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Transcription factors (TFs) recognize specific bases within their

DNA-binding motifs, with each base contributing nearly independently to
total binding energy. However, the energetic contributions of particular
dinucleotides can deviate strongly from the additive approximation,
indicating that some TFs can specifically recognize DNA dinucleotides. Here
we solved high-resolution (<1 A) structures of MYF5 and BARHL2 bound

to DNAs containing sets of dinucleotides that have different affinities to

the proteins. The dinucleotides were recognized either enthalpically, by

an extensive water network that connects the adjacent bases to the TF, or
entropically, by ahydrophobic patch that maintained interfacial water
mobility. This mechanism confers differential temperature sensitivity to the
optimalsites, with implications for thermal regulation of gene expression.
Our results uncover the enigma of how TFs can recognize more complex
local features than mononucleotides and demonstrate that water-mediated
recognitionisimportant for predicting affinities of macromolecules from

their sequence.

Proteins canbind to DNAin a non-sequence-specific manner by binding
to its backbone or recognize specific sequences by interactions with
DNAbases. The DNA sequence canbe directly read out by aTF through
hydrogenbondingand/or hydrophobicinteractions between protein
amino acids and DNA bases' . Sequences can also be read indirectly
through effects on DNA structure and shape*®and by water-mediated
contacts between TFs and DNA bases™ .

Direct interactions are relatively insensitive to the local environ-
ment and result in the recognition of individual mononucleotides,
with total binding energy being approximately additive®'*'>", This
additive model holds very well for the majority of base positions across
abroad range of structural TF families but often performs less well in
predicting energy contributions of adjacent DNA bases and bases that

arerecognized indirectly’. Owing to the influence of adjacent bases on
each other, TF binding to DNA can be better approximated by models
that use dinucleotide instead of mononucleotide features™*'52°,
Thisimproved performanceis explained by the fact that dinucleotide
content affects the local dynamics and structure of the DNA backbone
and therelative orientation of the bases?. For example, nucleosomes
bend DNA and preferentially bind to DNA sequences where particular
dinucleotides are located at specific positionsrelative to the direction
of the DNA bending??*. Some TFs can also affect the conformation
of the DNA backbone® *, and their specificity towards dinucleotides
could similarly be explained by the contribution of the dinucleotides
to the structure and flexibility of the DNA backbone. However, given
that the bending energy of nucleosomal DNA is only 0.14 kcal mol™
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per base pair®***, the structural distortion caused by histone octamer
or DNA-bending TFs can only result in relatively weak (less than two-
fold) local dinucleotide preferences®* and thus can not account for
the highly specific recognition of dinucleotides observed for many
TFs. Furthermore, many TFs with preferences for particular dinucleo-
tides canbind to DNA without inducing major changes toits canonical
B-form, suggesting the existence of additional mechanisms for the
recognition of dinucleotides.

Previously, we have shown that binding of TFs to two distinct
sequence optima can be caused by partial independence of the two
contributions, AH and TAS, to binding free energy, with different DNA
sequences representing enthalpic and entropic optima for binding?®.
We also proposed that such athermodynamic mechanism, resembling
entropy-enthalpy compensation®*, affects many other macromo-
lecular interactions. To investigate the molecular interactions that
contribute to the entropic and enthalpic optima and enable TFs to
specifically recognize dinucleotides, in this work we have character-
ized the structures of MYF5 and BARHL2 bound to multiple different
optimal and sub-optimal DNA sequences.

Results

Mechanism of MYF5 binding to dinucleotides

To investigate how basic helix-loop-helix (bHLH) proteins can rec-
ognize dinucleotides flanking the E-box core sequences and bind to
two distinct DNA sequences with similar affinity’*****> we solved the
structure of the bHLH domain of the MYF5 homodimer bound to two
different DNA fragments representing the entropic and enthalpic®
optima (Fig.1a,band Table1). One sequenceis palindromic and contains
an E-box-like core, CAGCTG", flanked by the entropically optimal GT
(GTCAGCTGAC, with divergent dinucleotides showninbold; hereafter
MYF5-DNACT), whereas the other sequence, AACAGCTGAC (hereafter
MYF5-DNA™) is non-palindromic, containing one enthalpic half-site
(AACAG) and one entropic half-site (CTGAC, the reverse complement
of GTCAG).

The structures were solved at 3.1 A and 2.3 A resolution using
X-ray crystallography (see Methods). The overall fold of the bHLH
domainis strikingly similar to that observed in other members of this
family, including MyoD, MAX and c-Myc (Extended Data Fig. 1). Each
MYF5 monomer forms two long helices connected by a nine-residue
loop. The first helix (H1) contains the basic region that binds to DNA,
whereas the second helix (H2) is responsible for dimerization® (Fig. 1a).
As observed in all known bHLH-DNA complexes, the basic region fits
into the major groove without significantly bending the DNA (Fig.1a-e
and Extended Data Fig. 1).

To determine whether strong binding to the two optimal
sequences can be explained by their similar DNA backbone shape
and the positions of the charged atoms, we performed a comparative
analysis of the DNA shape with w3DNA*® and DNAphi*’ (Supplementary
Tableland Extended DataFig.2). This analysis revealed that although
the DNA backbone shapes of both the MYF5-DNAST and MYF5-DNAAA
are similar to canonical B-DNA (Fig. 1d), the minor groove widths and
calculated electrostatic potentials are markedly different between the
GTand AADNAs (Extended DataFig. 2). Furthermore, the positioning of
charged atoms in the major grooves of MYF5-DNA®T and MYF5-DNA*
are clearly different (Fig. 1e), suggesting that similarity of DNA back-
bone shape and charge distribution cannot explain the preference of
MYF5to flanking AA and GT dinucleotides.

In both MYF5 complexes, only two direct contacts are formed
between the core E-box (CAGCTG) sequence and the MYF5 protein: the
side-chain oxygen of Glu92 of one MYF5 monomer hydrogen-bonds
to nitrogen 4 (N4) of the first cytosine (C,) and a symmetric contact
is made by the other MYF5 monomer (Fig. 1h). In addition to the spe-
cificbase contact, DNA affinity is increased by non-sequence-specific
hydrogen bonds formed by Arg85, Thr89, Arg93 and Arg95, Asn100
and Lys120 with the ribose oxygens and phosphate moieties. The AA

flank in DNA*A is recognized by Arg91, which contacts the first A (A;)
through a water molecule (Fig. 1g and Extended Data Fig. 1c-e). How-
ever, in DNA®T, Arg91 does not interact with water but instead makes
direct hydrogen bond contact with the G, (Fig. 1h).

These results suggest that the dual specificity of MYF5 is not a
result of similarities in DNA shape or charge distribution between the
recognized dinucleotides. Instead, the two high-affinity sites appear
to result from the entropic and enthalpic optima®; in the entropic
optimum, the G in the GT dinucleotide is bound directly, freeing a
water molecule, whereas in the enthalpic optimum, the first A of the
AAdinucleotide is bound by a fixed water molecule. However, because
oftherelatively low resolution of the MYFS5 structures, we were unable
to determine why the G-bound state prefers an adjacent T while the
A-bound state prefers an adjacent A.

Mechanism of BARHL2 binding to dinucleotides

Tostudy TF binding to dinucleotides in more molecular detail, we per-
formed an extensive structural analysis of DNA binding by the homeo-
domain TF BARHL2.BARHL2 canrecognize acanonical homeobox-like
sequence (TAATTG) but, unlike most other homeodomain proteins,
can also bind with even higher affinity to TAAACG, which contains a
different dinucleotide, AC. To investigate BARHL2 specificity at the
region containing the dinucleotides, we solved BARHL2 structures
boundto eight different DNAs, including the enthalpic (TAAACG) and
entropic (TAATTG) optima, two more weakly bound sequences that are
within one substitution fromboth optima (TAAATG and TAATCG) and
four sub-optimal sequences (TAATGG, TAAGTG, TAAGCG, TAACCG).
The structures were of high to extremely high resolution (from 2.6 Ato
0.95 A, Table 1), enabling detailed analysis of the interactions contrib-
uting to the binding affinity of each sequence. For clarity, we refer to
the complexes using the variable dinucleotides hereafter (for example
TAAACG is DNAAS). One BARHL2-DNA*C crystal diffracted to 0.95 A,
which is thus far the highest resolution for any TF-DNA complex.
The high resolution revealed alternative conformations for most of
the phosphates, sugars and bases of the DNA backbone (Fig. 2a and
Extended DataFig. 3), hitherto only observed intwo previous TF-DNA
complexes™**!,

Analysis of all the complexes confirmed that BARHL2 exhibits com-
monhomeobox features and encompasses acomparatively long, posi-
tively charged amino-terminal peptide and three a-helixes connected
byshortloops (Fig. 2b—e and Extended DataFig. 4). In all solved homeo-
domain-DNA complexes, the last A of the TAA sequence is recognized
by an asparagine (Asn282 in BARHL2), which forms a hydrogen bond
with Ag (T,AsAq). InBARHL2, Thr278 also forms a hydrophobic contact
with carbon atom C8 of the aromatic ring of the same adenine. The
TAA sequence is also recognized by Arg233 and Arg236 via the minor
groove, forming direct and water-mediated hydrogen bonds with all
three base pairs (Fig. 2e). These results indicate that within the con-
served TAA sequence, the interactions between BARHL2 and DNA are
typical ofthose seen for the characterized anterior-type homeobox TFs.

We next analyzed the molecular basis of the sequence specificity
of BARHL2 towards the dinucleotides following the TAA motif. First, we
checked whether the high affinity of the two distinct optimal sequences
DNAA€ and DNA™ can be explained by a similarity in DNA backbone
shape or electrostatic potential. However, DNAs in all structures had
almost canonical B-shapes (for example, DNA™; Fig. 2f). Comparison
of the DNAs between the DNA*S, DNA™, DNAAT and DNA™ revealed
that the largest shift from B-shape was observed at the position of the
variable dinucleotide between DNAA©and DNA™ (2.9 A; Fig. 2g,h). Thus,
the two high-affinity sequences were farther apart from each other
than from the two lower-affinity sequences. Furthermore, calculated
minor groove widths and electrostatic potentials of DNA*and DNA™
were also markedly different (Extended Data Fig. 2), suggesting that
the similarity of their affinity to BARHL2 is not caused by similaritiesin
DNA backbone shape, minor groove width or electrostatic potential.
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Fig.1|Structures of MYF5-DNA complexes. a,b, Overview of two structures of
MYF5 DNA-binding domains bound to non-symmetrical DNA AACAGCTGAC (a)
and symmetrical DNA GTCAGCTGAC (b). Logos of the motifs of the homologous
protein MYF6 are shown below the structures. Note that MYF6 prefers to bind

to either the AA or GT flank before the E-box. ¢, Structural alignment of two
MYFS5 structures containing different DNA sequences. The symmetrical DNA
GTCAGCTGAC is in magenta; the non-symmetrical DNA GTCAGCTGTT is in blue.
d, Enlarged view of parts of DNA, showing the largest deviation of experimental
DNA from B-shape DNA (shown in yellow). The measured distance between the

§120 .
Glug2 Arg95 Arg9l
corresponding phosphorus atoms is shown as green dashed lines. e, Charge
distribution on the surface of the region containing the divergent dinucleotide
(blueis positive, red is negative). Note that charge distribution is very different
atthe region of the GT and AA dinucleotides. f, Awater molecule mediates the
contact between Arg91and A; of the AA dinucleotide. g, Direct contact is formed
between Arg91and G;of the GT dinucleotide. h, Schematic representation of the
contacts formed by MYF5 with non-symmetrical DNA. Left and right sides show
contacts to AA and GT, respectively.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-024-01449-6

Table 1| X-ray data collection and refinement statistics

Protein/core MYF5/CAGCTG BARHL2/TAA

Flanking DNA AC/GT AA/GT AC AC T AT TC GC cC TG GT

Data collection

Space group C2 C2 P2,2,2, P2,2,2, P2, P2, P2, P2, P2, P222, P2

Cell dimensions

a, b, c(A) 166.7, 170.4, 38.8,47.3, 386,471, 396,123, 39.0,134.3, 396,123.8, 391,133.7, 39.4,134.5, 38.8,646.8, 39.6,1237,
33.9,5637 338,536 725 72.3 62.2 65.6 62.7 64.9 64.5 7.8 62.4

o, B,v(°) 90,91.04, 90,919, 90, 90, 90, 90, 90,94.2, 90, 92.6, 90, 93.5, 90,927, 90,932, 90, 90, 90, 93.9,
90 90 90 90 90 90 90 90 90 90 90

Resolution (A’ 416730 46.00,2.28 2878095 29.891.30 39.49185 469124 39.5517 39.04,21 39.3726 35.881.45  39.43,2.05
(310-3.0) (2.36-2.28) (0.98-0.95) (1.35-1.30) (1.91-1.85) (2.48-2.4) (1.76-1.7) (217-2.) (269-26) (1.50-1.45) (212-2.05)

R-merge 0.063 0.024 0.045 0.073 0.07 0.145 0.050 on 0.19 0.077 0.153
(1.062) (072) (2.89) (1.96) (2.70) (271 77) (4.61) (1.54) (1.47) (2.00)

I/ol 8.46 (1.08) 17.5(1.8) 156.3(05) 10.2(0.7) 85(0.4) 8.8(0.7) 9.5(0.5) 7.0(0.3) 5.9(1.0) 13.6 (0.6) 77(0.8)

(Ccyo)m pleteness  901(93.2) 94.1(972) 995(979) 995(972) 99.3(977) 99.03(100) 99.3(97.2) 99.6(99.8) 99.3(96.9) 99.2(94.4) 99.6(987)

Redundancy 2.8(2.7) 5.0(5.2) 6.5(6.0) 71(6.6) 3.8(37) 7.2 (6.6) 3.8(2.9) 57(57) 3.8(4.0) 79(3.3) 5.2 (4.8)

Refinement

Resolution (A) 3.0 2.28 0.95 1.3 1.85 2.4 17 21 2.6 1.45 2.05

No. of 5,673 14,060 83,944 32,821 50,206 26,124 65,719 38,705 20,488 23,721 37,295

reflections

Ruork / Riree 0.23/0.28 0.24/0.22 014/017 015/0.20 0.23/0.26 0.23/0.28 0.22/0.25  0.24/0.27 0.24/0.27 018/0.22 0.23/0.26

No. of atoms 1,683 1,779 1,937 1,307 4,384 4,884 4,472 4,48 4,572 1,362 4,427

Protein and DNA 1,680 1,701 1,507 1,041 4,053 4,557 4,035 4,027 4,398 1128 4,076

Water 3 78 430 266 331 327 437 121 174 234 351

B factors 106.02 8413 17.59 24.03 4518 48.82 42.33 65.87 56.94 23.28 43.38

R.M.S.D.

Bond lengths (A) 0.016 0.005 0.018 0.015 0.013 0.014 0.012 0.015 0.015 0.016 0.016

Bond angles (°) 1.66 m 2.43 1.92 1.69 178 17 2.28 217 2.20 2.35

Statistics for the highest-resolution shell are shown in parentheses.

To investigate whether the dinucleotides would instead be rec-
ognized by networks of water molecules, we studied the arrangement
of water molecules in the protein-DNA interfaces. We first assessed
whether differences in resolution would affect the detection of the
water molecules using the two BARHL2-DNAAC structures solved at
0.95 A and 1.3 A. Although overall more water molecules are seen in
the protein-DNA interface in the 0.95 A structure, inspection of the
water content at the site of the variant dinucleotide at both resolutions
showed conserved positions of all of the ten water molecules, indicat-
ing thatat thisrange, resolution does not substantially affect detection
of water molecules contributing to recognition of the dinucleotide
(Extended DataFig. 3g).

Wethen compared the water arrangements and molecular interac-
tions between BARHL2 and the eight different DNA sequences (Fig. 3).
Analysis of the highest-affinity complex, BARHL2-DNA*<, revealed that
the high-affinity binding of BARHL to DNACis caused by acombination
ofindirect and direct recognition of DNA. Key amino acids involved in
therecognition ofthe AC dinucleotide and its complementary bases are
Asn282 and two threonines: Thr278 and Thr285. Thr278 is connected to
DNA by two water chains (Fig. 3a). The first water chain contains three
water molecules thattogether connect the side-chain oxygen of Thr278
withthe side-chain oxygen of Asn282 and N7 of the A of the AC dinucleo-
tide (A,). Onthe other side, Thr278is connected to N4 of the C of AC (Cg)
by a second chain of four water molecules. Thus, Thr278 orders water
moleculesinsuchaway that they contactboth bases of the AC dinucleo-
tide. The two water chains are also connected by one water molecule,

which is within a hydrogen-bond distance from N6 of A, and 06 of G,;
oppositeto Cgof AC. The T;goppositetothe A, of the AC dinucleotideis
alsorecognized directly by a hydrophobic contact tothe methylgroup
(CG2) of Thr285 (Fig. 3a). In addition, the side-chain oxygen of Thr285
contacts N7 of the G,; opposite to the AC dinucleotide through a water
moleculethatisapartofthe second water chain (Fig. 3a). Furthermore,
the T,z opposite to the A, of ACis connected through a water molecule
to the side-chain oxygens of Asn282 and Thr285. This water molecule
isinanetwork thatincludes another water thatin turnis connected to
N7 of G,; opposite to Cg of AC. Taken together, these results show that
DNA’€is bound by a combination of a direct hydrophobic interaction
and an extensive water network between the protein and DNA (Fig. 3a).

The molecular interactions observed in the structure of BARHL2
bound to DNA™, which showed the next highest affinity in the SELEX
experiments, were strikingly different from those of BARHL2-DNAA,
The extensive water network s lost because of a hydrophobic patchin
the major groove, formed by the methyl groups of the two Ts (Fig. 3b).
The hydrophobic contact with Thr285 is replaced by hydrophobic
contact between the methyl group (CG2) of Thr278 and C, of thefirst T
(T,) of TT.Only one water connecting the side-chain oxygen of Thr285
withthe side-chain oxygen of Asn282 was observedin the region around
Thr285. On the other side, Asn282 is connected to O4 of T, through
one water and to 04 of the second T (T) of TT through a water chain
containing three molecules. Thus, most of the contacts in the complex
BARHL2-DNAT" are shifted from the Thr285 region to the Thr278.
An additional observation is that the side chain of Arg289 forms a
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Fig.2|Structures of BARHL2-DNA complexes. a, Sequence logos for the two
distinct DNA-binding specificities of the BARHL2 protein. Note that BARHL2
binds to the dinucleotide after the TAA sequence, preferring either ACor TT.

b, Overall structure of BARHL2 bound to the DNA C,G,C;T,A;A A,CsGoG,o Ty Ty,
(BARHL2-DNAA€). The two conformations of the DNA backbone phosphates,
sugars and bases observed in the ultra-high-resolution structure (0.95 A)are
indicated in green and yellow. The bases that only show a single conformation,
AsA¢ of the forward strand and C,G; of the complementary strand, are presented
as ball-and-stick models inred. The sequence of the double-stranded DNA is
shownbelow. c,d, BARHL2 interacts with the TAA part of its recognition sequence
using a similar mechanism as other homeodomains (c); close-up view of the

interaction between A, (magenta) and the canonical Asn282 (d). The divergent
dinucleotides are in orange. e, Close-up view of the interactions via the minor
groove. The T,A;sequence (blue) is bound by minor groove contacts formed
between the amino-terminal tail residues Arg233 and Arg236.f, Structural
alignment of four subunits of the complex BARHL2-DNA™. The largest shift for
DNA strands between four subunits is <1 A. g, Alignment of four complexes with
different DNAs. Color codes are red, DNAAT; blue, DNATS; orange, DNA™; green,
DNAAC, The corresponding DNA sequences are written using the color code
ofthe figure. h, Distance between the DNA backbones in the part of divergent
dinucleotides of DNA™ and DNA*¢is 2.9 A.

hydrophobic contact with the methyl group of Thr285, in contrast to
BARHL2-DNAAC, in which Arg289 shows two conformations, both of
which are turned away from Thr285 (Fig. 3b).

To further examine the role of water moleculesin the recognition
of DNA*¢and DNA™ by BARHL2, we performed crystal lattice molecu-
lar dynamics simulations of BARHL2-DNAA¢ and BARHL2-DNA™.
The number of low-mobility water molecules observed at the pro-
tein-DNA interface was significantly greater for BARHL2-DNAAthan
BARHL2-DNA™. To check the impact, if any, of the different packing
arrangements of the complexes in the two different crystal lattices (P
2,2,2, for BARHL2-DNAAS, P 2, for BARHL2-DNA™™), simulations were
additionally performed on BARHL2-DNAA€ after in silico mutation
of the sequence to DNA™". A significant reduction in the number of

low-mobility waters was observed. However, simulations on BARHL2-
DNA™ after in silico mutation to DNAAC did not show a significant
changeinthereverse direction (Fig. 3j; see Methods for details). These
results suggest that the creation of high-affinity water binding sites
requires both the ‘right’ DNA sequence and an ability to adopt the
‘right’ conformation, which (artificially) embedding in a sub-optimal
crystal lattice canimpede.

The ability of BARHL2 to specifically recognize dinucleotides is
shown by the fact that it has the highest affinity to DNA*and DNA™,
sequences that are separated by two base substitutions (Hamming
distance of two). To understand why both possible single base sub-
stitutions of AC that make it more similar to TT (AT and TC) lead to a
decrease in affinity, we firstinvestigated why DNAAT has a lower affinity
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Fig.3|Therole of water moleculesin BARHL2-DNA complexes. a-h, The
analysis of eight structures of BARHL2 containing the different dinucleotides:
BARHL2-DNA*¢(a), BARHL2-DNA™ (b), BARHL2-DNA*" (c), BARHL2-DNA™ (d),
BARHL2-DNAT® (e), BARHL2-DNA®T (f), BARHL2-DNA®“ (g) and BARHL2-DNA¢
(h). The enrichment of the respective 8-mer relative to TAAACG is shown above
the panels. The enrichment of a specific 8-mer relative to TAAACG is calculated
as the percentage ratio of its fold change—defined as the ratio of normalized
counts (count of the 8-mer divided by the total number of reads) in signal and
background files—to the fold change of TAAACG. The water molecules are
numbered for clarity. The hydrogen bond distances found in BARHL2-DNA
complexes are presented as dashed lines and are listed in Extended Data Table 1.
Panelsb, ¢, d, gand hshow the complexes containing the largest number of
water molecules of the four complexes of the respective asymmetric units.
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The structures inaand fcontain only one complex in the asymmetric unit.

i, Surface representation of the DNA-binding sites. Carbon, oxygen, nitrogen

and phosphorus atoms are green, red, blue and orange, respectively and the
CH3 group of thymidine is yellow. j, Analysis of interfacial water mobility using
molecular dynamic simulation. Left, simulations run using the DNA*lattice with
or withoutinsilicomutation of the AC dinucleotide to TT; right, simulations run
using the DNA™ lattice with or without in silico mutation of the TT dinucleotide
to AC. Note that in both cases, AC dinucleotide has a higher percentage of low-
mobility waters at the protein-DNA interface. Data are presented as mean values;
error bars, s.e.m. For DNAA®and DNAACTT, the sample size is four (dynamically
independent copies of the protein-DNA complex within the crystallographic
unit cell); similarly, for DNA™ and DNAT™C, the sample size is eight.

toBARHL2 thanboth optimal sequences. The DNA recognition pattern
in the BARHL2-DNAAT complex is more similar to DNAA® than DNA™.
Compared to DNAXS, the hydrophobic contact between Thr285 and
T,s opposite to A, of AC is retained, but the extensive water network
connectingboth Thr285and Thr278 with the AC region is almost com-
pletely lost. Thereis only one water molecule connecting the side-chain
oxygen of Thr285 with the side-chain oxygen of Asn282 and one water
molecule connecting Asn282 with N6 of A, of AC (Fig. 3c). In addition,
the side chain of Arg289 has only one conformation, rotated away from
the protein-DNA interface.

Another sequence, DNA™ is also only one Hamming distance away
frombothlocal optima but has an even weaker affinity to BARHL2 than

DNAAT, The recognition pattern appears to be a mixture of DNA™ and
DNAAC, with the hydrophobic contact of DNA™ between C, of T, and the
methyl group of Thr278 retained but at a sub-optimal distance (4.3 A;
Fig.3d). The water molecules are arranged near Asn282in asomewhat
similar pattern to those observed in DNAAC, with the water net connect-
ing the side-chain oxygens of Thr285 and Asn282 and N7 and 06 of G,,
(opposite to C of AC). Thus, DNAT combines aspects of recognition
from DNA"" and DNAA, but both types of interactions are less optimal,
explaining the relatively low affinity of the BARHL2-DNAT® complex.

To compare, we solved BARHL2 bound to four other sequences that
areclosetoonebutnotthe other optima. Mutations of the second T (T;)
of DNA™ to G, decreased affinity less than the mutation to C. Overall,
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the recognition patternin the DNA™ complex s similar to that observed
inthe DNAT® (Fig. 3e). However, the non-polar contact between Thr278
and T, has a more optimal distance. The water network is also more
extensive, with three more water molecules. Those water molecules
connect the side-chain oxygen of Thr278 to both 06 and N7 of one
of the observed conformations of Gg. The DNAT complex also shows
very strong distortion of the DNA backbone, with a 3.7 A shift between
two conformations of the phosphate backbone at the position of the G
nucleotide located after the TG sequence (Extended Data Fig. 3f). By
contrast, thereplacement of T, of DNA™ with G led to a substantial loss
of affinity; in BARHL2-DNA®T, neither Thr278 nor Thr285 makes direct
hydrophobic contact with bases. Instead, water molecules are spread
rather equally near both amino acids. The side-chain oxygen atoms of
Thr285, Asn282 and N4 of C4 are in contact through one water, which
isconnected to the other one contacting N7 of A;; and simultaneously
participatinginafive-water chain connecting bothO6 and N7 of G, with
the side-chain oxygen atoms of Asn282 and Thr278 (Fig. 3f).

Mutation of the AC sequence led to a much larger loss of affinity
thanmutation of TT. Mutating the A, to either G or C of DNA*“resulted
inaloss of most water-mediated contacts and a very low affinity. Both
DNA®€ and DNA® complexes showed only one water molecule in the
interface connecting the side-chain oxygens of Thr285 and Asn282 with
the N4 of C,gor 06 of G, respectively (Fig.3g,h). Furthermore, neither
complex retained the hydrophobic contacts involving either Thr278
or Thr285, further explaining their very low affinity.

Role of hydrophobicinteractions and water-mediated
interactions

Todeterminetherole of hydrophobicinteractions and water-mediated
bonds in BARHL2-DNA interactions, we mutated the two threonines
(Thr278 and Thr285) that contribute to the hydrophobicinteractions
and water-chain organization to residues found in other homeodo-
main proteins (Extended Data Fig. 4). The protein-DNA affinities
were measured using SELEX. As expected, binding of BARHL2 to the
TAATT sequence, which is commonly recognized by homeodomains,
was not abolished by most of the mutations (Fig. 4a). However, bind-
ing to the BARHL-family-specific TAAAC sequence was very sensitive
to mutation. Significant binding to TAAAC was retained only in two
cases, where Thr278 was mutated to residues that retained the methyl
but not the hydroxyl group (isoleucine or valine, residues present in
NKX1.2 and EMX1, respectively). These results support theimportance
of Thr278 and Thr285in organizing the water network that recognizes
the BARHL2-specific TAAAC sequence.

To further assess the role of hydrophobic contacts, we tested
the effect of cytosine methylation. Introduction of a hydrophobic
methyl group to the five position of C enables methyl-Cto take partin
similar hydrophobicinteractionsasaT.Inaddition, the methyl group
destabilizes local water networks. To test the effect of methylation of
Cs at all positions and dinucleotide contexts, we directly introduced
5-methylcytosine to DNA using PCR and then determined the enrich-
ment of different sequences using SELEX. Two strong effects were
detected: first, the methylation of C-base in DNAA‘ reduced BARHL2-
DNA affinity (Fig. 4b). The lower affinity was probably a result of the
methyl group interfering with the elaborate water network of the
BARHL2-DNAA€ complex (Fig. 4b). Second, methylation of the C on
the complementary strand of DNAT greatly increased the affinity, to
alevel even higher than that observed in both unmethylated optimal
sequences (DNA*“and DNA™). The high affinity is probably a result of
the ability of mCbut not unmethylated C to form a hydrophobic contact
with Thr285 (Fig. 4b-d).

To test the role of enthalpic water-mediated interactions in
BARHL2-DNA binding, we performed the HT-SELEX at a series of dif-
ferent temperatures (0 °C,10 °C,20 °C, 30 °C, 40 °C). As the entropic
contribution to binding depends on temperature, comparing bind-
ing at different temperatures can reveal which sequences are bound

more entropically and which depend more on enthalpic contribution
to affinity. A comparison of the effect of temperature on the relative
binding affinity of the different sequences revealed that the affinity
to the enthalpic TAAAC sequence decreased when the temperature
was increased; a similar but less dramatic trend was also observed
for TAAGT. However, the sequence representing the entropic optima
TAATT was less affected by temperature (Fig. 4e). Taken together, these
results are consistent with the role of extensive water networks in the
binding of BARHL2 to the TAAAC and methylated TAAGT sequences
and adominant entropic contribution of binding to TAATT*.

Molecular dynamics analysis of entropy

To assess the role of water entropy in the binding process of BARHL2
to DNA*€ and DNA™, we performed molecular dynamics simulations
and calculated spatially resolved solvent entropies using Per|[Mut*.
Water moleculesinalnmthick solvation shell around the complexes
were localized by permuting water identities®>. This procedure does
not change the physical properties of the water molecules but serves to
estimate the rotational and translational freedom of individual waters
atagiven average position around the BARHL2-DNA complexes and
thus allowed us to compute their individual solvent entropies as well
as correlation corrections based on a mutual information expansion
approach®.

The computed solvent entropies at given average water posi-
tions of BARHL2-DNA*“and BARHL2-DNA™ indicated that waterson
both interfaces are more restrained than bulk water (118 J K™ mol™;
Fig. 5a,b). The BARHL2-DNA*Cinterface involves a subset of 10-15
very low-entropy waters (50-80J K mol™) as well as less restrained
waters (80-100J K™ mol™). Most of the low-entropy waters form a
stable hydrogen bond network connecting the recognition helix of
BARHL2 with bases at the TAAAC site (Extended Data Fig. 6a), in good
agreement with the water molecules observed in the two BARHL2-
DNAACstructures resolved at 0.95A and 1.3 A. The BARHL2-DNA™"
complex simulations also show a water-mediated hydrogen bond net-
work at the protein-DNA interface, formed by 20-35 medium-entropy
(75-90 ) K™ mol™) water molecules (Extended Data Fig. 6€), in agree-
ment with the results of the crystal lattice simulations (Fig. 3j). Con-
sistent with the relatively high predicted mobility of these waters, the
level of electron density seenin crystal structure of the BARHL2-DNA™
complex in this region (<10) appears similar to that of free solvent at
the limit of resolution (1.85 A), thus explaining why only few water
molecules are seen in BARHL2-DNA™" crystal structure at the dinu-
cleotide recognition site. Indeed, the number and positions of the
water molecules seen in the simulations within this region (ten for
BARHL2-DNAA€ and six for BARHL2-DNAT, four of which have low
mobility; see Extended Data Fig. 7) agree very well with the numbers
seeninthecrystal structures.

Computing the average solvent entropy of 118 ] K mol™ for bulk
water (based on the simulations of pure optimal point charge water)
also allowed us to estimate the total change of solvent entropy at the
protein-DNA interface in the BARHL2-DNA® and BARHL2-DNA™"
complexes. The estimated solvent entropy loss upon binding is con-
siderably larger (by ~1,500 ) K mol™) for the BARHL2-DNA*® complex
than for the BARHL2-DNA™ complex.

We also considered other contributions to the entropy, such as
the flexibility and conformational entropy of the BARHL2 protein and
thebound DNA in the respective complexes. Both the mean backbone
positions of BARHL2 and the atom position root mean square fluc-
tuations (RMSF) are very similar for the two complexes, explaining
the relatively small 34 ] K* mol™ difference in BARHL2-DNA* and
BARHL2-DNA' protein conformational entropies (Fig. 5¢). This dif-
ference canbe mostly attributed to the higher conformational entropy
of DNA-binding side-chain residues in the BARHL2-DNA*“ complex. The
analysis of residue-wise RMSF values for the two DNA sequences (Fig. 5d)
shows alarger difference in conformational flexibility, againin favor of
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Fig. 4 | Effects of mutations, methylation and temperature changes on methylation of the Cin BARHL2-DNAA€. The five-methyl group of Cgis shown in
BARHL2binding to DNA. a, The effect of mutation of Thr278 and Thr285 on the ball-and-stick and colored magenta. Note that the addition of amethyl group to
binding of BARHL2 to the different homeobox-like sequences. Color indicates DNAA€ (left) makes the DNA*™ (middle) similar to DNA*T (right) and destabilizes
relative enrichment of the indicated 6-mer in the fourth SELEX cycle compared the water network between BARHL2 and DNA. d, BARHL2 has relatively low affinity
totheinitial DNA library. Yellow circles indicate that the 6-mer represents local to DNA®T (left); however, methylation of C complementary to the G (middle)
maxima (enrichment is higher than that of related sequences). Labels indicate increases the affinity, probably because similar to the T complementary to the
the amino acids into which Thr278 and Thr285 were mutated, and the TF that A of DNAC (right), the five-methyl group of C,; can form a hydrophobic contact
contains thoseresidues. b, The effect of methylation of the homeobox-like to Thr285. e, Effect of temperature on BARHL2 affinity to different homeobox
sequences on affinity. Top and bottom panels show relative enrichment of sequences. Note that temperature affects the affinity of k-mers containing
TAANNG 8-mer containing the indicated dinucleotide in the NN positionin AC (magenta) and TG (dark green) more than those containing

the presence and absence of cytosine methylation, respectively. c, Effect of TT (lightgreen).
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the BARHL2-DNA*C complex. Here, the increased flexibility of DNAA
can mostly be attributed to the base pairs downstream of the binding
site (bases 11-14), amounting to an entropy difference of 88 ] K mol™.

Thestrongly localized and extensive water network that connects
BARHL2 amino acids to the AC dinucleotide is enthalpically favorable
for binding but entropically unfavorable. By contrast, the TT dinucleo-
tide exposes a more hydrophobic surface to solvent molecules in the
major groove, which leads toamore mobile water network at the com-
plex interface that is entropically more favorable than that of the AC
dinucleotide. Theseresultsareinline with the entropies obtained from
theisothermaltitration calorimetry (ITC) experiments®** and support
the notion that solvent entropy at the binding interface contributes
markedly to the entropy difference between the BARHL2-DNA*® and
BARHL2-DNA™ complexes. Note, however, that for a fully quantita-
tive comparison, further terms would have to be included, such as
the entropy of water molecules released during BARHL2 binding as
well as the conformational entropies of unbound BARHL2 and free
double-stranded DNA molecules.

Discussion

Here, we used structural biology to determine how two TFs, MYF5 and
BARHL2, can specifically recognize dinucleotides. Extensive prior
work has established the central mechanisms by which proteinsinter-
act with DNA*¢719%*3* Directinteractions between individualamino
acids and DNA bases can differentiate between mononucleotides;
however, because of their one-to-one nature, individual contacts
are generally not very sensitive to neighboring base content. The
influence of sequence on DNA conformation, in turn, can be used
torecognize dinucleotides. For example, geometric aspects of DNA
such as the width of the minor groove are affected by dinucleotide
content, and narrowing of the minor groove caused by homopoly-
meric stretches of A or T can be sensed by arginine residues®. Fur-
thermore, the bending modulus of the DNA helix towards a particular
directionis sensitive to local dinucleotide content>*, enabling pro-
teins toindirectly read dinucleotides by bending DNA. However, the
local effect of DNA bending on dinucleotide preferenceis relatively
small within ashort segment of DNA, such as that bound by TFs*®. In
anucleosome, which binds much longer DNA segments, the small
effects add up to allow the sequence to contribute to nucleosome
positioning. However, alocal bend, even as strong as what is seenin
anucleosome, would not cause dinucleotide preferences as strong
as what are seen in BARHL2 and MYF5. Furthermore, the effect of
a protein alpha-helix inserting into the major groove of DNA has a
much smaller effect on DNA backbone shape than the formation of
anucleosome®”’. Therefore, amechanism based onlocal DNA bend-
ing alone can not account for the dinucleotide specificity of both
MYF5and BARHL2. The results we present here strongly suggest that
dinucleotide recognition critically depends on water molecules at
the protein-DNA interface.

Both the free DNA and the interface between protein and DNA
contain large numbers of water molecules. It is well established that
DNA sequence can be read by water-mediated interactions>”**,
and this mechanism has been observed in alarge number of protein-
DNA structures®” and validated experimentally by mutagenesis®® .
Mutational evidence also suggests that a single water molecule can
contribute to epistatic interactions at the trp repressor binding site
by recognition of both CT (optimal sequence) and TC (-15-fold lower
affinity) dinucleotides®’. However, to our knowledge, no previous work
has solved structures of TFs bound to two sites containing distinct
dinucleotides that display similar binding affinity.

Importantly, the indirect nature of the water-mediated inter-
actions commonly leads to large tradeoffs between entropy and
enthalpy®*~*.. We have shown earlier that individual TFs can bind to
two distinct locally optimal sequences: one representing entropic
optima, where water molecules are more mobile, and the other repre-
senting enthalpic optima, where water molecules at the protein-DNA
interface areless mobile and form complex networks*®. We show here
that these water correlations contribute to the recognition of a dinu-
cleotide within the BARHL2 recognition sequence (Fig. 5), which is
recognized either enthalpically by an extensive water network that
links the two DNA nucleotides to the same amino acid (BARHL2-DNA*®)
or entropically by formation of a local hydrophobic patch that repels
water (BARHL2-DNA™). Inboth cases, the dinucleotides are preferred
because of thelocal collective action of the water molecules. Sequences
between TT and AC lead to compromises that weaken affinity because
water molecules have astronginfluence on each other inthe confined
space between the protein and DNA. The two modes of dinucleotide
recognitionalso lead to adifferent temperature sensitivity of binding of
the same TF to two different motifs. This effect may resultin differential
gene expression of target genes that contain the entropic and enthalpic
sites, enabling organisms to directly sense their body temperature at
the level of individual genes’. This mechanism is likely to be particu-
larly important in unicellular organisms, plants and poikilothermic
animal species.

Recently, computer simulation methods that provide spatially
resolved maps of hydration thermodynamics in protein-ligand sys-
tems have been developed. Spatial decomposition of translational
water—water correlation entropy in Factor FXa®” and Crambin®’ showed
that thermodynamic driving forces linked to hydration can have an
important role in protein folding and ligand binding®. In the case of
Crambin, more than half of the solvent entropy contribution came
from induced water correlations®, highlighting the importance of
water-water interactions. Here, we used the Per|Mut algorithm to
analyze the entropic contributions of solvent at the binding interface
ofthe BARHL2-DNA”“and BARHL2-DNA'" complexes. Based on these
solvent entropy calculations, we estimated that the solvent entropy
lossis considerably larger for BARHL2-DNA* than for BARHL2-DNA™".
The differenceisasignificant contribution to the free-energy budget of

Fig. 5| Analysis of entropic and enthalpic optima using molecular dynamics.
a, Molecular dynamics analysis of entropies of resident water molecules at

the BARHL2-DNAA“and BARHL2-DNA™ interface, colored according to their
solvent entropy. Below, number of waters at the complex interface, their average
(S,g) and total (S,,) solvent entropy as well as the estimated solvent entropy
loss (AS,,) of interfacial waters is shown for both complexes. b, Distribution of
solvent entropies of interfacial water molecules compared to bulk solvent waters.
¢, Flexibility of BARHL2 protein main chain (solid lines) and all atoms (dotted
lines) bound to DNAA€ (magenta) and DNA™ (green). d, Flexibility of BARHL2
bound DNA*€ (magenta) and DNA™ (green) DNA backbone (solid lines) and all
DNA atoms (dotted lines). e, Partial contributions to the entropy difference of
BARHL2-DNA complexes including the conformational (Schlitter) entropies for
the protein and DNA as well as the entropy contribution of interfacial waters.

f.g, Surface representation of the protein-DNA interface near the variable bases
AC (f) and TT (g). Only the recognition helix from BARHL2 (wheat) is represented

for clarity. The variable bases are in yellow, and the methyl group (CH3) of Tisin
violet. The red and teal spheres represent the water molecules observed in the
interface and minor groove, respectively. h,i, Schematic representation of the
two optimal sites representing enthalpy (h) and entropy (i) optima. Only the
recognition helices and the divergent dinucleotides are shown for clarity. The
amino acid residues involved in the recognition are presented as sticks. The bases
are color-coded as follows: adenine, green; thymine, red; cytosine, blue; guanine,
yellow. Note that the high-entropy state (TT) has very few fixed water molecules
whereas the enthalpic state (AC) contains several properly fixed water molecules
that are used for the formation of the hydrogen bonds linking BARHL2 to DNA.
The small panels in hand i show the distribution of the hydrogen bond partners
on the surface of the optimal sequences. Positively charged atoms (nitrogen) are
blue; negatively charged atoms (oxygen) are red; and carbon and phosphorus are
green and orange, respectively.
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the BARHL2 binding, and probably the main source of binding entropy
difference observed in the ITC measurements’®.

In summary, our work represents the largest high-resolution
structural study of the effect of DNA sequence on protein-DNA inter-
actions. The extensive analysis highlights the role of water in the
molecular recognition of dinucleotides and in the recognition of
features thatare larger than those that can be bound by anindividual
chemical bond. Recent advances in the prediction of protein struc-
tures from sequence®*® raise the possibility that another difficult
problem—determining the affinity of macromolecular interactions
from sequence—could also be addressed by machine learning. How-
ever, the non-additive nature of the solvent interactions increases
the complexity of the problem and highlights the need for explicitly
considering both enthalpy and entropy in building computational
models of macromolecular recognition. Further work combining
high-throughput methods described here, including temperature
SELEX, with molecular dynamics simulation-based entropy calcu-
lations are promising avenues for generating the large-scale data
necessary for building computational models that seek to solve the
relationship between macromolecular sequence and affinity.
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Methods

Protein expression, purification and crystallization

Expression and purification of the DNA-binding domain fragment of
human MYFS5 (residues 82-136) as well as BARHL2 (residues 232-292)
were performed as previously described**“°, The DNA fragments used
in crystallization were obtained as single-strand oligonucleotides
(Eurofins) and annealed in 20 mM HEPES (pH 7.5) containing 150 mM
NaCland 0.5 mM Tris (2-carboxyethyl) phosphine (TCEP) and 5% glyc-
erol. Foreach complex, the purified and concentrated protein was first
mixed with a solution of annealed DNA duplex at a molar ratio of 1:1.2
and, after1 honice, subjected to the crystallization trials. The crystal-
lization conditions for both MYF5 complexes were optimized using an
in-house-developed crystal screening kit combining different polyeth-
ylene glycols (PEGs) with different additives. Complexes of MYF5 with
symmetrical DNA were crystalized in sitting drops by a vapor diffusion
technique from a solution containing 50 mM sodium acetate buffer
at pH 4.5,10% PEG (3350) and 2% 2-methyl-2,4-pentanediol (MPD).
Complexes of MYF5with non-symmetrical DNA were also crystallized
from 0.05 M sodium acetate buffer at pH 4.5 but containing 11% PEG
(1000), 2% MPD and 5% PEG (400). All crystals of BARHL2 complexes
with different DNAs were obtained in the same conditions from the
reservoir solution containing 100 mM sodium acetate buffer (pH 4.8),
34%PEG (1000) and 0.06 M sodium malonate (pH 7.0) All datasets were
collected at the European Synchrotron Radiation Facility (ESRF) from
asingle crystal on beamline ID23-1, at 100 K using the reservoir solu-
tionas cryo-protectant. Data were integrated with the program XDS®’
and scaled with SCALA®®, Statistics of data collection are presented
inTablel.

Structure determination and refinement

Allstructures were solved by molecular replacement using the program
Phaser2.8.3 asimplemented in Phenix 1.20.1-4487° and CCP4 suits 7.1
and 8.0 (ref. 70) the structure of MYOD (PDB 1IMDY) as a search model
for MYF5 and the structure of Drosophila clawless homeodomain pro-
tein (PDB 3A01, chain A) as asearch model for BARHL2. After the posi-
tioning of the protein, the density of DNA was clear and the molecule
was built manually using COOT 0.9.6"". The rigid body refinement with
REFMAC55.8.0267 was followed by restrain refinement with REFMACS,
as implemented in CCP4 (ref. 70) and Phenix.refine’’. The manual
rebuilding of the model was done using COOT. The refinement statistics
are presented in Table 1. In both MYF5 complexes, all residues as well
asallDNA bases were well defined in the electron density maps. Inthe
structure of MYF5SVAC only three water molecules were well defined,
whereasin the structure of MYF5*#A¢, 71 water molecules were traced.
All residues and bases on all BARHL2 complex structures were well
visible in the maps. Figures showing structural representations were
prepared using PyMOL 2.5.47,

Molecular dynamics simulations in crystal lattice

The program Coot’ was used to in-silico mutate the TT dinucleotide
to AC and vice versa at every monomer of the asymmetric unit and
to energy minimize the resulting mutant structures before building
the lattice for the simulations. The positions of the BARHL2 crystal-
lographic water molecule oxygens were not changed from those of
theinitial crystal structure.

Four crystal lattice simulations (BARHL2-DNA”, BARHL2-
DNA*“>TT BARHL2-DNA"", BARHL2-DNA"A%) were then performed
using AMBER21 (ref. 74); models of the complete unit cell were created
using UCSF Chimera 1.0”, neutralizing sodium ions added using the
AMBER AddToBox tool, and then the same tool was used to add suf-
ficientadditional waters to achieve a final unit cell density of approxi-
mately1.0. Control simulations of the DNA alonein water were prepared
from the crystal structure coordinates using the Amber tleap tool,
adding neutralizing sodium ions and enough water to fill a truncated
octahedral periodic box extending a minimum of 10 A beyond any

solute atom. Systems were parameterized using the FF14SB force
field”® for the protein component, with additional BSC1 parameters
for the DNA””. Waters and ions were modeled using the TIP3P and
Joung-Cheatham’® parameters, respectively.

Crystal lattice simulations were performed using pmemd.cuda.
Unless specified otherwise, all simulations used default parameters.
Systems were first energy-minimized with restraints (0.1 kcal mol ™ A)
on all atoms except modeled waters (that is, waters observed in the
crystal structures were in the restrained group) before a second
energy-minimization step without restraints. Molecular dynamics
simulations used Langevin dynamics with a collision frequency of
5psanda2 fstimestep, with SHAKE on allbonds to hydrogen atoms.
Non-bonded interactions were handled using the Particle Mesh Ewald
method, with adirect space cutoffof 9 A. Snapshots were saved every
100 ps. For the crystal lattice simulations, molecular dynamics began
with a 10 ns NVT simulation, with a target temperature of 300 K and
restraints of 0.01 kcal mol™ A2 on all solute atoms, followed by a 50 ns
NVT simulationin which only DNA atoms were restrained (same force
constant). For the 50 ns production NVT simulation, only DNA C1’
atoms remained restrained. For reference simulations of the DNA
alone in solution, molecular dynamics began with a 50 ns NPT simu-
lation at 300 K (pressure coupling parameter 2 ps™) with restraints
(0.01kcal mol™ A ), followed by a 200 ns NPT production simulation
inwhich the only restraints were on the Watson-Crick hydrogen bonds
in the terminal base pairs (a flat-bottomed potential that was zero
between 1.9 A and 2.1 A and had a force constant of 10 kcal mol™ A2
outside thisrange).

DNA helical parameters were analyzed using the AMBER21 cpptraj
tool”. Other analyses and visualizations were performed in Jupyter
notebooks, using the MDTraj®** and Matplotlib packages. The method
to analyze water molecule mobility involves first permuting the indi-
ces of the water oxygen atoms in each frame in the trajectory so that
each remains within a small region of space. The mean position and
fluctuation of each water can then be measured. The re-indexingis an
iterative process using the linear sumassignment approach; the Python
code to implement this procedure is available at http://github.com/
CharlieLaughton/water_shuffel.

To determine the number of low-mobility water molecules at the
protein-DNA interface, the RMSF of all interfacial waters was calcu-
lated. A water molecule was considered interfacial if its oxygen atom
was simultaneously less than 5 A of a protein atom and a DNA atom.
Interfacial water molecules were considered of low mobility if the RMSF
of their oxygen atom was smaller than1.9 A.

To check equilibration and sampling, this approach was applied
independently to data for the first and second halves of the produc-
tion phase of each simulation. Results are shown in Extended Data
Fig.5. Thereisnosign of systematic change in values between the first
and second subsamples, and all trends between different molecular
systems are maintained.

Molecular dynamics simulations for analysis of entropy
To determine the entropic contributions of DNA, protein and water
molecules, we performed all-atom molecular dynamics simulations
of two BARHL2-DNA complexes with the sequences CGCTAAACGGTT
(AC complex) and CGCTAATTGCTC (TT complex) inaqueous solution
using the GROMACS 2019 simulation package®'. Simulations of both
complexes were performed in four replicates, starting from conforma-
tions derived fromsstill unpublished crystallographicstructures of the
complexes, including crystallographic waters around the protein—-DNA
complexes. Eachreplicate trajectory was propagated using aleapfrog
algorithm®?in 2 fs timesteps for 5 ps, resulting in a total 20 ps simula-
tion time for each complex.

All simulations were kept at 298.15 K using a velocity rescale ther-
mostat®and a coupling constant of 0.1 ps. The pressure during simula-
tions was maintained at 101 kPa using an isotropic Parrinello-Rahman

Nature Structural & Molecular Biology


http://www.nature.com/nsmb
https://doi.org/10.2210/pdb1MDY/pdb
https://doi.org/10.2210/pdb3A01/pdb
http://github.com/CharlieLaughton/water_shuffel
http://github.com/CharlieLaughton/water_shuffel

Article

https://doi.org/10.1038/s41594-024-01449-6

barostat®*, anisothermal compressibility of 4.5 x 107 kPa™and acoupling
constant of 30 ps. The intramolecular and intermolecular interactions
of the protein and DNA were described by the AMBER-19SB force field.
Allsimulations were performed under periodic boundary conditionsin
a cubic simulation box of 7.8 nm edge length filled with optimal point
charge waters®, as well as Na* and CI” ions appropriate for a 300 mM
sodium chloride salt solution to match the experimental conditions of
the ITC experiments. Electrostatic and van der Waals interactions were
explicitly calculated withina1.0 nm cutoff distance; long-range electro-
static interactions beyond this cutoff were calculated by Particle Mesh
Ewald summation® with a grid spacing of 0.13 nm. Long-range van der
Waals dispersion corrections® to the total energy of the system were
applied in all simulations. Fast vibrational degrees of freedom were
removed by using the LINCS algorithm®’ asimplemented in GROMACS
2019 using afourth-order iterative restraint on the bond angles.

For this calculation, four x500 conformations per BARHL2-DNA
complex were taken from molecular dynamics simulation trajectories
at 10 ns intervals. Local protein and DNA flexibility was analyzed by
calculating the atom position RMSF for each solute atom using the
gmx rmsf program of the GROMACS 2019 simulation package® and
computing residue-averaged RMSF values for protein amino acids
and DNA nucleic acids. Solute entropies were estimated from the
same conformations by first computing the atom position covariance
matrix using the gmx covar program. The maximum solute entropy
of both protein and DNA was estimated from the covariance matrix
using Schlitter’s entropy formula’ asimplemented in the gmx anaeig
program of GROMACS 2019 (ref. 81).

Entropies of the solvent shell around the BARHL2-DNA complexes
were computed from the simulation trajectories using the Per|Mut
software”. In brief, 2,490 water molecules nearest to the protein-
DNA complex (approximately a water shell of 1 nm thickness) were
extracted from the molecular dynamics trajectories and subjected
to permutation reduction. This procedure permutes the labels of the
water molecules such that these always remain closest to their initial
reference position without changing the underlying physics, thereby
vastly reducing the amount of sampling required to converge solvent
entropy calculations for N water molecules by the Gibbs factor (N!).
The permuted water trajectories were used to compute solvent entropy
estimates for particular water positions around the BARHL2 complexes,
including first-order and second-order correlation terms for rotational
and translational degrees of freedom of pairs of water molecules. We
used the first-order translational entropy of waters to estimate their
mobility at given positions, which is expected to determine their vis-
ibility in crystallographic structures.

The computed solvent entropies of individual water positions
were mapped to the mean position of that given water around the
BARHL2-DNA complex and analyzed further to determine the solvent
entropy at the complexinterface. Water molecules were identified as
interfacial waters of the BARHL2-DNA complex if their mean position
was simultaneously within 4 A distance of both a protein atom and a
DNA atom of thereference structure. Selection of the interfacial waters
was performed with the software PyMol (v.2.5.4)7, using the initial
(crystallographic) structure as areference.

The change of solvent entropy at the BARHL2-DNA complex inter-
face AS,, relative to bulk was computed according to:

BSson = N((S5,) = (S5ai )+

where Nis the number of water molecules at the complex interface,
and (S™ )and (s°k) =118 ) K mol™ are the mean solvent entropies of
water molecules at the interface and in bulk water, respectively. The
latter was computed using a separate simulation of bulk water using
the same simulation parameters as used for the protein-DNA com-
plexes, where Per[Mut was applied to al nmsphere of bulk waterinthe
middle of the box to obtain the mean solvent entropies.

Water bridges between the BARHL2 and its bound DNA were
identified and characterized using the water-bridge analysis module of
the Python?” MDAnalysis package®. This analysis identified hydrogen
bond networks between hydrogen donors and acceptors of BARHL2
and its bound DNA, either by direct hydrogen bonding (0"-order
water bridges) or by one or two water molecules (1*-order, 2"-order
and 3"-order water bridges). In brief, possible hydrogen bond accep-
tors (A) included all nitrogen and oxygen atoms of the protein, DNA
orsolventwith less than four covalent bonds; hydrogenbond donors
(D) additionally required a chemically bound hydrogen (H) atom; a
hydrogen bond between a donor, hydrogen and acceptor was recog-
nized if the D-A distance was smaller than 3 A and the D-H-A angle
was larger than 120°.

The hydrogen bond network analysis on the molecular dynamics
trajectories wasrestricted to stable intermolecular hydrogen bond net-
works between BARHL2 amino acids and nucleotides of its DNA-binding
partner. The occurrence of intermolecular hydrogen bond networks
(including specific waters) was averaged over the simulation trajec-
tories and summed by amino acid nucleotide pair. Intermolecular
hydrogen bonding between a residue pair was considered stable if
the summed occurrence of related hydrogen bond networks was
observed in more than 5% of all molecular dynamics conformations
of the complex.

Mutational analysis and HT-SELEX
The pETG20A_SPB vectors with BARHL2 and its mutant sequences
(GenScript) were expressed in Rosetta(DE3)pLysS E. coli strain (Mil-
lipore). Inbrief, the bacteria were grown overnight at37 °Cin LB Broth
medium (Gibco) with carbenicillin (0.1 mg mI™) and chloramphenicol
(34 pg ml™) and then transferred to the induction medium consisting
of the previous medium with additional reagents at the following
final concentrations: 1 mM MgSO,, metal mixture (50 uM FeCl,, 20 pM
CacCl;, 10 puM each of MgCl, and ZnSO,, 2 uM each of CoCl,, CuCl,,
NiCl,, Na,MoO,, Na,SeO;and H;B0O;), 60 uM HCI, NPS (50 mM KH,PO,,
50 mM Na,HPO,, 25 mM (NH,),SO,) and 5052 (0.5% glycerol, 0.05%
glucose and 0.2% alpha-lactose)®*. The cells were then incubated for
8hat37°C, followed by 40 hat17 °C. The cells were then collected by
centrifugation and lysed by shaking for 20 minin 100 pl of lysis buffer
(0.5 mg ml™ lysozyme, 1 mM phenylmethyl sulfonyl fluoride (PMSF),
400 mM NaCl, 100 mM KClI, 10% glycerol, 0.5% Triton X-100, 10 mM
imidazole in 50 mM potassium phosphate buffer pH 7.8) and stored
overnightat-80 °C. After thawing, the lysate was incubated for 45 min
with 20 pl of Ni-Sepharose 6 Fast Flow beads (GE Healthcare), washed
and resuspended in100 pl of buffer A (30 mM NacCl, 10 mMimidazole
in 50 mM Tris-HCI pH 7.5). For digestion of bacterial DNA, DNAse |
and MgSO, were added to 10 pg mi™ and 15 mM final concentration,
respectively. Afterincubation for 45 minat 22 °C (room temperature),
the beads were washed two times with 600 pl of buffer A and two times
with 600 pl of buffer A containing 50 mM imidazole. The proteins
were eluted in 100 pl of buffer A with 500 mM imidazole. Protein con-
centration was then measured using a Bradford assay (Sigma-Aldrich,
no. B6916), after which the proteins were diluted in Promega buffer
(50 mM Nacl, 10 mM MgCl,, 4% glycerol in 10 mM Tris-HCI pH 7.5) to
30-100 pg ml™ concentration.

SELEX experiments were performed as previously described”.
In brief, 100-250 ng of proteins were mixed with 200-500 ng of DNA
ligands and incubated at room temperature for 20 min; theincubation
buffer contained 51.4 mM NacCl, 1.4 mM MgCl,, 4% glycerol, 100 pM
EGTA, 0.7 mM 1,4-dithiothreitol, 3.7 pg ml™* poly-dI-dC, 1.4 pM ZnSO,
in 10.4 mM Tris-HCI pH 7.5 (SELEX buffer). Magnetic Ni-Sepharose
beads (GE Healthcare) were washed in Promega buffer containing
0.2% BSA and suspended in 25 pl of SELEX buffer. For each protein-
DNA mixture, 1.75 pl of the bead suspension was added, followed by
incubation for 40 min at room temperature. The beads were then
washed in wash buffer (5 mM EDTA, 1 mM 1,4-dithiothreitol in 5 mM
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Tris-HCI pH 7.5) using a Tecan HydroSpeed plate washer, followed by
suspension of the beads to 35 pl of elution buffer (1 mM MgCl,, 0.1%
Tween-20in10 mM Tris-HCL pH 7.8) followed by incubation for 10 min
at 80 °C. To ensure that the ligands were double-stranded, the eluted
DNA ligands were amplified twice. First, the products were amplified
to completion (33 PCR cycles for the first SELEX cycle and 26 for all
subsequent cycles). Then, the PCR products were diluted tenfold and
amplified for two PCR cycles to ensure that single-stranded DNA and
annealed products containing mismatched random sequences were
fully converted to double-stranded form. The PCR reaction was per-
formed with Phusion Hot Start IIDNA Polymerase (Thermo Scientific).
The DNA concentration was controlled by qPCR with 1x SYBR Green |
Nucleic Acid Gel Stain (Invitrogen) using LightCycler 480 Instrument I
(Roche). Amplified DNA ligands were used for incubation with proteins
in the next SELEX cycle. A total of four SELEX cycles were performed.
The DNA ligands from the 0, 3" and 4™ SELEX cycles were sequenced
(Illumina HiSeq2000) and analyzed as previously described®. For the
insilico mutagenesis described above, the program Coot was used to
methylate in silico the cytosine bases present in the corresponding
solved structures for Fig. 4c,d.

Motif and k-mer analysis

For Figs. 1and 2, the position weight matrix models were generated
from cycle four of MYF6 HT-SELEX (from ref. 18) and cycle four of the
new BARHL2 (unmutated ctrlin Fig. 4a) HT-SELEX reads, using the mul-
tinomial (setting = 1) method75 with the following seeds: MYF6 AA...
AC flank: AACAGCTGAC and GT...AC flank: GTCAGCTGAC; BARHL2
TT: NTAATTGN and AC: NTAAACGN. k-mer counts were generated
using spacek40 (https://github.com/jttoivon/moder2/blob/master/
myspacek40.c) for BARHL2 methylated and non-methylated SELEX
data.

Temperature HT-SELEX

To examine how the DNA-binding specificity of BARHL2 changes with
temperature, HT-SELEX of BARHL2 was performed under five differ-
ent temperatures 0°C, 10°C, 20°C, 30°C and 40°C. For Temperature
HT-SELEX, the DNA ligands were designed according to lllumina’s
Truseqlibrary (Supplementary Table 2; 10IN SELEX Ligand) and synthe-
sized from IDT as Ultramer DNA oligonucleotides. The oligonucleotides
containal01 bp region with randomized nucleotides, flanked by adapt-
ers of fixed sequences for amplification. First, double-stranded ligands
(theinput of SELEX) were synthesized from the oligonucleotides by PCR
amplification with primers that match the adapters (Supplementary
Table 2; PCR primers). The PCR primers were also used to amplify the
library between SELEX cycles. Before sequencing, the ligands were
further amplified with primers (Supplementary Table 2; PE primers)
containing multiplexing indices and sequences of the Illumina flow
cell (P5or P7).

HT-SELEX was performed in microplates according to the previ-
ous protocol'®*., First, 100-200 ng double-stranded DNA ligand was
mixed with 20-200 ng purified His-tagged TFs in 20 pl volume of the
incubationbuffer (140 mMKCI, 5 mM NaCl,2 mM MgS0,,3 uMZnSO,,
100 pM EGTA, 1 mM K,HPO,, 20 mM HEPES pH 7.0). The mixture was
incubated for 20 min on a PCR incubator (Bio-Rad S1000 Thermal
Cycler) for temperature control. Then, 1.8 pl of magnetic Ni-Sepharose
beads (28-9799-17, GE Healthcare; pre-blocked with 25 mM Tris-HCL,
0.5% BSA, 0.1% Tween-20, 0.02% NaN,) was added into the mixture
to pull down the TFs and their associated DNA ligands. After mixing
at 1,900 rpm with a microplate shaker (13500-890, VWR), the plates
were washed 15 times on a microplate washer (Tecan Hydrospeed)
with the washing buffer (10 mM EDTA in 5 mM Tris-HCI pH 7.5, kept
under 4 °C before use). Suspension of the washed beads was then
PCR-amplified to produce DNA ligands for the next SELEX cycle. After
repeating SELEX for four cycles, the ligands from each cycle and the
input were sequenced and analyzed.

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

Data availability

The atomic coordinates and diffraction data have been deposited
to the Protein Data Bank (PDB) with accession codes PDB 7751 and
PDB 7Z5K for MYF5 bound to symmetrical DNA and MYF5 bound to
non-symmetrical DNA, respectively; PDB 8PMF for BARHL2-DNA*¢
at the resolution of 0.95 A and PDB 8PMN for BARHL2-DNA*C at the
resolution of 1.3 A; and PDB 8PMC, PDB 8PMS5, PDB 8PM7, PDB 8PMYV,
PDB 8PN4, PDB 8PNA and PDB 8PNC for BARHL2-DNA'", BARHL2-
DNAAT, BARHL2-DNA'®, BARHL2-DNA™A¢ BARHL2-DNA®“, BARHL2-
DNA" and BARHL2-DNA®, respectively. Allsequence reads have been
deposited tothe European Nucleotide Archive underaccession number
PRJEB65950. Source data are provided with this paper.

Code availability

The Python code used for implementing re-indexing as an iterative
process using the linear summation method is available at https://
github.com/CharlieLaughton/water_shuffle.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig.1| Comparison of the structure of MYF5 solved in this
study with different representatives of bHLH (basic helix-loop-helix)

and bZIP (basic helix-loop-helix-zipper) families. a, Structural alignment

of DBD of MYF5 homodimer (red) with USF homodimer (cyan, 1AN4.pdb),
MYOD homodimer (yellow, IMDY.pdb), SCL-E47 complex (light blue, 2YPB.
pdb), CLOCK-BMAL1 complex (orange, 4H10.pdb) and TCF4 homodimer
(green, 60D3.pdb). b, Structural alignment of MYF5 homodimer with SREBP1
homodimer (light green, 1AM9.pdb), MAX homodimer (magenta, IHLO.pdb),
MYC-MAX complex (salmon, INKP.pdb) and MAD/MAX complex (gray, INLW.
pdb). The proteins used for structural alignmentsinaand b are listed under
the figure. The DNA bases involved in the binding are presented as sticks. c,
Sequence alignment of the DBD of proteins, used for the structural alignment in
aandbwithMYF6in addition. The numbering on the top corresponds to MYF5

numbering. The helixes observed in the MYF5 structure are highlighted in light
yellow. The light green box underlines the binding site. The color code for the
amino acids is kept according to Clustal Omega server used for the sequence
alignment (https://www.ebi.ac.uk/Tools/msa/clustalo/). Hydrophobic amino
acids are colored red, polar - green, negatively charged - blue and positively
charged - magenta. d, The DNA sequences used in the structural studies.

The binding sites are highlighted with the light green box. e, Close view of

the alignment of MYF5/MYOD/SCL/E47/TCF4 structures which are known to
recognize the flanking dinucleotides. The sequence alignment shows that those
bHLH TFs contain arginine residue (Arg91in MYF5) in the specific position which
isresponsible for that recognition, conversely the MAX/MYC/MAD/CLOCK/
BMALI1/USF/SREBP structures and sequences where arginine is replaced by
different residues which are not suitable for the flank recognition.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| Results of the prediction of minor groove width and
electrostatic potential with DNAphiserver (https://rohslab.usc.edu/DNAphi/
serverBackend.php).aandb, the predictions made for the fourDNA sequences
includedin the study interacting with MYF5 DNA-binding domain. The violet line
corresponds to the GCGCAACAGCTGACGCGC sequence (MYF5_aAaC), the green
line corresponds to GCGCGTCAGCTGACGCGC sequence (MYF5_gTaC); the blue
line corresponds to the GCGCATCAGCTGACGCGC sequence (MYF5_aTaC),and the
yellow line corresponds to GCGCGACAGCTGACGCGC sequence (MYF5_gAaC).

The different nucleotides are labeled as N on the X-axis of the figure. ¢, d, the
predictions made for the 8 different DNA sequences included in the study of
BARHL2 DBD bound to different DNAs. Different nucleotides are labeled as N.
Thelines corresponding to different sequences are colored differently. The
colorlegend is presented in the upper right corner and labeled by the nucleotide
sequences. e, the minor groove width calculated withw3DNA 2.0 server
(http://web.x3dna.org/) for the BARHL2 structures solved in this study. The color
legend is presented under X-axis.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| High resolution structures of BARHL2 showed
double conformations of the DNA. a, Electron density map of the backbone
phosphates in the structure with DNA TAAAAC at 1.3 A resolution. b, ¢, Electron
density map observed for the BARHL2-DNA®€ (G,,C,,G,,) and BARHL2-DNA¢
(G;sC,C,), respectively. d, The structure of the nonamer (GCGAATTCG) solved
at 0.89 A resolution showed the similar double conformation feature of the
backbone phosphates (Soler-Lopez et al.,2000). The figure is created from

the coordinates of IENN.pdb file. The backbone phosphates observed in the
double conformations are colored in magenta. e, An example of the alternative
conformation observed in the structure of protein-DNA complex. The figure is

created from the coordinates of mouse Znf57-DNA complex obtained from 4GZN.

pdb file. The protein moiety is colored in beige, two Zn atoms are presented in

gray balls, the different DNA strands are colored in magenta and orange.

Note that the most phosphates on the top strand show double conformation
(Liuet.al.,2012). f, Double conformation of phosphates for GgG, observed in
complex BARHL2-DNAT®, The distance between two phosphorous atoms is 3.7 A.
g, Structural alignment of two structures of BARHL2-DNAA€ at the resolutions
1.3 A (raspberry) and 0.95 A (green). The water molecules represented as small
spheres and coloured respectively to the complex. Note that the water molecules
intheinterface are very well conserved, particularly all 10 waters are conserved
inthe protein:DNA interface at the site of the variant dinucleotide, small light
blue ring presents the position of the variant dinucleotides in the structure

and the anel on the top right corner shows the close view of 10 conserved water
molecules.
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BARHL2 TAAAC

BARHL2 TAAAC UBX TGATT MEIS1 TGACA
HOXB1 TGATC EXD TTATG
HOXA9 TTACG Clawless TTAAT HOXB13 TTTA
Aristaless TAATT
d 278 282 285 289
BARHL2 RAKKPRKARTAFSDHQLNQLERSFERQKYLSVQODRMDLAAALNLTDTQVKTWYQNRRTKWKRQTAVGLELLAE
HOXB1 GLGSPSGLRTNFTTRQLTELEKEFHFNKYLSRARRVEIAATLELNETQVKIWFONRRMKOKKREREGG—————
HOXA9 HARSTRKKRCPYTKHQTLELEKEFLFNMYLTRDRRYEVARLLNLTERQVKIWFQNRRMKMKKINKD—————=—
BARHL?2 RAKKPRKARTAFSDHQOLNQL---ERSFERQKYLSVQDRMDLAAALNLTDTOVKTWYONRRTKWKROTAVGLELLAE
: TNGLRRRGRQTYTRYQTLE EKEFHT LSLTERQIKIWFONRRMKLKKET
EDX ————ARRKRRNFSKQASEILNEYFYSHLSNPYPSEEAKEELARKCGITVSQVSNWFGNKRIRYKKNI - ————————
Clawless ~MRTPPKRKKPRTSFTRIQVAELEKRFHKQKYLASAERAALARGLKMTDAQVKTWFONRRTKWRROQTAEEREAERQ
Aristaless --APKRKQRRYRTTFTSFQLEELEKAFSRTHYPDVFTREELAMKIGLTEARIQVWFQNRRAKWRKQEKV———————
BARHL2 RAKKPRKARTAFSDHQLNQLERSFERQKYLSVQDRMDLAAALNLTDTQVKTWYQONRRTKWKRQTAVGLELLAE
MEIS1 ——-AFPKVATNI-—-——— MRAWLFQHLTHPYPSEEQKKQLAQDTGLTILQVNNWFINARRRIVOPM—————————
KRPR VWFQNRRAKEKR
HOXB13 ~  ————— RKKRIPYSKGQLRELEREYAANKFITKDKRRKISAATSLSERQITIWFONRRVKEKKVLAKVK—————
e
223 278 282285 300
BARHL2 ESPPVRAKKPRKARTAFSDHQLNQLERSFERQKYLSVQDRMDLAAALNLTDTQVK TWYQNRRT KWKRQTAVGLELLAE
1. HOXB13 ESPPVRAKKPRKARTAFSDHQLNQLERSFERQKYLSVQDRMDLAAALNLTDTQVK IWYQNRRV KWKRQTAVGLELLAE
2. HOXA3 ESPPVRAKKPRKARTAFSDHQLNQLERSFERQKYLSVQDRMDLAAALNLTDTQVK IWYQONRRM KWKRQYAVGLELLAE
3. HMX3 ESPPVRAKKPRKARTAFSDHQLNQLERSFERQKYLSVQDRMDLAAALNLTDTQVK IWYQNRRN KWKRQYAVGLELLAE
4. MEOX2 ESPPVRAKKPRKARTAFSDHQLNQLERSFERQKYLSVQDRMDLAAALNLTDTQVK VWYQONRRM KWKRQTAVGLELLAE
5. ALX4 ESPPVRAKKPRKARTAFSDHQLNQLERSFERQKYLSVQDRMDLAAALNLTDTQVK VWYQNRRA KWKRQTAVGLELLAE
6. NKX12 ESPPVRAKKPRKARTAFSDHQLNQLERSFERQKYLSVQDRMDLAAALNLTDTQVK IWYQONRRT KWKRQTAVGLELLAE
7. DLX1 ESPPVRAKKPRKARTAFSDHQLNQLERSFERQKYLSVQDRMDLAAALNLTDTQVK IWYQNRRS KWKRQTAVGLELLAE
8. LBX1 ESPPVRAKKPRKARTAFSDHQLNQLERSFERQKYLSVQDRMDLAAALNLTDTQVK TWYQNRRA KWKRQTAVGLELLAE
9. EMX1 ESPPVRAKKPRKARTAFSDHQLNQLERSFERQKYLSVQDRMDLAAALNLTDTQVK VWYQNRRT KWKRQTAVGLELLAE
10.CDX1 ESPPVRAKKPRKARTAFSDHQLNQLERSFERQKYLSVQDRMDLAAALNLTDTQVK IWYQONRRA KWKRQTAVGLELLAE
11.NANOG ESPPVRAKKPRKARTAFSDHQLNQLERSFERQKYLSVQDRMDLAAALNLTDTQVK TWYQNRRM KWKRQTAVGLELLAE
12 .PKNOX1 ESPPVRAKKPRKARTAFSDHQLNQLERSFERQKYLSVQODRMDLAAALNLTDTQVK NWYQONRRR KWKRQTAVGLELLAE
13.SIX6 ESPPVRAKKPRKARTAFSDHQLNQLERSFERQKYLSVQDRMDLAAALNLTDTQVK NWYQONRRQ KWKRQTAVGLELLAE
14.PBX1 ESPPVRAKKPRKARTAFSDHQLNQLERSFERQKYLSVQODRMDLAAALNLTDTQVK NWYQONRRI KWKRQTAVGLELLAE
Extended Data Fig. 4 | Comparison of BARHL2-DNAstructure with the presented in (a-c). The recognition helix is highlighted in yellow, the recognizing
representatives of different homeobox TF families. Structural alignment residues colored red. The numbering on the top of the sequence corresponds
of BARHL2-DNA*C complex (green) with the complexes of anterior HOXB1- to BARHL2 numbering. e, The DNA-binding domain sequences of fourteen
DNA™*T (blue) and posterior HOXA9-DNAT™C (violet) a, Structural alignment of mutants designed to test the role of the threonine (Thr278 and Thr285) in the
BARHL2-DNA*C complex (green) with UBX-DNA" (pink), EXD-DNA”" (dark green),  DNA sequence recognition. In the BARHL2 DNA-binding domain sequence we
Clawless-DNA™AT (light green) and Aristaless-DNA™* (brown) b, Structural mutated the Thr278 and Thr285 to the corresponding residues of 14 different
alignment of BARHL2-DNA*C complex (green) with LHX4-DNA* (yellow), homeobox proteins. Thr278 and Thr285 are colored green in the original BARHL2
MEIS1-DNATAC (dark blue) and HOXB13-DNA"™'" (salmon) ¢, (All structures are sequence (on the top) and in the mutated sequences if they belong to the original
solvedin Taipale lab). The key residues ASN and ARG as well as the key bases T sequence of other homeobox protein. The mutations are colored red.

and Ainvolvedinbinding are labeled. d, Sequence alignment of the structures
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Extended Data Fig. 5| Assessment of convergence for the molecular
dynamics analysis of water mobility in the protein-DNA interfacial region.
(see main paper Fig. 3j). Data generated by applying the same methodology
independently to the first and second halves of each simulation. Absolute
numbers of predicted low-mobility waters are higher, due to the shorter sample
window, however there is no sign of systematic change in values between the

DNATT DNATT-AC
firstand second subsamples, and all trends between different molecular systems
are maintained. Data are presented as mean values +/- SEM. For DNA*¢and
DNA*“TT the sample size is 4 (dynamically independent copies of the protein-DNA
complex within the crystallographic unit cell), while similarly, for DNA™ and
DNATTC the sample size is 8.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Further analysis of interfacial water. a, Water molecules
in BARHL2-DNAAC (purple) and BARHL2-DNA™ (green) complex interfaces
involvedin stable, water-mediated hydrogen bond networks connecting
protein (gray) amino acids to DNA nucleotides. The waters (spheres) are colored
according to their solvent entropy. The number of water molecules in water-
bridge networks, as well as the average solvent entropy (S,,;) of these waters,
and their estimated total solvent entropy loss compared to bulk (S,) are shown
below. b, Solvent entropy distribution of all interfacial waters (solid lines) and
the solvent entropy distribution of waters involved in water mediated hydrogen
bonding (dashed lines). ¢, Conserved water positions (spheres) representing
low mobility water positions at the BARHL2-DNA interface that were also
observed in the crystallographic structures. The color of the waters indicates
their first order translational entropy in MD simulations. The total number

of observed crystallographic waters within 1 nm of the complex, the number
crystallographic waters at BARHL2-DNA interface, and the number of conserved
water positions in MD simulations are shown below. d, The distribution of the

translational solvent entropy of water molecules (solid lines) in the interface

of the BARHL2:DNA*“ and BARHL2-DNA' complexes. Occurrence of all (solid
lines) and conserved (dashed lines) interfacial waters with a given translational
entropy in MD simulations are shown. e, The fraction of conserved interfacial
waters in the crystal structures of the BARHL2-DNA* and BARHL2-DNA™
divided by all interfacial waters in MD simulations as the function of translational
entropy of water (from values in d). Translational entropy of crystallographic
interfacial water molecules were estimated from MD water with the nearest mean
position within 2 A. Top right: best achieved resolution of the respective crystal
structures. Note that low-mobility water positions can be more readily identified
from the electron density, but the identification of low mobility waters may be
limited by the crystallographic resolution. f, g, Changes in the number of stable
hydrogen bonds (f) and the number of waters participating in hydrogen bond
networks (g) as a function of a cutoff value (minimum fraction of time, hydrogen
bond networks exist between protein amino acids and DNA bases during MD
simulations).
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AC complex

Translational Solvent Entropy

10 MD waters
10 Crystal waters

Extended Data Fig. 7| Water molecules at BARHL2-variable dinucleotide
interface. DNA for the BARHL2-DNAA (purple) and BARHL2-DNA™ (dark
green) complexes are shown as cartoon representations for the backbone and the
variable base pairs as sticks. BARHL2 backbone (cartoon) and sidechains (sticks)
areshownin gray. The average position of water molecules at the dinucleotide

\ 115 J K''mol?

70 J K*mol?

Bulk water
84.5 ) K'mol?

6 MD waters

4 Crystal waters

interface in molecular dynamics (MD) simulations is shown as spheres colored
accordingto their estimated translational entropy. Crystallographic water
positions for the two BARHL2-DNA complexes are shown as light blue spheres.
The number of water molecules around the variable dinucleotides are shown
below theimage in black (MD) and blue (crystal structure) respectively.
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Extended Data Table 1| Hydrogen bond distances found in BARHL2-DNA complexes presented on Fig. 3 as dash-lines

T285 Ogl— | N2820d1 | N282Nd2 | T2780gl — | Dinucleotides — Water mol. —
water mol. — water —water water mol. water mol. (A) water mol.
A) mol. (A) | mol. (A) A) (A)
BARHL2:DNAAC | 1 2.7 1 27 - 4 28 Gi7IN7- 2 2.8 2-6 27
2 36 3 30 5 28 G706 - 6 2.8 6-9 28
Tis04 - 1 2.7 9-10 2.7
Tis02 - 7 29 10-5 27
AIN6- 3 3.0 3-8 29
AN7- 8 27 8-4 238
3-6 2.8
BARHL2:DNA™ | 1 2.7 1 28 - 1 35 TsO4 - 3 26 2-5 27
2 34 TsO2 - 4 3.6 5-3 29
AisN3 - 4 25
BARHL2:DNAAT 1 2.5 2 2.7 2 36 AN6 -2 3.0 -
1 30 TsO2 - 3 238
TisO2 - 3 28
TisO4 - 1 29
BARHL2:DNAT® 1 27 1 28 - - T,04 - 2 28 1-5 34
2 30 T,:04 - 3 33 5-3 29
Cs02 - 4 29 3-2 30
Gi7IN7 - 5 238
GiIN7 - 3 27
Gi7IN2 - 4 36
AisN3 - 4 27
BARHL2:DNA™ | 1 27 1 28 - 3 34 CsN4 - 2 31 1-4 27
2 29 AeN7 - 4 29 2-3 27
AeN6 - 1 33 3-8 27
AeN3 - 5 27 5-9 27
T,02 - 6 2.6 9-6 3.0
T,04 - 2 27 7-8 27
GsO6 - 7 2.7
GsN7 - 7 27
BARHL2:DNACT | 1 2.8 1 27 - 3 28 AsN7 - 8 26 6-4 26
2 238 CsN4 - 1 29 2-7 34
CsO2 - 4 27 2-5 29
G/06 - 2 27 3-5 21
GN7 - 5 27 8—7 25
TsO2 - 6 24 8—1 3.0
BARHL2:DNAS® | 1 28 1 33 - - CN4 1 3.0 -
BARHL2:DNA® | 1 34 1 38 - GisO6 1 3.1 -

The water molecules involved in the interactions are numbered in respect of Fig. 3. All distances are presented in Angstrom (A). The first colomn represents the H-bonds formed between the
oxygen atom Og1 of the side chain of Thr285 and the water molecules, the second column represents the H-bond formed between the oxygen atom Od1 of Asn282 and the water molecules,
the third colomn shows the H-bonds formed between the nitrogen atom Nd2 and the water molecules; the forth colomn represents the H-bonds formed between the oxygen atom Og1

of Thr278 and the water molecules; the fifth colomn presents the H-bonds formed between varied dinucleotide and the water molecules; the last colomn representes the bridges formed
between the water molecules.
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Crystal structures were deposited to the protein data bank (PDB) with accession codes: 7Z51 and 7Z5K for crystal structures of MYF5. The PDB code 1IMDY was used
for the Molecular replacement. The accession codes 8PMF, 8PMN, 8PMC, 8PMS5, 8PM7, 8PMV, 8PN4, 8PNA and 8PNC are for BARHL2 structures. The accession
code 3A01 was used for structure determination. The details are presented in Table 1. All sequence reads are deposited to the European Nucleotide Archive under
the accession number PRIEB65950. The DNA ligands used in the Temperature HT-SELEX experiments are presented in Extended Data Table 3. The details are
described in the Material& Method section.
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from one crystal of each complex. For mutational analysis 14 single and double mutants were designed, synthesized and added to the HT-
SELEX experiments.

Data exclusions  No data were excluded from the analysis

Replication The X-ray data were collected from a single crystals of each complex. The structure of BARHL2/DNAAC was solved at two different resolution
to be sure that the 0.95 A resolution structure is the same as the structure at 1.3 A resolution. The statistics of data collections and
refinements are presented in Table 1. The DNA motif data were obtained from the multiple cycles of SELEX experiments. A total of four SELEX
cycles were performed. The DNA ligands from 0, 3rd, and 4th SELEX cycles were sequenced. In the experiments with Temperature SELEX the
ligands from each cycle of four cycles and the input were sequenced and analyzed. The conclusions drawn were supported by all SELEX cycles
and/or replicates.

Randomization  No grouping was involved in the experiments - no randomization was conducted as a result.
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