexa647-conjugated GST 

antibody (Cell Signaling Technology, Catalog #3445), Alexa488-conjugated GST antibody (Invitrogen, Catalog #: A-11131), Penta·His 
Alexa647-conjugated antibody (Qiagen, Catalog #: 35370), Penta·His Alexa488-conjugated antibody (Qiagen, Catalog #: 35310). 
Secondary antibody: Goat anti-Rabbit IgG Alexa647 antibody (ThermoFisher, Catalog #: A21244).

Validation The RelA primary antibody (mouse anti-human) was tested by Origene and guaranteed activity in applications: WB, IHC. Please see 
manufacturer's website for details: https://www.origene.com/catalog/antibodies/primary-antibodies/ta890002s/nf-kb-p65-rela-
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secondary antibody used in this study, please see the manufacturer's website: https://www.thermofisher.com/antibody/product/
Goat-anti-Rabbit-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21244 .
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