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DNA-binding proteins
meet their mismatch

Kale Kundert & James S. Fraser

Mismatches are alterations in DNA that prevent the bases
on each strand of the double helix from aligning correctly.
It emerges that mismatches can bend DNA into favourable
conformations for binding by proteins.

Proteins that bind to DNA are ubiquitous
in biology. The ability of these proteins to
bind to specific DNA sequences with high
affinity is often central to their function,
and it is not uncommon for a single muta-
tion to affect the ability of a protein to bind
toDNA.Itissurprising, then, to find that many
DNA-binding proteins canbind more tightly to
sequences that have been engineered to con-
tainatype of single-nucleotide change called
amismatch. But that is exactly what Afek et al.!
reportin Nature.

There is a key difference between a muta-
tionand amismatch, eventhough bothinvolve
changing theidentity of anucleotide. A muta-
tionoccursonbothstrands of the DNA double
helix. This means that base-pairing between
the DNA bases on each strand is maintained. A
mismatch, however, occursononly onestrand,
and so normal base-pairing is abolished. In
normal base-pairing, adenine (A) bases on one
strand of the DNA duplex pair with thymine (T)
onthe complementary strand, and guanine (G)
bases pair with cytosine (C) —so achange from
anA-T pair toaC-G pairisamutation, whereas
achange to A-Cis a mismatch. Because mis-
matches are not base-paired, they can distort
the overall structure of the DNA more easily
than mutations can (Fig. 1).

It would be reasonable to assume that dis-
tortion of DNA would impair protein binding,
butin fact it can contribute to binding speci-
ficity, through a mechanism known as shape
readout. Insimple terms, shapereadoutisthe
ability of proteins to indirectly recognize spe-
cificDNA sequences by their characteristic3D
shapes®. This is in contrast to their ability to
directly recognize specific sequences by the
characteristic chemical groups presentineach
base pair,amechanism known as base readout.
DNA is often thought of as having the same

shape, regardless of its sequence, but shape
readout works because thisis not strictly true.
Each sequence has a preferred set of confor-
mations (called its conformational ensemble)
and canbe more-orless-easily bentin different
ways. Taking advantage of this, a protein that
needstobind toaspecific sequencecantryto
bend any sequenceitencountersinaway that
would be most compatible with its intended
target. Because bending DNA has an energetic
cost, this mechanism leads to a decrease in
binding affinity.

Shape readout has a role in many protein-
DNA interactions®?, but it has been hard to
study its true energetic cost, because doing so
would require perturbing the shape of a DNA
molecule without perturbing its sequence.
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Afek et al. realized that mismatches, being
small changes to a sequence that cause large
changesinshape, offer aunique way to study
this phenomenon.

Working with mismatched DNA s not trivial,
especially in high-throughput situations,
because many standard molecular-biology
techniques implicitly assume that DNA is
fully base-paired. The authors therefore
developed what they call a saturation mis-
match-binding assay (SaMBA), which quanti-
fies the binding of a protein to every possible
single-nucleotide mismatch in a particular
DNA sequence. Briefly, they manufactured a
microchip arrayed with single strands of DNA
encoding every possible single-nucleotide
variant of a consensus sequence. Each strand
wasplaced ataknown coordinate on the chip.
They then allowed a second, complementary
DNA strand to flow over the array. The com-
plementary DNA hybridized with each of the
strands printed on the chip, creating duplex
DNA with every possible mismatch. Finally,
the authors added fluorescently labelled
protein and observed its binding to the DNA
using microscopy. They ran the assay using
22 different sets of DNA arrays and proteins.

SaMBA revealed not only that it is possible
for mismatches toimprove DNA-protein bind-
ing, but also that it is relatively common for
them to do so. About 10% of all mismatches
that Afek and colleagues analysed increased
the affinity with which a protein bound to
that sequence, including at least one such
sequence for every protein. For some proteins,
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Figure 1| Reshaping DNA. The DNA double helix involves pairs of DNA bases: adenine (A) bases on one
strand pair with thymine (T) on the other, and guanine (G) bases pair with cytosine (C). a, A double helix
can exist in arange of shapes, called a conformational ensemble. In this simple schematic, the major
conformation that wild-type DNA will adopt is in the forefront, and minor conformations that it could
transiently adopt are beige shadows behind. b, Amutation changes a pair of bases into another pair (such
as A-Tto C-G). This mutation is unlikely to alter the ensemble of possible conformations (although this
does occasionally occur; not shown). ¢, Inamismatch, just one base is altered, disrupting base-pairing (A-T
might become A-C, for instance). This disruption is likely to alter the conformational ensemble. d, Binding
by proteins (red) can also alter DNA conformations. Afek et al.' report that 10% of mismatches bend DNA
into conformations that are more similar to that of the protein-bound DNA than to the wild-type versions,

making it easier for proteins to bind.
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the most effective mismatch occurred in the
natural target sequence, making the protein
bind to that sequence even more tightly. For
others, the most effective mismatch occurred
in anon-target sequence, and made the pro-
teinbind to that sequence atlevels comparable
to those of the natural target. In both cases,
the same mechanismis predominant: the mis-
match pays the energetic cost of distorting
the DNA so that the protein doesn’t have to.

Note that to actually improve binding,
the mismatch must distort the DNA in the
same way as the protein would through the
shape-readout mechanism. Distorting the
DNAinadifferent way would weakenbinding.
The mismatch also should not interfere with
any chemical contacts between the protein
and the DNA — although the authors did find
that mismatches can sometimes introduce
favourable contacts.

Afek and colleagues’ work broadens
our understanding of how proteins bind
to DNA, and highlights the importance of
the DNA conformational ensemble in this
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process. In future, perhaps nucleotides that
donotoccurinnature* could beused inSaMBA
to thoroughly probe the array of conforma-
tionsthat DNA can adopt, similarly to the way
in which unnatural amino acids have been
used to investigate subtle changes in protein
biophysics®. SaMBA could also potentially be
adaptedto find DNA-binding proteins thatare
intended to bind to mismatched or chemically
modified targets; such proteins would be hard
to find by other means. Given that roughly
one-third of transcription factors (akey class
of DNA-binding protein that regulates gene
expression) have no known target sequences
in humans®, this could be a productive line of
enquiry.

More broadly, the finding that mismatches
often improve binding might have implica-
tions for diseases such as cancer. Even a tran-
sient mismatchin the genome could prompta
transcription factor tobind in the wrong place,
whereit could potentially misregulate agene
and put the cellina cancerous transcriptional
state that persists even after the mismatch is
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repaired. Givenits temporary root cause, this
idea would be difficult to study or confirm.
But the clear propensity for mismatches to
improve binding makes such a mechanism
worth contemplating.
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