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reduced binding. In a parallel experiment, 
replacing guanine by inosine kept the major 
groove intact and modified the minor groove. 
This substitution, in contrast, had no effect on 
binding. Confirming this observation, mutation  
of the Arg111 residue that was observed to 
form hydrogen bonds in the major groove 
abolished DMRT1 binding. On the basis of 
exome sequencing for a person with sex rever-
sal, Murphy et al.2 also associated the muta-
tion of Arg111 with gonadal dysgenesis. When 
taken together, the results strongly suggest that 
major-groove contacts are one key component 
for DMRT1 binding specificity.

resolution of the cocrystal structure merits 
future studies, the exposed binding geom-
etry has not been previously observed for any  
DNA-binding protein. The recognition helix 
of the third DMRT1 protein inserts into the 
major groove one helical turn away, so that all 
three α-helices bind DNA on the same side 
of the double helix through base readout in  
the major groove.

To validate the importance of these major-
groove contacts for the DNA binding specific-
ity of DMRT1, Murphy et al.2 replaced G-C 
base pairs by 2-aminopurine–uracil base 
pairs, which resulted in different patterns of 
functional groups in the major groove but not 
the minor groove. This substitution strongly 

The genes encoding the Doublesex (Dsx) 
and Male abnormal-3 (Mab-3)-related tran-
scription (DMRT) factors play a key part in 
the sexual development of metazoans. One 
member of this family of transcription factors 
in humans, DMRT1, regulates genes involved 
in sex determination by influencing gonadal 
differentiation and testis development1. 
Although DMRT1 has important biological 
functions, mechanistic understanding of how 
it binds DNA had been lacking. A new report 
by Murphy et al.2, in this issue, sheds light on 
the structural mechanisms used by DMRT1 to 
recognize its genomic target sites.

The DNA-binding motif (DM) domain 
of the closely related Drosophila Dsx pro-
tein had been previously characterized by 
NMR spectroscopy as a zinc-binding module  
consisting of two intertwined Zn2+-binding 
sites formed by α-helices, with the C-terminal 
tail forming an α-helix that functions as the 
DNA-recognition element3. Because chemi-
cal modifications in the major groove had 
been shown not to affect Dsx binding, the DM 
domain was previously thought to bind in only 
the minor groove. The degeneracy of base- 
specific contacts in the minor groove4, how-
ever, precluded an understanding of the  
DNA binding specificity of DMRT proteins.

The cocrystal structure of three DMRT1 
DM domains bound to DNA, reported now 
by Murphy et al.2, has solved this conun-
drum and has revealed a very unusual archi-
tecture of the quaternary complex (Fig. 1).  
DM domains of three DMRT1 proteins bind to 
DNA by inserting their C-terminal α-helices 
into the major groove and anchoring the 
zinc-binding module into the minor groove. 
Remarkably, two of the α-helices insert into the 
same region of the major groove, thus leading 
to an unusual deformation of that groove due 
to the spatial requirement of the two antipar-
allel α-helices. Although the relatively low  
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Figure 1   Cocrystal structure of the quaternary DMRT1–DNA complex. Three α-helices intrude into  
the major groove (base readout), two of them (purple and green) in the same region and the third 
α-helix (cyan) a helical turn away. The zinc-binding modules bind the minor groove (shape readout).  
In addition, protein-protein contacts are formed between the three DM domains (cooperativity). 
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Figure 2   Biophysics of minor-groove contacts 
in the DMRT1-DNA cocrystal structure. The 
negative electrostatic potential, derived from a 
Poisson-Boltzmann calculation under physiologic 
ionic conditions in the absence of the protein5 
and shown by a red mesh representing an 
isopotential surface at –5 kBT/e, attracts the 
positively charged Arg72 residues of DM  
domains B and C to the minor groove. 
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This result led to the hypothesis that the nar-
row minor groove in the 3′ flanking region would 
enable the formation of DMRT1 tetramers.  
The binding of the fourth C-terminal α-helix 
would probably widen the major groove in the 
region where, in the cocrystal structure, one 
recognition helix alone inserts into the major 
groove and thus narrows the minor groove 
in the 3′ flanking region. An intrinsic minor-
groove narrowing in this region might provide 
an initial anchoring point for the Arg72 residue 
of the fourth DMRT1 protein. Such narrow-
ing of the minor groove due to the sequence 
environment of putative binding sites in the 
genome would enhance its negative electro-
static potential and thereby probably stabilize 
tetramer formation.

The importance of DNA shape in regions 
flanking transcription factor–binding sites for 
binding specificity was previously shown10,11. 
Another recent study showed that DNA-
shape features of sequences derived from an 
improved ChIP-exo approach were indicative of  
transcription-factor binding preferences12.  
The finding by Murphy et al.2 that minor-
groove width correlates with binding stoichi-
ometry suggests an additional role of DNA 
shape in the formation of larger complexes. 
Thus, the modeling of transcription-factor 
binding13,14 should include the interplay 
between DNA-readout modes and cooperative 
binding. By combining knowledge derived from 
X-ray crystallography and ChIP-exo experi-
ments, the study by Murphy et al.2 also supports 
a recent review concluding that the integration 
of structural biology and genomics furthers  
the understanding of gene regulation15. 
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DMRT1 protein binds DNA led to complexes 
that moved more quickly through the gel, thus  
suggesting the exclusive formation of dimers.

The cocrystal structure of the DMRT1–DNA  
complex (Fig. 1) reveals how this form of 
modular cooperativity can be achieved. The 
α-helices of two neighboring DMRT1 pro-
teins that insert into the same region of the 
major groove interact extensively with each 
other. Hydrogen bonds between one of these 
DM domains and a third DMRT1 protein, 
which form between their recognition helices 
and zinc-binding modules, establish protein- 
protein interactions that enable the formation 
of higher-order complexes.

Using high-throughput DNA-shape analysis, 
Murphy et al.2 predicted minor-groove width 
patterns of sequences bound by DMRT1 in vivo.  
They grouped target sites derived from chro-
matin immunoprecipitation with exonuclease 
treatment (ChIP-exo) experiments9 by pre-
dicted minor-groove topographies. In one 
group, sites with asymmetric minor-groove 
width profiles showed unilateral narrowing 
in the 5′ flanking region. For these sites, the 
average minor-groove profile almost exactly 
reflected the DNA conformation observed in 
the crystal structure, and the ChIP-exo cross-
linking pattern indicated binding by dimers 
and trimers. In a second group, sites with sym-
metric minor-groove width profiles were char-
acterized by a bilateral narrowing in the 5′ and 
3′ flanking regions. The cross-linking pattern 
for these sites predicted binding by tetramers.

The mutation of a different arginine residue, 
Arg72, likewise substantially reduced bind-
ing. This residue of the zinc-binding module 
inserts deeply into the minor groove (Fig. 2). 
Whereas hydrogen bonds in the minor groove 
lack base-pair specificity4, basic side chains are 
attracted by the negative electrostatic poten-
tial in the minor groove5. This observation  
that DMRT1 uses an arginine as an electrostatic 
anchor provides biophysical evidence that 
sequence-dependent DNA-shape features 
probably contribute to the binding specifici-
ties of DMRT1 proteins. This form of shape 
readout has previously been observed for many 
other transcription factors6.

Apart from the unexpected DNA binding 
architecture, another key finding of the current 
study is that DRMT1 binds DNA in multimeric 
form, more specifically either as a dimer, trimer 
or tetramer (Fig. 3). Different modes of coop-
erativity were previously observed for other 
transcription factors7,8 but not for DMRT1. 
DNase I–hypersensitivity profiles revealed that 
DMRT1-footprint size depended on the DNA 
sequence of the putative binding sites and their 
flanking regions. Whereas the cocrystal structure 
included a DMRT1 trimer, gel shift experiments 
indicated the formation of dimers and trimers 
within the same sequence context. Complexes 
that included sites with larger DNase I  
footprints migrated more slowly through the 
gel, thus indicating the additional formation  
of tetramers. Further changes to the DNA 
sequence within the region where the third 

Figure 3   Schematic representation of DMRT1-DNA binding stoichiometry in the genome. Depending 
on the DNA sequence-and-shape characteristics of putative binding sites, DMRT1 was found to bind 
DNA both in vitro and in vivo as a dimer (A–B), trimer (A–B–C) or tetramer (A–B–C–D).
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