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ABSTRACT 
Male sex determination in mammals is initiated by 
SRY, a Y-encoded architectural transcription factor. 
The protein contains a high-mobility-group (HMG) 
box that mediates sequence-specific DNA bending. 
Mutations in SRY causing XY gonadal dysgenesis 
(Swyer syndrome) cluster in the box. Although such 
mutations usually arise de novo in spermatogenesis, 
some are inherited: male development occurs in one 
genetic background (the father) but not another (the 
sterile XY daughter). Here, we compare de novo and 
inherited mutations at an invariant Tyr adjoining the 
motif’s basic tail (consensus position 72; Y127C and 
Y127F in intact SRY). Crystal structures of 
homologous SOX-DNA complexes suggest that the 
wild-type side chain’s para-OH group anchors a 
water-mediated hydrogen bond to the DNA 
backbone. In an embryonic gonadal cell line, Y127C 
(de novo) led to accelerated proteasomal proteolysis 
and blocked transcriptional activity; activity 
remained low on rescue of expression by chemical 
proteasome inhibition. Y127F (inherited) preserved 
substantial transcriptional activity: 91(±11)% on 
SRY overexpression and 65(±17)% at physiological 
expression. Control studies indicated no change in 
protein lifetime or nuclear localization. Only subtle 
biophysical perturbations were observed in vitro. 
Although though inherited variant’s specific DNA 
affinity was only twofold lower than wild type, 
stopped-flow kinetic analysis revealed a sevenfold 
decrease in lifetime of the complex. Time-resolved 
fluorescence energy transfer (using a 15-base pair 
DNA site) demonstrated native mean DNA bending 
but with a slightly widened distribution of end-to-end 
DNA distances. Our findings highlight the 
contribution of a single water-mediated hydrogen 
bond to robustness of a genetic switch in human 
development. 

     The male phenotype in eutherian mammals is 
determined by Sry (1), an architectural transcription 
factor encoded by the Y chromosome (2). SRY contains 
a central high-mobility-group (HMG) box (Fig. 1), a 
conserved motif of specific DNA binding and DNA 
bending (3). This signature domain (dark blue in Fig. 
1A) and its basic tail (light blue) are conserved among 
an extensive family of SRY-related transcription factors 
(SRY-related HMG box; SOX) broadly involved in 
development. The discovery of clinical mutations in 
SRY leading to 46, XY gonadal dysgenesis with female 
somatic phenotype (Swyer Syndrome) has provided 
evidence in support of SRY’s function in human testis 
determination (4,5). Such mutations cluster in the HMG 
box and usually occur de novo in paternal 
spermatogenesis (6,7).  
     How SRY initiates testicular differentiation of the 
bipotential gonad has been investigated in mouse 
models (8). Murine Sry is expressed in the pre-Sertoli 
cells of the differentiating gonadal ridge; the protein 
binds to specific regulatory DNA sites within testis-
specific enhancers (TES and Enh13) upstream of Sox9, 
an autosomal gene broadly conserved among vertebrate 
sex-determining pathways (9-11). Sox9 is itself a 
transcription factor, activating a male-specific gene-
regulatory network (GRN) in the fetal gonadal ridge 
(10,11): this regulatory axis orchestrates programs of 
cell-cell communication, migration and differentiation 
leading to testis formation (12,13). Endocrine functions 
of the fetal testis then direct regression of the female 
anlägen (via secretion of glycohormone Muellerian 
Inhibiting Substance [MIS/AMH] (14,15)), and somatic 
virilization (via secretion of testosterone; (16)). 
Mutations at successive levels of this pathway are 
broadly associated with disorders of sexual 
development (DSD) (17,18).  
     Comparative studies of Swyer variants in SRY have 
demonstrated a range of biochemical and biophysical 
perturbations (19-23). Sporadic mutations in SRY are 
typically associated with marked impairment of specific 
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DNA binding (24-27) whereas inherited mutations 
exhibit more subtle perturbations (28). The latter are by 
definition compatible with alternative developmental 
outcomes: testicular differentiation leading to 
virilization (fertile 46, XY father) or nascent ovarian 
differentiation leading to gonadal dysgenesis (sterile 46, 
XY daughter) (4,6,29-31). Inherited mutations in SRY 
thus provide “experiments of nature” that define 
mechanistic boundaries of genetic function. These 
boundaries may pertain to SRY’s specific DNA-binding 
properties (28) or to other cellular processes (32), such 
as nucleocytoplasmic shuttling (33), post-translational 
modification or proteasomal degradation (34).  
     The HMG box is an L-shaped domain containing an 
N-terminal β-strand (consensus residues 1-11), three α-
helices (α1, α2 and α3) and a basic tail (Fig. 1B and C) 
(35). Packing of the β-strand against the C-terminal 
segment of α3 defines the minor wing in the HMG box, 
whereas α1, α2 and the N-terminal portion of α3 
comprise the major wing. Unlike structure-specific 
homologs (such as the boxes of HMG-1 and HMG-D, 
well ordered in the absence of DNA (36,37), the minor 
wing of the SRY domain is partly disordered: its N-and 
C-terminal strands are unfolded, and the major wing is 
molten (38,39). Specific DNA binding within an 
expanded minor groove stabilizes the canonical L-
shaped structure (40). The sequence-specific protein-
DNA interface is remarkable for “wedge insertion” of 
nonpolar side chains in addition to canonical hydrogen 
bonds and salt bridges (41). Specific contacts in the 
SRY-DNA complex are conserved within the ancestral 
SOX family of eukaryotic transcription factors (42). 
The SOX-DNA interface is extended by a C-terminal 
basic tail (blue in Fig. 1A; (21,22)), which augments the 
kinetic stability of the bent complex (23). 
     The present study has focused on two clinical 
mutations at a conserved site at the junction between 
helix α3 and the basic tail: box position 72 (4,29,43,44). 
One mutation (Y127C in intact human SRY) occurred 
de novo (45) whereas the other (Y127F) was inherited 
(31). The wild-type (WT) side chain is of dual structural 
interest. On the one hand, one face of the aromatic side 
chain buttresses a DNA-binding surface of the protein 
(Fig. 1B and 2A; (21,28)) via a cluster of aromatic 
residues engaging V60 (box position 5): H120, Y124, 
and Y127 (respective box positions 65, 69 and 72). On 
the other hand, the para-OH group of Y127 faces the 
DNA phosphodiester backbone but too far for direct 
engagement (6.7 Å from the phenolic oxygen to the 
nearest non-bridging oxygen atom). Whereas Y127C 
would be expected to perturb the aromatic cluster—in 
turn leading to transmitted perturbations of its overlying 
DNA-binding surface—how and to what extent Y127F 
impairs SRY function has remained enigmatic.     

A previous study has reported that Y172F blocks 
detectable binding of the SRY HMG box to a specific 
DNA site (31). If valid, this finding poses a paradox: 
whereas blocked DNA binding could rationalize the 
phenotype of the XY daughter, what of the fertile 
father? Indeed, inheritance of this variant allele implies 
that Y127F SRY is compatible with alternative 
developmental outcomes: fertile father or sterile 
daughter. To resolve this seeming paradox, we 
undertook comparative cell-based and biophysical 
studies of Y127C and Y127F SRY. Whereas the de 
novo mutation markedly impairs SRY function, effects 
of Y127F are modest: substantial gene-regulatory 
function is retained in accordance with its inheritance.  
Only subtle biophysical differences were observed, 
relative to the WT complex, by 1H-NMR and time-
resolved fluorescence energy resonance transfer (tr-
FRET). Molecular modeling based on homologous 
SOX-DNA crystal structures (46,47)  suggests that the 
para-OH group of the conserved Tyr anchors a water 
molecule at the protein-DNA interface. We envision 
that loss of this single water-mediated hydrogen bond 
“unlocks” the bent protein-DNA complex and 
attenuates the male switch to the edge of ambiguity.  
       

RESULTS 
 

     An immortalized embryonic pre-Sertoli cell line 
(rodent XY cell line CH34 (20,48)) was employed in 
transient-transfection assays to probe SRY-directed 
transcriptional activation of SRY’s principal target gene, 
Sox9, in its native chromosomal context (28). Employing 
quantitative reverse-transcriptase PCR (qPCR), this assay 
measured time-dependent accumulation of mRNAs 
encoded by downstream genes in the SRY-Sox9 GRN 
(49) following transient transfection of WT or mutant SRY 
constructs. Level of expression of the transfected SRYs 
were made high (overexpression; >106 protein molecules 
per cell) or low (physiological expression; 103-104 
molecules per cell) by an empty-plasmid dilution protocol 
(33).   
     Transcriptional activities and stabilities of SRY 
variants—CH34 cells were transiently transfected with 
WT or variant SRY-encoded plasmids. Transfection 
efficiency was 42(±1)% as monitored by control co-
transfection of a plasmid encoding green fluorescent 
protein (GFP). Transient transfection of WT SRY under 
standard conditions (1 µg plasmid DNA/well) augmented 
expression of Sox9 by eightfold relative to the empty 
vector (black bar in Fig. 2A). Extent of transcriptional 
activation decreased on successive dilution of the SRY-
encoded plasmid by the empty vector (a protocol that 
maintains constant total transfected DNA) to a final 
dilution of 0.02 µg SRY plasmid and 0.98 µg empty 
vector per well (50-fold dilution; white bar in Fig. 2A). 
Such fiftyfold dilution, typically yielding ca. 104 protein 
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molecules per cell in the absence of changes in rate of 
proteasomal degradation, provided a control for potential 
artifacts well known to be associated with transcription-
factor overexpression. 

Initial investigation of the two variant SRYs (Y127F 
and Y127C) demonstrated that (i) Y127C markedly 
impaired transcriptional activity at each dilution whereas 
(ii) Y127F SRY exhibited native activity when 
overexpressed but partial loss of function on dilution (Fig. 
2B). Remarkably, at the highest dilution (50-fold; white 
bars in Fig. 2A) Y127F was associated with 
approximately twofold loss of Sox9 activation relative to 
WT SRY (Fig. 2B; 50X, 60X, and 75X). To investigate 
SRY-enhancer interactions, we employed chromatin 
immunoprecipitation (ChIP) to probe the testis-specific 
enhancers of Sox9. Initial studies focused on TESCO sites 
(10). Control studies of inactive I68A SRY (with Ala-
shaved “cantilever” (50)) provided a baseline for 
complete loss of specific DNA binding (right in Fig. 2C). 
Whereas on overexpression of the proteins (i.e., without 
plasmid dilution) enhancer occupancies by WT and 
Y127F SRY  were statistically indistinguishable (black 
bar in Fig. 2C), at a physiologic expression level the 
variant’s ChIP band intensities were reduced to ca. half of 
WT (Fig. 2C; white bar). By contrast, Y127C led to a 
marked decreased in enhancer occupancy under either 
transfection condition. Similar results were obtained in 
studies of a critical far-upstream enhancer region (Enh13; 
(11)) as shown in Supplemental Figure S1.  

Although Sox9 is the principal direct target of SRY 
(Fig. 3A, boxed in red), additional qPCR assays were 
undertaken to investigate a downstream GRN (activated 
by the Sox9 protein sequential to or in synergy with SRY); 
the studies were designed based on prior in situ 
transcriptional profiling of the XY gonadal ridge (51). 
Whereas transient expression of SRY did not affect 
mRNA accumulation of non-sex-related Sox genes and 
unrelated housekeeping genes (Fig. 3B), specific up-
regulation of Sox9, prostaglandin D2 synthetase (Ptgd2) 
and fibroblast growth factor 9 (Fgf9) was observed in 
accord with their known roles in testicular differentiation 
(Fig. 3; (52)). No such changes in mRNA accumulation 
were observed on transient transfection of an empty 
plasmid or a control plasmid expressing a stable SRY 
variant devoid of specific DNA-binding activity (I68A as 
above; (50)).  

To characterize potential mechanisms, we further 
probed the proteolytic stabilities and subcellular 
localization of the WT and mutant proteins. Cellular 
turnover of the expressed epitope-tagged SRY proteins 
(transfected without dilution) was evaluated following 
treatment of cycloheximide, a chemical inhibitor of 
translation (Fig. 2D). Comparison of anti-hemagglutinin 
(Hal the epitope tag) Western-blot intensities 
demonstrated that the Y127C variant is more susceptible 
to degradation than is WT or Y127F SRY (Fig. 2D). Such 

differential degradation could be circumvented through 
addition of chemical proteasome-inhibitor MG132 to 
equalize expression levels (not shown).  
     Nucleocytoplasmic localization of SRY variants—
Subcellular localization was investigated using 
immunofluorescence microscopy (Fig. 4). To achieve 
statistical significance, 700 cells were counted in each 
case (performed in triplicate by blinded coworkers). 
Representative images are shown in Figure 4A (SRY; 
lower panel) in relation to corresponding nuclear staining 
of the same cells with 4',6-diamidino-2-phenylindole 
(DAPI; upper panel). WT SRY and the Y127F variant 
exhibited similar subcellular distributions (Fig. 4B). 
Whereas Y127C without any additional treatment 
exhibited dramatic loss in both nuclear and pancellular 
staining (gray and white bars in Fig. 4B), rescue of its 
expression with native nuclear localization was achieved 
by treatment of proteasome inhibitor MG132 for 24 h 
post-transfection in serum-rich medium (“+MG132” at 
right in Fig. 4B). Evidently, these substitutions near a 
conserved nuclear localization signal (NLS; Fig. 4C) does 
not impair its import efficiency. Notably, addition of 
MG132 does not rescue the transcription potency of 
Y127C SRY (Fig. 4D). This result indicates that near-
complete loss of Y127C SRY function is intrinsic to its 
perturbed structure and is not secondary to accelerated 
degradation of an otherwise active variant (34).     

Yeast-1-Hybrid Screening—Specific DNA binding by 
the Y127C and Y127F variant SRY domains was studied 
in a yeast-one-hybrid (Y1H) model system. An integrated 
reporter cassette (constructed to express β-galactosidase 
under the control of triplicate consensus SRY-binding 
sites) was employed. Expression of the reporter was 
regulated by a plasmid-encoded fusion protein containing 
the transcriptional activation domain of Gal4-linked to the 
WT HMG box or a variant. Whereas previous gel-
mobility-shift assays (GMSA) of Y72F- and Y72C SRY 
(31,45) had shown no detectable specific DNA binding in 
either case, in the Y1H system the Y72F fusion protein 
gave rise to native transcriptional activity (Fig. 5A; red). 
By contrast, the Y72C fusion protein exhibited a marked 
loss of transcriptional activity (Fig. 5A; gray). These 
findings strongly suggested that specific DNA-binding 
activity was markedly impaired by Y72C but not by 
Y72F; due to overexpression of the fusion proteins in the 
yeast strain, small decrements in the specific DNA-
binding affinity of the latter variant could not be excluded 
by these results.   
     Fluorescence studies of specific DNA binding and 
DNA bending—In the absence of DNA, the stabilities of 
the WT and mutant HMG boxes are similar as probed by 
chemical denaturation studies (Fig. 5B and Table 1). The 
stability of the protein-DNA complex was further 
investigated by circular dichroism (CD; Fig. 5C). 
Ultraviolet CD spectra of equimolar protein-DNA 
complexes were acquired at successive temperatures (in 
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the range 4-91 oC). Midpoint melting temperatures (Tm) 
were derived from analysis of ellipticity at helix-sensitive 
wavelength 222 nm. The apparent thermal stability of the 
Y127F complex (red in Fig. 5C; Tm 50 oC) was lower than 
that of the  WT complex (black; ca. 63 oC) as summarized 
in Table 1. This decrement may in part reflect reduced 
protein-DNA affinity (below). Y72F thus affects the 
stability of the protein–DNA complex but not the free 
domain.  
     Specific protein-DNA dissociation constants (KD) 
were determined by an equilibrium method exploiting 
fluorescence resonance energy transfer (FRET) as 
previously described (28). The 15-base pair (bp) 
donor/acceptor-labeled DNA duplex containing the SRY 
consensus target site (5’-ATTGTT and complement)  was 
held a constant concentration (25 nM), and energy 
transfer from the donor fluorophore (fluorescein) to the 
acceptor (tetramethylrhodamine; TAMRA) was measured 
at increasing protein concentrations; the assays were 
performed at both 15 and 37 oC. As shown in Table 1, the 
KD for the WT HMG box does not change significantly 
between 15 and 37 oC (ca. 14-15 nM). The dissociation 
constant of the Y127F domain was weakened by 1.5-fold 
at 15 oC (KD 22 nM) and 2.8-fold at 37 oC (KD 40 nM;  
Fig. 5E, F and Table 1). 
     The same FRET-labeled DNA duplex enabled 
measurement of off-rate constants (koff) using a stopped 
flow kinetic FRET assay (23). An equimolar complex of 
protein bound to a fluorescently labeled DNA site was 
loaded into a syringe; a second syringe contained the 
corresponding unlabeled DNA duplex at 20-fold excess. 
Upon rapid mixing, the recovery of donor fluorophore 
was monitored as protein redistributes from the FRET-
labeled DNA site to the excess unmodified DNA site in 
the mixing chamber. Representative data and its analysis 
are shown in Figure 5D. The results demonstrate that the 
Y127F domain more rapidly dissociates from the specific 
DNA site than does the WT domain. This assay was 
performed at temperatures 6, 15, 25 and 37 oC (Table 2). 
At each temperature the variant domain’s off-rate was 
greater than the WT domain’s off-rate. Because KD = 
koff/kon, these data imply that the on-rate of the variant 
domain is also greater than that of the WT domain 
(although to a less extent).  
     Protein-directed DNA bending was investigated by 
time-resolved FRET (tr-FRET). In tr-FRET fluorescence 
decay of the donor was measured on a subnanosecond 
time scale; measurements using single-labeled DNA sites 
(donor only), double-labeled DNA sites (donor and 
acceptor) enable calculation of end-to-end distance 
distributions. The decay rates are similar for the WT and 
Y127F domain-DNA complexes (Fig. 5G, black and red, 
respectively); controls are shown in green (donor only) 
and blue (double-labeled dsDNA free). Global fitting of 
the decay curves yielded the mean end-to-end distances 
and distance distribution (Fig. 5H and Table 3). Although 

the inferred means were similar for the Y72F (red in Fig. 
5H) and WT (black) complexes (in accordance with 
steady-state FRET; above), the mutation is associated 
with a small increase in the width of the distance 
distribution. Such broadening implies that a greater range 
of DNA bend angles and/or a greater range of DNA 
unwinding occurs in the variant complex relative to WT.  

 
                            DISCUSSION 
 
The interaction between the SRY HMG box and its 

specific DNA target site (core consensus sequence 5’-
ATTGTT and complement) is remarkable for 
bidirectional induced fit: (i) protein-directed DNA 
bending in association with a widened and underwound 
minor groove; and (ii) DNA-directed folding of the minor 
wing of the HMG box in association with stabilization of 
the major wing and docking of the basic tail (21,22). In 
the free box, the N-terminal segment detaches from helix 
α3; the tail is disordered. The minor wing’s mini-core 
stabilizes—and is stabilized by—an overlying protein-
DNA interface. Critical to such bidirectional induced fit 
is insertion of the isopropryl side chain of Val60 (box 
position 5) into a cluster of aromatic side chains: His120, 
Tyr124 and Tyr127 (respective box positions 65, 69 and 
72; Fig. 6A). Paired proline residues C-terminal to α3 
orient Tyr74 and successive basic residues to further 
stabilize the bent DNA complex. Mutations in these 
structural elements (variously perturbing mini-core 
packing, tail orientation or direct side chain/DNA 
contacts) result in gonadal dysgenesis and somatic sex 
reversal (28,31,53).  
     The present study has focused on two clinical 
mutations at residue 127 of human SRY (consensus box 
position 72), conserved as Tyr among mammalian Sry- 
and Sox domains (54). The first is Y127C. This de novo 
mutation presumably impairs specific DNA-dependent 
folding of the minor wing through three potential 
mechanisms: loss of side-chain volume leading to a 
destabilizing cavity (55), loss of favorable aromatic-
aromatic interactions (56) and/or steric class at the side 
chain’s γ-position due to the larger atomic radius of sulfur 
versus carbon (57) (Fig. 6B-D). Y1H reporter assays 
suggested a marked loss of specific DNA-binding 
activity. In embryonic rat pre-Sertoli cells Y127C SRY 
underwent accelerated proteasomal degradation. 
Restoration of native protein expression by proteasome 
inhibitor MG132 did not rescue transcriptional activity (as 
monitored via autosomal target gene Sox9).  
     Y127C SRY is both abnormally susceptible to 
proteasomal degradation and intrinsically defective to 
transcriptional activity. Together with the Y1H results, 
these observations suggest that Y127C-associated 
impairment of specific DNA-dependent folding of the 
variant minor wing blocks SRY’s functional engagement 
at testis-specific target sites. It would be of future interest 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 5, 2021. ; https://doi.org/10.1101/2021.05.05.442830doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.05.442830


5 
 

to survey the specific enhancer-binding properties (in 
cells) and specific DNA-binding properties (in vitro) of 
variant SRYs containing a diverse collection of 
substitutions at position 127. Our Y1H assay suggested 
that Trp127 would exhibit substantial activity (in 
accordance with occurrence of Trp at this site in SOX30; 
Fig. S2 (58)) but that Ala and His (not observed among 
mammalian Sry sequences or vertebrate Sox sequences 
(59)) would be almost as deleterious as Cys 
(Supplemental Fig. S2).          
     We chose to investigate in detail the biophysical 
properties and cellular function of inherited variant 
Y127F because of (a) its chemical subtlety and (b) a 
seeming paradox: whereas its inheritance demonstrates 
compatibility in principle with male development (in the 
proband’s father), a previous study reported no detectable 
specific DNA-binding activity (31). Such a 
developmental outcome suggests either (i) that the father 
exhibited WT germ-line mosaicism; (ii) that the SRY 
defect could be compensated or bypassed depending on 
genetic background or (iii) that the variant SRY gains a 
non-DNA-mediated function to effect male gene 
regulation. Although cryptic mosaicism cannot be 
excluded, the latter two suppositions seemed likely. 
Because the original report relied on the gel mobility-shift 
assay (GMSA)—susceptible to kinetic artifacts—we 
hypothesized that kinetic instability of the variant protein-
DNA complex, if present, could have attenuated the 
shifted band as a known limitation of GMSA (23). In 
brief, because GMSA is not an equilibrium method, an 
accelerated rate of dissociation can lead to a diffuse or 
undetectable shifted band. In such cases GMSA data can 
underestimate the degree of residual DNA affinity (60).  
     Our biochemical and biophysical reassessment was 
further motivated by the substantial biological activity of 
Y127F SRY in an embryonic rat pre-Sertoli cell line (48). 
Indeed, under standard transfection conditions its 
transcriptional activation of endogenous target gene Sox9 
was indistinguishable from that of WT SRY (“1X” 
conditions in Fig. 2A). Reduction in expression levels into 
the physiological range uncovered a near-twofold 
attenuation of Sox9 activation (“50X” conditions) in 
accordance with previous studies of diverse inherited 
Swyer alleles (28,33,34). This twofold transcriptional 
threshold is independent of the molecular or cellular 
mechanism of impairment (61). The substantial potency 
of Y127F SRY (consistent with that of other inherited 
alleles) indicates that cryptic mosaicism in the germ line 
need not be invoked to rationalize the phenotype of the 
proband’s father.        
     Equilibrium FRET-based measurement of specific 
DNA affinities demonstrated that Y72F impairs binding 
by only threefold at 37 oC. Stopped-flow kinetic studies 
nonetheless uncovered a sevenfold acceleration in off rate 
relative to dissociation of the WT complex. Together, 
these findings indicate that Y72F enhances the rate of 

binding by 2.5-fold (kon), which provides a partial kinetic 
compensation for the accelerated off rate (koff) to mitigate 
the net change in affinity (KD). DNA bend angles was 
provided by time-resolved FRET studies: the 15-bp DNA 
probe contained a fluorescent donor at one 5’-end 
(fluorescein) and an acceptor at the other 5’-end 
(TAMRA) as previously described (23). Whereas the 
variant’s mean reduction in end-to-end DNA distance was 
similar to that in the WT complex, the width of distances 
was subtly increased (Fig. 5H). It would be of future 
interest to obtain high-resolution crystal structures of the 
WT and variant domain-DNA complexes to gain insight 
into the structural origins of such tr-FRET findings.  
     We imagine that the para-OH group of Tyr127 
functions in some way to enhance specific DNA binding 
and in particular to “lock” the complex. This lock has a 
kinetic aspect (retarding protein-DNA dissociation) and a 
dynamic aspect (enhancing the precision of DNA 
bending). The long-range kinetic and dynamic impact of 
a single functional group seems remarkable: how might 
this arise? We speculate that this Y127 para-OH group 
serves as an anchor point for a bound water molecule that 
bridges the protein and DNA surfaces. Although bound 
water molecules were not sought or identified in the NMR 
structure of the SRY box-DNA complex (21,22), an 
homologous protein-DNA co-crystal structure 
(containing the Sox2 HMG box) exhibits exactly such a 
bridging water molecule (Fig. 7; (46)). The minor wing 
and mini-core of the Sox2 HMG box are otherwise similar 
to those of the SRY domain. A corresponding water-
mediated hydrogen bond also appears in the SOX18 co-
crystal structure (62). 
     Concluding remarks—Tyr and Phe differ only by the 
presence or absence of a para-OH group in corresponding 
aromatic rings. Our results demonstrate that the 
robustness of a human genetic switch can hinge on the 
presence of this hydroxyl group, which is solvent-exposed 
but not in direct contact with DNA. We propose that 
Tyr127 in human SRY (box position 72) has a dual 
function: first, to seal and stabilize the mini-core of the 
minor wing of the HMG box on specific DNA binding. 
Next, induced fit of the minor wing positions its para-OH 
at a favorable distance and orientation to enable a bound 
water molecule to contact a non-bridging oxygen atom in 
a phosphodiester DNA backbone. We envision that this 
bound water molecule, likely part of a solvation network 
at this interface, locks the bent protein-DNA complex to 
prolong its kinetic lifetime, augment its affinity and 
enhance its precision of DNA bending. Together, these 
favorable biophysical contributions enable WT SRY to 
cross the transcriptional threshold of testis determination. 
As foreshadowed by studies of the prokaryotic Trp 
repressor more than thirty years ago (63), bound water 
molecules can be critical elements in protein-DNA 
recognition. That loss of a single Tyr-anchored water 
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molecule from the SRY-DNA interface can render human 
sex determination ambiguous seems remarkable. 
 

EXPERIMENTAL PROCEDURES 
 

Plasmids—Mammalian vector pCMX with the CMV 
promoter expressing full-length SRY variants 
containing a triplicate hemagglutinin (HA) tag were 
constructed as previously described (28). Bacterial 
plasmids expressing human SRY HMG boxes were 
constructed as described (28). For yeast-1-hybrid 
system, DNA encoding the human SRY HMG box was 
subcloned into plasmid pGAD-T7 to express fusion 
proteins following an N-terminal nuclear localization 
signal (NLS), central activation domain (AD) derived 
from GAL4, and C-terminal SRY fragment (28). 
Mutations in SRY were introduced using 
QuikChangeTM (Stratagene). Constructions were 
verified by DNA sequencing. 

Y1H screening—Oligonucleotides containing the 
SRY triplicate consensus binding sites within the 
plasmid pLacZi (bold; 5’-
AATTCGCAATTGTTATTGTTATTGTT-3’) were 
constructed as described (28), and this site lies upstream 
of lacZ encoding β-galactosidase. Reporter strains 
bearing integrated SRY target or non-target sites were 
tested as described (28). Colonies were grown in 
minimal medium under selection. Extent of SRY-
dependent expression of β-galactosidase was evaluated 
by quantitative assay of enzyme activity in liquid 
culture using ortho-nitrophenyl-β-galactoside (ONPG) 
as described by the vendor (Clontech Laboratories, Inc).  

Mammalian Cell Culture—Rodent preSertoli-cell 
line, CH34, kindly provided by T. R. Clarke and P. K. 
Donahoe (Massachusetts General Hospital, Boston, 
MA (20)), was employed for studies of SRY-regulation 
gene regulatory network. Cells were cultured in 
Dulbecco’s modified Eagle medium containing 5% 
heat-inactivated fetal bovine serum at 37 oC under 5% 
CO2. In studies using proteasome-inhibitor, transfected 
cells were maintained for 24 h in serum-free conditions 
and then treated with MG132 for 6 h followed by 18 h 
incubation in 5% serum-containing medium. 

Transient Transfection—Transfections were 
performed using Fugene HD (Hoffmann LaRoche) with 
protocols from vendor. Transfection efficiencies were 
determined by the co-transfection with pCMX-SRY and 
pCMX-GFP in equal amounts. Expression of the 
epitope-tagged SRY was monitored by Western blot. 
The epitope tag was provided by hemagglutinin (HA).  

Cycloheximide-chase assay—Post transfection cells 
were split evenly into 6-well plates and treated with 
translation inhibitor cycloheximide (final concentration 
is 20 mg/mL) in the regular medium for indicated times; 
cells were then lysed using mammalian lysis buffer 

(Hoffmann LaRoche). After normalization of total 
protein concentration, lysates were subjected to 12% 
SDS-PAGE and Western blot using anti-HA antiserum 
(Sigma-Aldrich) at a dilution ratio of 1:5000 with α-
tubulin as a loading control. Quantification was 
performed by Image J program. 

Sox9 activation and downstream gene regulatory 
network—SRY-mediated transcriptional activation of 
Sox9 and other endogenous CH34 genes was measured 
in triplicate by quantitative real-time-quantitative-
rtPCR (qPCR) as described (28). Cellular RNA was 
extracted using RNeasy (Qiagen). 

Immunocytochemistry—Transfected cells were 
plated evenly on 12-mm cover slips, fixed with 3% 
para-formaldehyde in phosphate-buffered saline (PBS) 
and then treated with permeability buffer solution (PBS 
containing 10% goat serum and 1% Triton X-100; 
Sigma-Aldrich). SRY variants were probed using 
FITC-conjugated anti-HA antibody (Santa Cruz). cells 
were visualized by fluorescent microscopy; DAPI 
stained the nucleus. Nuclear localization was evaluated 
by the ratio of cells expressing SRY in the nucleus to 
the total number of GFP-positive cells. 

Chromatin immunoprecipitation—Cells were 
transfected with SRY variants and cross-linked in wells 
by formaldehyde, collected, and lysed after quenching 
the cross-linking reaction. Chromatin lysates were 
sonicated for generating 300-400-bp fragments which 
were immunoprecipitated using anti-HA antiserum 
(Sigma-Aldrich) coupled with Protein A slurry (Santa 
Cruz). Non-specific antiserum (Santa Cruz) served as 
control. After reversal of cross-linking, fragments were 
treated with proteinase K and RNase (Hoffmann 
LaRoche), followed by extraction using 1:1 phenol-
CIAA solution. PCR protocol was provided by the 
vender (Hoffmann LaRoche). 

Fluorescence and Circular Dichroism 
spectroscopy—Stability of the free domain was 
determined using fluorescence spectroscopy and 
monitoring the Trp emission wavelength 390nm. Free 
protein domains were made 5uM in Buffer A (10mM 
potassium phosphate buffer pH 7.4 and 140 mM KCl). 
For guanidine titration, 5 µM protein was made with 
same buffer components but dissolved in 8 M guanidine 
hydrochloride. Protein-DNA complex melting 
temperature (Tm) were measured by CD at α-helical 
wavelength 222 nm. Protein-DNA complexes were 
made in Buffer A at 25 µM and data collected from 4-
95 oC. 

FRET based assays—A 15-base pair (bp) DNA 
duplex was fluorescently modified at the 5’-end of each 
strand to contain either: fluorescein (donor) or 
tetramethylrhodamine (TAMRA; acceptor). Kinetic off 
rates (koff) were determined using stopped-flow FRET 
wherein a solution containing an equimolar labeled-
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DNA and protein was rapidly mixed with a solution 
containing an unmodified 15-bp DNA target. Donor 
emission was monitored at 520 nm, and off-rate 
constants determined using a single-exponential decay 
model. Specific DNA binding (KD) was determined 
using a constant concentration of modified DNA (25 
nM) with increasing concentrations of the proteins. The 
change in the FRET signals with increasing protein 
concentration were plotted and fit as described (23). 

Time-resolved FRET assays—In house-built system 
at Bar Ilan University employs time-correlated single-
photon counting as described (64). Emission 
wavelength was selected by a double 0.125m 
subtractive monochromator. The donor emission was 
collected at 520 nm. Distance distributions were 
obtained from global analysis of experimental decay 
curves using Marquardt non-linear least squares (65). 
Measurements were conducted in triplicate.  
 
 
Abbreviations. Bp, base pair; CD, circular dichroism; 
ChIP, chromatin immunoprecipitation; FRET, 
fluorescence-resonance energy transfer; GMSA, gel 
mobility-shift assay; GFP, green fluorescent protein; 
GuHC, guanidine hydrochloride; HA, hemagglutinin; 
PCR, polymerase chain reaction; TAMRA, 
tetramethylrhodamine; tr-FRET, time-resolved FRET; 
WT, wild-type; and Y1H, yeast-one-hybrid. Amino acids 
are designated by standard one- and three-letter codes. 
 
Contributions. Cell-based assays were performed by Y.-
S.C. Steady-state FRET studies and kinetic analyses were 
performed by J.R. Time-resolved FRET studies were 
performed and analyzed by D.A. and E.H. The overall 
study was coordinated by M.A.W.  
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Table 1. Stability and DNA binding parameters  

sample ΔG 
(kcal/mol) 

Cmid
a 

(M) 
Tm (oC) 
complex 

KD (nM) 
15 oC 

KD (nM) 
37 oC 

WT 4.8 ±0.12 3.1 ±0.10 62.7 14.2 ±2 14.5 ±2 

Y72F 4.4 ±0.10 3.0 ±0.10 50.2 21.7 ±3 40.4 ±4 
a Cmid represents that concentration of guanidine where the domain is half unfolded. 
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Table 2. Off rate (koff) measurements by stopped flow FRET. 

Protein complex 
 

koff (s-1) 37 oC, 
lifetime (ms) 

koff (s-1) 25 oC, 
lifetime (ms) 

koff (s-1) 15 oC, 
lifetime (ms) 

koff (s-1) 6 oC, 
lifetime (ms) 

WT 
0.083 ±0.001 

12.0 x 103 
0.046 ±0.001 

21.7 x 103 

0.033 ±0.001 

30.3 x 103 

0.032 ±0.001 

31.2 x 103 

Y72F 
0.58 ±0.005 

1.7 x 103 

0.31 ±0.002 

3.2 x 103 

0.24 ±0.001 

4.2 x 103 

0.25 ±0.001 

4.0 x 103 
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Table 3. Time-resolved FRET analysis of end-to-end DNA distancesa 

aMeasurements were taken at 4 oC. The values in parentheses represent possible errors in 
parameters calculated. Methods are described in detail in Ref (64).  
bRelative values of fwhm (full width at half max) provide an estimate of the precision of DNA 
bending but absolute values contain contributions from the flexibility of the linkers joining the 
fluorophores to the 5’-ends of the DNA duplex as observed in the free DNA (whose length is 
>tenfold shorter than the persistence length of B-DNA; ∼50 nm or 150 bp). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

sample peak (Å) mean (Å) fwhmb (Å) globalχ 2 

DNA only 60.7 (60.4 – 61.1) 60.7 (60.4 – 61.1) 18.2 (17.9 – 20.5) 1.05 

WT 51.1 (50.3 – 51.8) 51.0 (50.3 – 51.7) 28.9 (27.9 – 30.0) 1.10 

Y72F 51.6 (50.3 – 52.9) 51.7 (50.6 – 52.8) 32.9 (30.0 – 29.7) 1.12 
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Figure Legends 
 

Figure 1. Domain organization of SRY and structure of DNA-bound complex. (A) Domains 

of human SRY and sites of tyrosine 127. The HMG box (dark blue) and its basic tail (light blue) 

comprise residues 56-141. The N-terminal segment domain (NTD) contains two potential 

phosphorylation sites modulating DNA binding (purple triangle; position 31-33, (66)) the extreme 

C-terminus (CTD) contains PDZ-binding motif (yellow, (67)), which is proposed to interact with 

SIP-1. Above the bar are indicated full-length numbers of SRY. Red asterisk highlights the 

tyrosine in full-length position 127 (consensus number 72). Below the bar are consensus HMG 

box residue numbers in parenthesis. Not shown: the bridge domain follows the HMG box and is 

proposed to mediate protein-protein interactions; HMG-box nuclear localization signals N-NLS 

and C-NLS. (B) Ribbon model of DNA-binding form of SRY HMG box; HMG box docks within 

minor groove of bent DNA site (space-filling representation). Highlighted in the ribbon are sites 

of basic tail (light blue). The domain contains major wing (consisting of α-helix 1, α-helix 2, the 

first two turns of α-helix 3, and connecting loops) and minor wing (the N-terminal β-strand, the 

remainder of α-helix 3, and C-terminal tail). In a specific complex an interface forms between α-

helix 3 and the N-terminal β-strand to stabilize an L-shaped structure. The DNA atoms are dark 

gray (phosphodiester linkages), medium gray (deoxyribose moieties) and light gray (base pairs). 

The aromatic box is depicted with the side chains of V60, H120, Y124, and Y127. Tyrosine side 

chains are color-coded as defined in the inset box. Also shown is the position of V60 side chain 

(residue 5 in the HMG box), which in bound state packs in mini-core of minor wing. (C) The 

complex in panel B as viewed following a 90o rotation about the vertical axis. Although Y127 is 

not in contact with the DNA, its packing within the minor wing buttresses the DNA-binding 

surface. The consensus residue number is in parenthesis.  

 

Figure 2. Assays of transcriptional activity. (A) Dependence of Sox9 gene activation (monitored 

by Sox9 mRNA accumulation) on dose of transfected plasmid SRY DNA: 1 µg (black), 0.2 µg 

(dark gray), and 0.02 µg (white). In each case total transfected DNA was the same. Horizontal 

brackets designate statistical comparisons: (* or **) Wilcox p-values <0.05 or 0.01 whereas “ns” 

indicates p-values > 0.05. (B) Relative activity (activity of Y127F comparing to that of WT SRY) 

in panel B under 1X, 5X, 50X, 60X and 75X-dilution of transfected Y127F SRY plasmid 

conditions. Statistical comparisons are defined in panel A. (C) ChIP assays probing SRY 

occupancy of target sites within Sox9 testis-specific enhancer core element (TESCO). Left: 
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Quantitative analysis of relative enrichment of SRY variant occupancies in selected dilution 

conditions (1X (no dilution) and 50X dilution in transfected SRY-encoded plasmids). Mutation 

which blocks specific DNA binding (68), I68A, serves as negative control. Statistical comparisons: 

(*) Wilcox p-values <0.05. Right: Gel showing results of ChIP of variants. Clinical mutations 

Y127C exhibit impaired TESCO region occupancies in all conditions but that of Y127F are only 

significant under 50X dilution of transfected SRY-encoded plasmid. (D) Cycloheximide assay. 

Mutation Y127F does not affect degradation rate significantly; proteolysis is enhanced by Y127C. 

This assay is under no-dilution plasmid condition (1X). 

 

Figure 3. SRY and the male developmental gene-regulatory network (GRN). (A) The central 

regulatory axis of SRY→SOX9 for the Sertoli cell differentiation (red box) with genetic input 

factors (box at left) and outputs (box at right) to activate a male-specific GRN (upper). This process 

also inhibits granulosa-cell fate (solid ⊥; Wnt pathway), and Müllerian regression (dashed ⊥; by 

MIS(AMH)). Red curved arrow indicates SOX8/9 feedback regulation to maintain SOX9 

expression once the SRY→SOX9 regulation initiated. Abbreviations: FGF9, fibroblast growth 

factor 9; GATA4, GATA binding protein 4; LHX9, LIM homeobox 9; LIM1, homeobox protein 

Lhx 1; MIS (AMH), Müllerian Inhibiting Substance (Anti-Müllerian Hormone); PTGDS, 

Prostaglandin D2 synthase; WT1, Wilm’s tumor 1; Wnt, wingless-type. Color green highlights the 

selected gene for further investigation at panel B. (B) Selected gene expression patterns activated 

by various SRY variants in CH34 cell line. RT-Q-rt-PCR was employed to probe mRNA 

abundances of Sox family members (left), selected genes in gonadogenesis GRN (middle), and 

sex-unrelated housekeeping genes (right). qPCR was analyzed following expressions of SRY 

variant plasmids or control vectors including empty plasmid and a stable but inactive SRY variant 

(I68A). Left: Fold mRNA accumulation of Sox family genes, including Sox8 and Sox9 previously 

implicated in the program of SRY-mediated GRN. Middle: Fold mRNA accumulation of non-Sox 

sex-related factors. Results show that CH34 cells express low endogenous levels of Sry, Fgf9, 

Ptgds, and Wnt5 gene expression. Right: Fold mRNA accumulation of sex-unrelated genes; these 

genes were not affected. Statistical analyses: *Wilcoxon test, p<0.05, indicating the significant 

comparison between WT and Y127F SRY transfections. 

 

Figure 4. Assays of nuclear localization. (A) Subcellular localization of epitope-tagged SRY 

constructs as analyzed by immunostaining: DAPI nuclear staining (upper row blue) and SRY 

(lower row green). WT and Y127F SRY accumulate mainly in nucleus but distribute pancellularly; 
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mutation Y127C SRY exhibits barely accumulation and could be rescued by MG132 treatment. 

(B) Histograms describing nuclear localization (gray) and pancellular pattern (white). Gray and 

white bars do not add to 100 due to occasional GFP-positive cells lacking SRY expression. SRY 

plasmid was at highest dose described in Figure 2A. Horizontal brackets indicate statistical 

comparisons as described above. (C) Sequence conservation of the minor wing of the SRY HMG 

boxes from various species. Tyr is invariant at position 72 of the HMG box among various 

mammalian Sry alleles (boxed). Residue numbers in an HMG-box consensus are provided above, 

and bold fonts highlight the C-terminal nuclear localization signal (NLS) in various species SRY. 

(D) CH34 cell line as treated with chemical proteasome inhibitor MG132. Histograms describing 

the Sox9 gene expression in absence (left) or presence (right) of MG132. Data indicate that in no 

case did MG132 alter relative extent of Sox9 expression; i.e., the impaired transcriptional activity 

of Y127C SRY could not be rescued by prevention of its proteasomal degradation. Statistical 

analyses: “ns” indicates no significant difference, asterisks at bottom indicate p<0.05; p-values 

(from left to right) are 0.036, 0.027, 0.046, 0.033 as calculated between WT and Y127F/C SRY 

transfections. 

 

Figure 5. Biophysical and biochemical studies. (A) Yeast one hybrid assay exhibiting activation of 

an HMG box-dependent integrated reporter gene (expressing β-galactosidase) is similar between the 

WT and inherited Y72F mutant domain (full length SRY numbering in parentheses). De novo mutant, 

Y72C, exhibits no activation compared an empty vector or a variant HMG box (I13A) void of DNA 

binding. (B and C) Stability of the free (B) protein domains is similar, whereas the mutant protein-

DNA complex (C) less stable relative to WT. (D) Kinetic stability studies of WT and Y72F mutant 

indicate the Y72F mutant domains has accelerated dissociation from its DNA site. Kinetic trace is 

representative measured at 15 oC, see Table 2 for all measurements. (E and F) Specific DNA binding 

at physiological temperature for the WT (E) and the mutant domain (F) as determined by FRET. The 

Y72F mutant has attenuated specific DNA binding. (G and H) Time resolved-FRET used to monitor 

the decay of the donor fluorophore on a nanosecond time scale, a schematic of the fluorescently-labeled 

DNA substrate used shown in (G) insert where the donor (5’-6FAM) is green and acceptor (5’-

6TAMRA) is in red. The decay curves overlap for the WT and mutant, black and red lines respectively, 

compared to controls (single-labeled donor only in blue and free double-labeled DNA substrate in 

green). (H) Dynamic stabilities of the mutant and WT complex are similar, slight increase in peak 

width was measured for Y72F; Gaussian distribution of the end-to-end distances in the free (green) 

and bound DNA (red and black).    
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Figure 6. Overview of SRY minor wing. (A) Stereo pair of minor wing region in Figure 1B 

showing side-chain packing within the minor wing and protein-DNA contacts. Side chains and 

related color codes are same as definition in Figure 1B. (B) Stereo pair of space-filling model 

representation of the minor wing in the protein-DNA complex (DNA not shown). The side chain of 

Y127 is shown (red sticks) relative to the space-filling surface of the minor wing. The hydrogen atom 

in Y129 is highlighted with gray. (C) Space-filling representation showing a proposed model of minor 

wing in absence of Y127 side chain, and replaced with cysteine (D).  

 

Figure 7. Tyr-anchored water-mediated hydrogen bond in homologous SOX2 complex. (A) 

Ribbon model of SOX2 HMG box; the domain docks within minor groove of bent DNA site (stick 

representation). Highlighted side chains in the ribbon are sites of minor wing (following  residue 

numbers in consensus human SRY HMG box): red, Y72; and green, the remainder of the wing 

except the Y74 (purple). The DNA atoms are dark grey (phosphodiester linkages) and light gray 

(base pairs). Sphere highlighted with light blue is a bridging water molecule within the protein-

DNA interface. The boxed region contains minor-wing-DNA contacts. (B) Sequence conservation 

of the minor wing of the human SRY/SOX HMG box. Tyr at position 72 (boxed) of the HMG box 

is highly conserved except  SOX30. Side chain of Y74 (purple) of the minor wing is also conserved. 

Residues in position 69 are aromatic but mildly various. Residue consensus numbers following 

human SRY HMG box are provided above sequences. (C) Expansion of boxed region in panel A 

showing side-chain packing within the minor wing and protein-DNA contacts mediating by 

specific water molecule (oxygen molecule; light blue). Distances between DNA phosphodiester-

water-hydroxyl group of Y72 are shown. Other oxygen of nearby water molecules are indicated 

with dark blue.  
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Figure 2 
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Figure 3 
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Figure 5 
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Figure 7 
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