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ABSTRACT

The yeast Rox1 hypoxic transcriptional repressor
protein binds to and bends a specific DNA sequence
through an HMG domain located at the N-terminus.
To better understand the structure of Rox1 and how

it interacts with DNA, 38 missense mutations in the
HMG domain were isolated through a combination of
random and site-directed mutageneses, the latter
directed to two lle residues that play an important
role in DNA recognition and bending by HMG
domains. The mutants were characterized in terms of
their ability to repress the hypoxic gene ANB1 and
the auto-repressed ROX1 gene in vivo. The mutant
HMG domains were fused to maltose binding protein
and expressed in and purified from  Escherichia coli
and their relative affinities for DNA and ability to bend
DNA were determined. A model of the structure of the
Rox1l HMG domain was derived using sequence
similarities between Rox1 and the human protein
SRY, the structure of which has been determined.
The results of the mutational analysis are interpreted

in terms of the model structure of Rox1.

INTRODUCTION

includes the human male-determining transcription factor SRY,
the founding member of the SOX family of transcriptional
activators, and the murine lymphocyte transcription activator
LEF-1 (6-8). These proteins bind to DNA as monomers and
bend DNA (6,8). Based upon primary sequence similarity, the
SOX family has been grouped together as more closely related
to each other than to the LEF-1 family and Rox1 shares greater
similarity to the SOX family. The NMR-derived structures of
the HMG domains of SRY and LEF-1 complexed with DNA
have been determined (9,10). They both fold into L-shaped
structures involving three-helices. The DNA binds along the
inside of the L, making extensive contacts with the protein and
resulting in the induced bend in the DNA of°’@6r the SRY-DNA
complex and 130for the LEF-1-DNA complex. The amino
acid residues that contact the DNA are highly conserved within
the SOX family and Rox1, as is the DNA binding site, which
contains a core 6 bp consensus sequence (A/T)TTG(A/T)(A/T)
(7). While the various proteins may have some sequence pref-
erences within this consensus and extending beyond it, they
appear to be able to bind to each others’ sites well (11). Two
particularly interesting interactions between DNA and SRY
involve an lle residue in the first helix (conserved in the SOX
family and Rox1), which intercalates between the first two T/A
residues of the core sequence to aid in the induced bend, and a
second conserved lle in the second helix, which may partially
intercalate into the first A/T base pair of the core and the base
pair immediately preceding.

Rox1 represents an excellent system for the study of the

Rox1 is a DNA binding protein that represses expression of thes|ationship between the structure and function of the HMG
hypoxic genes in the yeaSlaccharomyces cerevisige2). It DNA binding motif. The yeast hypoxic gene regulatory system
consists of 368 amino acids that are divided into two functionajs genetically tractable so that both randomly induced and
domains. The first third of Rox1 comprises a site-specificdirected mutations can be generated and studied inotivo
DNA binding domain with homology to the HMG motif (3). andin vitro. A mutational analysis of the Rox1 binding site
This domain directs binding to the regulatory regions of thedefined the effect of every possible single base pair substitution in
hypoxic genes, each of which contains several Rox1 sites (3—%he core sequence and the base pair immediately upstream (5).
The last two-thirds of the protein contains a repression domaif preliminary mutational analysis of the Rox1 HMG domain
that recruits the general repression complex Tup1/Ssn6 to thédentified eight missense mutations in seven residues, all
DNA (4). Analysis of the operator regions of the hypoxic geneconserved with SRY (4). This study and the observation that
ANB1 indicated that at least two Rox1 binding sites areRoxl bends DNA at an angle of 90similar to the bend
required for repression, but that Rox1 bound to each sitinduced by SRY, reinforces the proposition that Rox1 folds
independently (5). The two-site requirement was presumed tmto an SRY-like structure.
arise from the assembly of the higher order repression complex. In this study, the mutational analysis of the Rox1 HMG
The HMG DNA binding motif is found in both site-specific domain was extended. In the previous study, mutations were
and non-specific DNA binding proteins. The former classselected for constitutive expression of the hypdkitBlgene.
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While the mutations obtained highlighted the similarity codon, a set of oligonucleotides was synthesized that was
between Rox1 and other HMG proteins, all the mutant proteinglentical to theROX1coding sequence from codon 14 to 25
were non-functionah vivoandin vitro, limiting the amount of ~ except for a silent substitution at codon 16 that createldlaih
structural information that could be derived. The severity ofsite and the substitution of all four bases in equal concentrations at
the mutations resulted because Rox1 is auto-repressed (12) agach of the three positions at codon 18. This synthetic DNA
partially functionalrox1 mutations would result in increased was used as a primer to amplify tfROX1coding sequence,
Rox1 protein levels, which in turn would still repre8&NB1  which was then ligated into YCp(33JA100/245Mlul to generate
expression. Thus, to obtain partially functional mutations, a set of plasmids containing all possible codons at position 18
new selection scheme was designed based upon I®R®Xfl  (and restoring the wild-type sequences for codons 100-145).
auto-repression. The new selection resulted in many mutatiof®r mutations in which a single amino acid substitution in
which retained some function. In addition, mutations wereRox1 was desired, the primer indicated above contained a specific
directed to the two lle residues that specifically interact withcodon.
DNA. The results of these studies, combined with computer YCp(22yox1-145X represent a set of plasmids where X
modeling that indicates that Rox1 folds into a similar structuraepresents mutations at codon 45. These mutations were generated
to that of SRY, provides some insight into the role of theas above except that the primer was complementary to codons
different residues in the structure and DNA binding of the42-53 and carried a silent substitution at codon 43 that created
HMG motif. aBsBl site and all four bases at each of the three positions of
codon 45. The PCR product was ligated into YCpR®Y100/
245-BstBI to generate a set of plasmids containing all possible
MATERIALS AND METHODS codons at position 45 (and restoring the wild-type sequences
Strains, cell growth and transformations for codons 100-145). For mutations in which a single amino

i , acid substitution in Rox1 was desired, the primer contained a
The yeast strain RZ53M0x1 has been described (12). MZ22- specific codon.
4ArligK (MATa, trpl, leu2, ura3:AZ4, his3 galldlS2 ‘the gvAL-rox1-XHMG) plasmids, containing a maltose
rox1::R1/gK) was constructed through standard yeast genetmanding protein (MBP)-Rox1 HMG domain fusion with the

(13) and deletion of th&kOX1gene by integration of ROX1 = 5riqusROX1mutations, were constructed by PCR amplification

promoterEscherichia coli galKfusion from the plasmid ¢ ihe mutant sequences and ligation into theA-ROXIHMG)
YC(22)pR1:gK (described below). Yeast cells were grown inyector (4). The sequence of all these constructs was confirmed.
liquid at 3C°C with vigorous shaking on either non-selective

YPD or SC medium lacking the appropriate nutrients for selectiofurification of MBP—Rox1(HMG)
for plasmid maintenance (13). For selectiorRX1mutants,
cells were plated on SC medium lacking glucose and containi
2% galactose. Yeast transformation was carried out
described (14).

The bacterial strain HB101 was used for construction an
maintenance of plasmids and growth and transformation werg

carried out as described (15). Heetrirlzrlwelr;ecéx)s.mg the Bio-Rad assay (Bio-Rad Laboratories,

nThe MBP-Rox1(HMG) fusion proteins were purified from

aﬁ.coli extracts using amylose affinity chromatography as
described (3). In all cases, the MBP—Rox1(HMG) protein was
stimated to be >90% pure by Coomassie blue staining of
DS—polyacrylamide gels (15). Protein concentrations were

Plasmids B-Galactosidase assays, immunoblots and gel retardation
The plasmids YCplac33, YCp(3RDX1e YCp(22ROX1/Z  experiments

YCp(22R12(9E10), YCp(33RIA100/145 YCP(22RIA100/245  glis were -
grown anf-galactosidase assays were performed
YCp(33AZ pMAL-ROXIHMG) and pCY4-R10p have been 4 qagcribed (12,13). Assays were carried out multiple times

described (4,16). All plasmid constructions were carried oué ;
; ' ; . at least two independent transformants.
using standard methods as described (15). The details and P %mmunoblots were carried out using monoclonal antisera

primer sequences are available upon request. a0ai ;
. . gainst the 9E10 c-myc epitope as recommended by the vendor
YCp(22RI/gK contains a replacement of tiROX1coding (Oncogene Research Products, Cambridge, MA; 15).

sequence with the 1.1 lgalK coding sequence from tHecoli Gel retardation experiments with either synthetic DNA or
galactokinase gene in plasmid YCp(R2)2(9E10). The fusion fragments from plaspmid pCY4-R10p werey carried out as

point is immediately after thROX1translational initiation codon. - - .
Digestion of this plasmid wittHindlll released the 2.8 kb described (4) and the results were quantitated using a Betascope.

fusion construct for integration into the yeast genome, creating
a ROX1deletion allele and placing expressiongdlK under RESULTS
the control of theROX1regulatory region. )
YCp(33R1A100/145MIul contains a silent mutation in S€lection ofrox1 mutants
codon 16 that created\lul site and a deletion of codons 100-145. Amino acid substitution mutations that result in only a partial
YCp(22)R1A100/245BstBI contains a silent mutation at loss of protein function can provide very useful information for
codon 43 that created BsBI site and a deletion of codons structural analyses. Such mutant proteins still fold into an overall
100-145. native-like structure and the role of the altered residue can be
YCp(33yox1-118X represent a set of plasmids where Xinferred more insightfully than in the case of a mutation that
represents mutations at codon 18. These mutations were camnders a protein devoid of any function. For the DNA binding
structed as follows. For random PCR mutagenesis at thidomain of Rox1, the study of mutant proteins that still bind and
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Table 1. Characterization ofox1 mutant alleles

ROX1allele B-Galactosidase activity DNA binding affinity® (%) DNA bending angle®)
ROXlacz ANB1llacZ

Wild-type 12 1.1 100 94

Arox1 166 71 —

118T 241 61 <0.1

F20L 229 51 —

H23P 204 73 <0.1

S46F 240 58 ---

W64R 247 72 —

L67P 235 77 1 91

P13L 128 36 <0.1

W53R 122 62 —

We4L 140 52 <0.1

AB8V 183 23 3 69

H75R 130 4.7 5 68

AB8T 131 3.8 10 86

P86L 118 3.9 2 67

K61E 94 3.1 ---

110M 81 1.4 30 92

S43P 68 4.6 40 92

E74G 54 1.8 20 90

K54E 50 1.6 ---

145T 48 2.2 20 86

H25Y 35 1.4 20 87

K89E 33 1.3 ---

2Assays were performed withlZ22-4Ar1::gK transformed with the indicated mutant fBNBZlacZ or RZ53-@\rox1 trans-
formed with the YCp(22ROX1lacZ and the indicated mutant f6#fOX1lacZ The numbers given are the averages of more than
three assays performed with at least two independent transformants.

bThe symbols used are as follows: —, no DNA binding was observed; - - -, the protein bound DNA in a high molecular weight
complex which probably represented non-specific binding.

bend DNA to some extent or bind to DNA with an alteredtransformed into cells, expression of tROXIgalK fusion
specificity can provide a great deal of information about thewas repressed, resulting in a gphenotype. This strain also
role of specific residues in contacting DNA or in folding of the contained a fusion of thE.coli lacZgene coding sequence to
HMG domain. We had previously used a selection for mutationshe ANB1regulatory sequences integrated into and disrupting
in the ROX1gene based upon constitutive expression of theheURA3gene so that repression of this hypoxic gene could be
strongly repressed hypoxi&@NB1 gene, but this selection monitored on X-gal plates. To obtainx1 mutants, thd(ROX1
resulted in mostly inactive protein (4). In hindsight, this resultsequence was mutagenized by PCR amplification, then ligated
can be explained by the finding that Rox1 represses its owimto a centromeric plasmid containing théRA3 gene. The
expression (12). Consequenthpx1 mutations result in over- above strain was transformed with this mutagenized pool and
expression of the mutant gene and, for mutant proteins whicplated onto galactose plates lacking uracil. Only plasmids
retain some activity, these increased levels could still repressarrying arox1 mutant allele could give transformants; those

expression of théNBlgene. carrying a wild-typeROX1gene repressed expression of the
To circumvent this problem, we designed a selection baseBOXZXgalK fusion, precluding growth on galactose plates.
upon increased expressionROXlitself. TheE.coli galacto- Transformants were screened for expression of ANEB1

kinase coding sequencaegalK, was fused to theROX1 lacZfusion and immunoblots were performed both to ascertain
upstream region and this construct was integrated into antiat a full-length Rox1 protein was present in the cells and that
disrupted thdROX1locus of agallA yeast strain. The resulting it was overexpressed. For each mutant overexpressing the full-
strain was gdl able to grow on galactose, due to the high levellength Rox1 protein, the plasmid was recovered and retrans-
of galK expression, but when a wild-tyg@OX1plasmid was formed into fresh cells to confirm that the mutant phenotype
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Table 2. Characterization afox1-118andI45 mutant alleles

ROX1allele B-Galactosidase activity DNA binding affinity® (%) DNA bending angle®)
ROX1%lacz ANB1llacz

Wild-type 12 1.1 100 94

Arox1 166 71 ND

118L 76 2.4 10 76

118V 118 3.0 10 78

118M 35 11 20 92

118F 65 2.6

118T° 241 61 <0.1

118G 201 40 ND

118K 134 41 ND

145L 73 11 15 93

145V 46 8.4 50 92

145M 134 30 ND

145F 59 0.4 40 93

145Y 156 42 ND

145W 125 35 2 94

145H 161 58 ND

145G 151 40 ND

145T° 48 2.2 20 86

145S 76 8.4 3 79

145R 50 54 30 84

145K 190 42 5 74

145D 235 96 ND

Assays were carried out as described in Tgple 1.
bThe symbols used are as follows: - - -, protein could not be isolated from cells; ND, not determined.
‘These mutant alleles were isolated through random mutagenesis and the data was taken ﬂHm Table 1.

was plasmid borne. Finally, thROX1coding sequence was mutagenesis was used to obtain other substitutions that were
determined to locate the mutant residue. The mutants obtaine@emed to be potentially interesting. These site-directed mutations
are shown in Table|1. Mutant alleles are designated using thacluded conserved substitutions, such as 145L, and substitutions
single letter amino acid code with the wild-type residue giverof aromatic or bulky hydrophobic groups to determine whether
first, followed by the amino acid number, then the new residuethey affected DNA interactions, such as 118F, 118M, 145W,

i ) 145Y and I45H. In addition, the 145K substitution was generated
Mutations targeted to lle residues 18 and 45 because of the interesting features of the 145R mutation (see
Two residues ofROX1were specifically targeted for muta- below). Combining both the random and directed mutations,
genesis based upon the important role they appear to play #x substitutions at 118 and 13 at 145 were generated (Table 2).
DNA binding. The lle residue at position 18 is conserved in theE
SRY/SOX family and, based upon NMR structural analyses;
has been proposed to intercalate between two A/T base pairs Dfie abilities of the mutant Rox1 proteins to repress expression
the target DNA to promote bending. 145 is also highly conservedf both theANB1and ROX1genes were assessed usiagZ
and is also proposed to contact adjacent base pairs, althoughusions and the results are presented in Ta@es 1 and 2. The
does not appear to intercalate, as does 118. To determine whattants are divided into two groups in TaEIe 1. The top group
substitutions might be tolerated, these residues were subjectegbresent mutations, like F20L, that cause complete or near
to random mutageneses. In these cases, no selection or screemplete loss of repression activity as determined by complete
was applied in choosing which mutations to study; all thosalerepression of botROX1andANB1 The second represents a
isolated were characterized. Unfortunately, the mutagenizegnge of partially functional mutations that retain some repression.
plasmid pools did not yield a full set of all 19 possible sub-Mutations like P13L resulted in complete derepression of
stitutions at each residue and, consequently, site-directdROX1but some level of repression ANBJ, indicating that the

ffect of the rox1 mutations on repressionin vivo



3522 Nucleic Acids Research, 1999, Vol. 27, No. 17

between thén vivorepression activity of the mutant Rox1 proteins
and their abilities to bind DNA specificallin vitro. Mutants
with no or weak repression activity showed either no DNA
binding activity or, like L67P, very minimal binding, while
mutants such as 110M and 145V that showed significant repression
of bothANBlandROX1bound DNA with ~30 and 50% of the
affinity of the wild-type, respectively. There were a few problems.
The mutants K54E, K61E and K89E were capable of repression
in vivo, but in the gel retardation assays, these proteins generated
a smear rather than a discrete band, suggesting that the mutations
increased non-specific binding, precluding an assessment of
_ their relative affinities for the specific binding site. It is possible
thatin vivo the higher order repression complex that forms at
the operator sites allows a distinction between the specific and
non-specific Rox1 binding that we cannot distinguistvitro
with purified protein. Also, one mutant, 118F, could not be

Figure 1. Comparison of wild-type and mutant protein binding to DNA. A gel expressed in the bacterial system.
retardation assay was carried out as described in Materials and Methods with

the wild-type and the 145T and A68T mutant Rox1 HMG domains. The reactionDNA bending activity of the mutant HMG domains
contained 1 ng (15 000 c.p.m.) of tf#-labeled 32 bp synthetic DNA carrying . . .
a single Rox1 binding site and, where indicated by a + above the lane, 10 ng Ve have used the circular permutation plasmid assay to measure

the same DNA unlabeled. The amount of protein added to each reaction (inn@ bending angle of ~90for DNA bound by Rox1 (5). This

is indicated above the lanes. assay is based upon the observation that bent DNA runs slower
in a polyacrylamide gel than does linear DNA and that the rate
of migration is inversely proportional to the bending angle.

) , . . Furthermore, DNA molecules of equal length and bent at the
mutant proteins retained some level of activity. Others, likesame angle migrate differentially in accordance with the position
H25Y, retained substantial activity, as indicated by strongy ihe pend; the closer the bend is to the end of the fragment,
repression oANBland some level of repression ROX1 the faster the migration. Thus, placing a Rox1 binding site at

Table 2 shows the effects of various mutations at 118 and 143gjfferent positions within a DNA fragment resuilts in differential
on repression of the two reporter genes. The same regulatopyigration of these fragments in a gel retardation assay, as seen
classes can be found among these mutations; some, suchjagigure 2. The angle of the bend can be calculated from these
118G and 145D, caused complete derepression of both genegata and for those Rox1l mutant HMG domains for which
while others, like 118V and 145G, encoded proteins thatsignificant binding was measured, the bending angles were
retained some activity and others, like 118L and 145R, had subdetermined and are presented in Taﬂhs nd 2. None of the
stantial repression activity. mutant proteins resulted in a drastic change in the calculated

- - . bending angle, as might be expected from the large surface
DNA binding activity of the mutant HMG domains over which HMG proteins contact DNA. However, we did
DNA binding studies were carried out to determine the relativeobserve some correlation between the binding affinity and the
affinity of the mutant Rox1 HMG domains for DNA. Codons bending angle; the weaker binding mutants resulted in a lower
2-103 of each mutant were subcloned into a bacterial expressiealculated bending angle. We believe that it is possible that this
vector to generate a MBP fusion and these fusion proteins wergeneral correlation may result from an artifact of how the
purified to >90% homogeneity. We previously determined thabinding affinity affects migration rate in this bending assay.
the MBP-HMG fusions bound a Rox1 binding site with the Interestingly, there are two exceptions. The protein L67P was
same affinity and bent DNA at the same angle as the free HM@alculated to bend DNA at an angle of°9despite a binding
domain or the intact protein (4). The purified proteins wereaffinity reduced by ~100-fold. This correlation did not hold for
titrated with a 32 bp synthetic DNA containing a single Rox1145 mutations; rather, there appears to be a direct correlation
binding site; the wild-type protein binds to this fragment with with the bulkiness of hydrophobic residues at this position and
a Ky of 20 nM (5). Since many of the mutant proteins boundthe bending angle. 145 sits near the end of the short arm of the
DNA very poorly and showed substantial non-specific bindingL (see Discussion and Fig. 5C) and bulky groups may force a
at high protein concentrations that interfered with the calculatiomore severe bend. Future NMR studies of the protein—-DNA
of binding constants, we evaluated the effect of the mutationsomplex are needed to determine the true bending angles.
on DNA binding by comparing the amount of wild-type versus . o
mutant protein that was required to give the same amount o3Pecificity of DNA binding
complexed DNA. Each gel included a wild-type protein titrationThe Rox1 binding sites in the regulatory regions of the hypoxic
so that comparisons were only made within the same experimergfenes consist of a central core sequence, 5-ATTGTT at

A typical set of experiments is shown in Figure 1 for thepositions 4-9, designated as such because it is a common
wild-type and 145T and A68T mutant proteins. A lane containingfeature of many HMG protein binding sites, and less well con-
unlabeled competitor DNA was included to ascertain that bindingerved sequences 5' and 3' (7). A mutational analysis of the
was specific. The percent wild-type binding for each mutantore sequence and the base pair immediately 5' to it, base pair
for which specific binding was detected is listed in Taljles 13, revealed that certain base pair substitutions were tolerated
and 2. As might be anticipated, there is an excellent correlatioonly in the first and last base pairs of the core sequence and

Wildtype Rox] 145T ABBT

- 5 10 10 5 10 20 20 5 10 20 20 ng protein
- - } - - = 4 10x cold competitor
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A ANB1relatively less well compared ®0OX1 The majority of
the mutants that fall off the curve have substitutions at 145. By
analogy to the SRY structure, this residue contacts the first
- base pair of the core sequence, which is conserved between
" ™ - ANB1andROX1 and base pair 3 (see Fig. 5D); three of the
-
.
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four ANB1Rox1 sites have a C/G base pair while bR®X1

sites have a T/A base pair at this position. We propose that the

different substitutions at 145 alter the specificity of the protein

for the DNA in a way that discriminates between C/G and T/A

B at position 3. Residue S43 is also proposed to contact base pair
WT Roxl AGST 3 (see Fig. 5D) and the mutant S43P displays differential

F E N B C N B FE H B € N B repression oANB1landROX1 The effect of 110M, however,

—_—— —- is unclear.

We attempted to investigate this proposed altered specificity
by measuring the relative affinities of the mutant proteins for
different synthetic DNAs, but we could not detect a difference,

Py e = ' suggesting that the discrimination sei@nvivo is either too
e b small to measure with the sensitivity of tlire vitro binding
(S experiments or that other members of the repression complex,
- 4 such as Tupl and/or Ssn6 or the C-terminus of Rox1, enhance
the differencesn vivo.

DISCUSSION

We report here the isolation and characterization of over
36 amino acid substitution mutations in the HMG domain of
the yeast transcriptional repressor Rox1. This collection
includes both randomly generated and site-directed mutations
;iguge 2t DdNﬁ bending :Oy(;hf Wild-tytr;e an{i thte ?gﬁ;\ oné.HMG domzinj- and many resulted in proteins that retained some level of wild-
el retaraation assay to adetermine the extent o endaing was caried ol i 1 1 i
Wi?h 10 ng/lane WiId-tyge Rox1 and 50 ng/lane A68T mutant Ro&?t.‘l‘(he DNA type activity. T-hese partla_lly functlonal mUtatlonS hold a great
fragments used were generated by digestion of plasmid pCY4-R10pWT contait‘n.j-eaI _O,f pot(_ant|al lfOl’ Obtam'n_g |nformat|on abo_Ut the roles of
ing a single Rox1 site between a direct repeat oEbeRI-BarHI segment6  SPECIfic residues in the functioning of the protein.
pBR322. The enzymes used wereHEARI; H, Hindlll; Bs, BsNI; C, Csb1; .
N, Nhe; B, BarHI. Digestion of the plasmid wittBsiNI generates a second Computer model of Rox1 HMG domain structure

fragment slightly smaller than that carrying the Rox1 binding site, which is-rL

.--utnnu -......Bunun

responsible for the lowest band in that lane. The fragments were labeled wit] 0 complement this mutational analys!s, a computer mOdeI. of
P and ~1 ng (~15 000 c.p.m.) was used in each binding reac@rmo  the structure of the Rox1 HMG domain was generated using
different gels for the two different proteins. the coordinates of the NMR-derived structure of the SRY
HMG domain and the Insight Il program (Biosym Technologies).
We believe this model to be a close facsimile of the actual
Rox1 HMG domain structure because: (i) Rox1 and SRY have
either a C/G or T/A base pair was required at position 3. Th&xtensive similarities in their amino acid sequences (Fig. 4);
ANBL1 regulatory region contains four Rox1 sites organizedii) they bind to similar sites; (iii) they bend these sites at
into two operator regions while thROX1regulatory region Similar angles; (iv) of the 28 mutations isolated from the random
contains two Rox1 sites. These sites are not identical, as seBH/tageneses reported here and elsewhere, 19 were in residues
in Figure 3A, and it was of interest to determine whether thddentical and six were in residues conserved between Rox1 and

mutant proteins with reduced repression activity affected botR Y+ @S Seen in Figure 4. Furthermore, a number of mutations
genes similarly. We plotted the fold repression R®X1for ave been identified in SRY that cause sex reversal (18-24).

each mutant against that fBNB1using the values taken from Those that lie within the HMG domain and strongly affect

. . NA binding highlight the similarity of the SRY and Rox1
l%?fjjslBanTErlé 23?\/2 E:Su:]voei \;viirz}[;eh(: f%;hge%(;l?;se’;é?f en i?t]ructures. All the SRY mutations fall in residues that are either

gene is ol repressed as effectvely aANBLand aROXLIS |1, ‘A3 and Y720, numbered 26 i Fig. 4) or represent
derepressed, more repressor is made and, theréf®IBlis  .,seryative substitutions between the two proteins (mutations
more efficiently repressed. Therefore, lossMiB1repression /5 and M23T). In addition, we have isolated mutations in the
is only seen with very weak repressors. Rox1 equivalent of four of these residues. Thus, we feel justified
Interestingly, several points fall well off the curve and wein interpreting the effects of the Rox1 mutations described here
believe this is a manifestation of an altered specificity of Roxlin terms of the model structure.
for its binding site. Those mutant proteins that are represented The model is shown in Figure 5. The backbone structures of
by points which are above the curve reprédéBlrelatively SRY and Rox1 are superimposed in Figure 5A. There is only
better thanROX1compared to the other mutant proteins andone major difference; the loop between the first and secend
those represented by points that fall below the curve repredglices of Rox1 has an additional five residues which causes it
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A TS L Y TF
AREA1E s i N
ROX1KIPRPRKNAFILFRQHYHRILIDEWTAQGVEIPHNSNISKIIG! GL
g2 1) 1h)ls: R s sl bl |

ANB1  5-TCCATTGTT CGT SRY RVKRPMNAF IVRSRDORRKMALENPRM-~~~~R
CCTATTGTT CTC j‘ 1 T 1t S MAs ¢
TCC ATTGTT CTC SP3 Sss. 1, \ SP6 SP7 s8 9 89 s12
CTCATTGTT GTC sta o2 52, 710 g
5 6N 10
ROX1  5-CCTATTGTT GCT
CGTATTGTCTTG L RPT V crL
o M # s 41 1
PEDKAHWENLAEKEKLEHERKY PEYKYKPVRKSKKK
L I I B O L A R N A RN N R
B KWPFFQEA( Pl
S 3 1‘ o 1‘ 8
200 S14  SP14 SP15
§ «l45F o
#8150 +
g 5-G'CAC'AANC
& 100 | 18C1CUT1:Cal T 1ol &5
2
ae Wt
< 50
S » - S43P Figure 4. Comparison of the Rox1 and SRY HMG domain sequences. The
i «l45R sequences of the Rox1 and SRY HMG domains are aligned. The Rox1 protein
0 - ‘1455‘ g ‘ 1 ‘ is numbered from the initiation ATG, while the SRY protein numbering
0 2 4 6 8 10 12 14 follows that in Werneret al. (9). Identical residues are indicated by a line

between them; conservative substitutions are indicated by a colon. The boxed
residues of SRY represent those involvedrihelices. The residues that corttac
DNA are indicated as follows: contacts with a specific base are indicated by the
number of that base in the DNA sequence below; contacts with a sugar residue
are indicated with an SX where X represents the number of the base to which
Figure 3. Differential repression of th&®OX1and ANB1 genes by mutdn  the sugar is bonded; contacts with a phosphate residue are indicated as SPX
Rox1 proteins. 4) The Rox1 binding sites in the regulatory regions"®B1  \here X represents the base 3' to the phosphate. The mutations in Rox1 are
andROX1are presented with the six internal core base pairs off8$tF¢ld  indicated above the sequence. The DNA sequence below the protein sequences
ANB1 repression for each mutant (tffegalactosidase activity of thAroxl s that for which the SRY protein—DNA structure was determined (9).

mutant divided by that of the mutant in question) was plotted against fold

ROX1repression (calculated as above). The curve was drawn to fit the points

and the mutants that fell off the curve are labeled.

Fold ROX1 Repression

were severely affected, as might be expected if these residues

play a critical role in maintaining the helices in appropriate
to protrude more. We did not dock the DNA to the Rox1orientations. While the F20L and W64L substitutions retained the
model, but in SRY the DNA binds to the inside of the L-shapedhydrophobic character of the residues, the non-planar Leu side
structure, as shown in Figure 5B. chain probably interferes with the interactions of the aromatic

We have used this model to interpret the effects that théesidues. It should be noted that W53 is also proposed to make

Rox1 mutants would have on protein structure and function@ contact with a phosphate residue of DNA, making the inter-
The mutations mapped to residues throughout the HM@®retation of W53R less clear. The same Frfarg substitution
domain, as seen in Figures 4 and 5C. We have divided the#ias reported in the analogous residue of another HMG domain
into four categories: those that effect the structure of th@rotein, HMG1, where a similar loss of protein function was
protein; those that effect residues that interact with DNA; andbserved (17).

those in the two targeted residues 118 and 145. The mutations H23P and L67P introduced Pro residues into
] a-helical regions, which probably disrupted the backbone
Structural mutations structure. However, the L67P protein bound DNA sufficiently

A number of mutations were isolated in residues that do nof0 allow measurement of a bending angle of 9dne of the
contact DNA in the SRY structure and these are indicated igXceptions to the general correlation between binding affinity
red in Figure 5C. There are three aromatic residues, F20, w53d bending angle. It is possible that the kink introduced into
and W64, that appear to interact with each other in the core dhe middle of the third helix actually collapsed the DNA binding
the protein, as highlighted in Figure 5C, where their side chaingocket, resulting in a steeper bending angle.

are presented. Each is part of one of the thaeeelices that
comprise the HMG domain and are conserved between SR
and Rox1, although, interestingly, the equivalent residues tdhe model generated for Rox1 was not docked with DNA, but
F20 and W64 in SRY are reversed (Fig. 4). We obtained mutationse assume that Rox1 makes similar DNA contacts as does
in all three and in each case the phenotypesiandro activity ~ SRY; the residues of SRY that interact with DNA are indicated

Mutations in residues that interact with DNA
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Figure 5. Rox1 model structure A) Superimposition of the Rox1 (blue) and SRY (green) backbones is presented. The coordinates for SRY were obtained from
the Brookhaven Protein Data Base and those for Rox1 were derived from model bui}ifitng backbone structure of the SRY-DNA complex is presented. The

DNA wire frame is shown in black and the SRY ribbon in gree®) The ribbon structure of Rox1 is shown with the side chains of residues 118 and 145 in black

and the side chains of residues F20, W53 and W64 in red. Other residues which have been mutated are presented in the main chain as black for #ubse that cor
DNA and red for those that do noDJ The Rox1 binding site is represented as a ladder with the base indicated within the sugar. The residues that are proposed tc
contact DNA, based upon similarity to the SRY structure, are indicated, with arrows indicating the contacts.

in Figure 4 and almost all are conserved in Rox1. In additionindicated in black in Figure 5C. We had previously reported
the core of the DNA target sequence is the same. The equivalethie mutations N15D, F17S, S46P and Y84C, where only Y84C
residues in Rox1 and the contacts we propose they make witletained some repression activity. Among the mutations
DNA are indicated in Figure 5D. We isolated a number ofreported here, H25Y and S43P retained substantial repression
mutations in these residues and their positions in Rox1 arand DNA binding activity. The analogous residue in SRY to
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H25 is an Arg which contacts the sugar—phosphate backbonie, DNA binding, while a Ser substitution had a more severe
as indicated in Figures 4 apld 5D. The substitution of a Tyr foeffect. The other mutations were relatively inactive.

the His in Rox1 had a modest effect. S43 is at the beginning of The mutations described here provide some powerful tools
the second helix and the corresponding Serin SRY contacts thier a structure—function analysis of the HMG DNA binding
pyrimidine of base pair 3. It appears that the substitution of anotif. While the model structure allows some insight, it is
Pro neither disrupts the overall structure nor affects the DNAobvious that future studies will require direct analysis of the
binding activity dramatically. Two other mutations, S46F andwild-type and mutant structures complexed with DNA to
W53R, caused complete loss of activity and DNA binding. Thederive the full benefit of these genetic studies.

SRY Ser corresponding to S46 in the middle of the DNA binding

site_ contacts base pair 4 and substi;ution of a bulky aromatig ckNOWLEDGEMENT

residue probably precludes DNA docking. W53 is also conserved

in SRY and makes contact with a sugar. It may also stack witH his work was supported by NIH grant GM26061.
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