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ABSTRACT. A unique class of proteins, containing

high-mobility group (HMG) domain(s), recognizes

unusual DNA structures and/or bends specific to AT-rich linear double-stranded DNA. The DNA binding
feature of these proteins is exhibited in the HMG domain(s). Although the sequence specific and non-
sequence specific HMG domains exhibit very high degrees of sequence similarity, the reasons for the
difference between their DNA recognition mechanisms are unclear. A series of zebra fish SOX9 HMG
domain mutants was prepared in an effort to elucidate the importance of various residues on protein
stability and DNA binding. This study is the first of a comprehensive mutagenesis study on a sequence
specific HMG domain. Comparing how various residues influence sequence specific and non-sequence
specific HMG domains helps us to rationalize their mode of action. Positively charged amino acids
concentrated at the surface of sequence specific HMG domains recognize specific, linear AT-rich DNA
segments. After the negative charges at the surface of the DNA are neutralized, the hydrophobic residues
of the protein may intercalate DNA. Phenylalanine at position 12 plays a crucial role in the sequence
specific HMG domain. The differences in pl values, the instability index, and DNA contact regions between
sequence and non-sequence specific HMG domains are associated with their functional modes.

Interactions between proteins and DNA, as in DNA

packaging, repair, recombination, replication, and transcrip-

tion, are vital biological processed)( High-resolution
protein—DNA complex structures, determined using X-ray
or NMR techniques, provide several important insights into
the biological roles of DNA-binding proteins and their DNA
recognizing mechanisms. DNA-binding proteins are classi-
fied into groups according to the structural motifs that
characterize their DNA-binding domain, including hetix
turn—helix, zinc finger, leucine-zipper, and hetixoop—
helix groups 2, 3). A high-mobility group (HMG} domain

is a DNA binding motif that is abundant in nonhistone
components of chromatin and in specific regulators of
transcription or cell differentiation. Proteins that contain
HMG domain(s) are found commonly in eukaryote§. (
Common properties of HMG domain proteins include
interactions with the minor groove of the DNA helix, binding
to irregular DNA structures, and the capacity to modulate
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DNA structure by bendingd). HMG proteins have diverse
functions, including the determination of the structure and/
or stability of nucleosomes as well as in transcription and
replication @). The discovery of the mammalian sex-
determining geneSry, rapidly led to the identification of
Sox(SRY-type HMG box) genes( 7). SOX proteins have
critical functions in numerous developmental processes,
including sex determination, skeleton formation, pre-B and
T cell development, and neural inductid$).(More than 20
members of the SOX family have been cloned, and all of
them contain the HMG domain. The sequence of the SOX
family HMG domains is more than 50% identical to that of
human testis-determining factor (SRY). Zebra fish SOX9
(zfSOX9) HMG-box protein, studied in this work, binds and
bends specific AT-rich double-stranded linear DNA. Human
SOX9 is directly involved in chondrogenesis by binding and
activating the chondrocyte specific enhancer of @w2al
gene 9, 10). The loss of Sox9 gene function leads to a
genetic condition known as campomelic dysplasia (CD), a
form of dwarfism characterized by extreme skeletal malfor-
mation, and one in which three-fourths of XY individuals
either are intersexed or exhibit male to female sex reversal
(8, 11-14). Amino acid sequences of HMG domains in
vertebrates are highly conserved. For example, the HMG
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1 Abbreviations: EMSA, electrophoretic mobility shift assay; CD,
circular dichroism; IPTG, isopropyl thiogalactopyranoside; SRY, sex-
determining region of the Y chromosome; HMG, high-mobility group;
Sox, Sry-like HMG box.

(served position from that of humans (G49S). SRY and SOX9

proteins determine the sex of an embri®)( To date, at
least 26 different natural mutations in the SRY gene have
been discovered in individuals with a 46XY karyotydé).
With only one exception, all these mutations occurred within
the HMG domain 7). The functions associated with this
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hSRY VODRVERPMNAF IVWSRDQRRKMALENPR - -MRNSEISKQLGYQWEMLTEAEKWPFFQEAQKLQAMHREKYPNY - - - -KYRPRREAK -
mSOX5 GSPHIKRPMNAFMVWAKDERRKILQAFPD - -MHNSNISKILGSRWKAMTNLEKQPYYEEQARLSKQHLEKYPDY - - - -KYKPRPK-RT
mS0xX4 PSGHIKRPMNAFMVWSQIERRKIMEQSPD - -MHNAEISKRLGKRWEKLLKDSDKIPFIQEAERLRLKHMADYPDY - - - -KYRPREKEVKS
mLEF1 KRPHIKKPLNAFMLYMEEMRANVVAECTL - -KESAAINQILGRRWHALSREEQAKYYELARKERQLHMQLYPGWSARDNYGKKKKRKR
hTCF-1 KKPTIEKPLNAFMLYMKEMRAKVIAECTL--KESAATNQILGRRWHALSREEQAKYYELARKERQLHMQLYPGWSARDNY GKEKRRSR
B] Non-sequence specific HMG
HMGT -2 DPNAPKERPSSAFFIFCADFRPQVKGETPG—-LSIGDVAKKLGEKWNNLTAEDKVPYEKKASRLEKEKYEEDIT------ AYRNE-----
yYNHP6A DPNAPERALSAYMFFANENRDIVRSENPD - - ITFGOVGKKLGEKWKALTPEEKQPYEAKAQADKKRYESEKE-~- -~~~ LYNATLA---
rHMG1-B DPNAPKRPPSAFFLFCSEYRPKIKGEHPG--LSIGDVAKKELGEMWNNTAADDKQPYEKKAAKLKEKYEKDIA------ AYRAK-----
haHMG1-B GSNAPKRPPSAFFLFCSEYRPKIKGEHPG--LSIGDVAKKELGEMWNNTAADDKQPYEKKAAKLKEKYEKDIA---=--- AYRAKGKPDA
drHMG-D MSDKPKRPLSAYMLWLNSARESIKRENPG - - IKVTEVAKRGGELWR - - AMKDKSEWEAKAAKAKDDYDRAVK - - - - = = EFEANGGSSA
rHMG1l-A DPKKPRGKMSSYAFFVQTSREEHKKKHPDASVNF SEFSKKCSERWKTMSAKEKGKFEDMAKADKARYEREMK- - - - - - TYIPPKGE- -
. . * - * :

Ficure 1: Amino acid sequence alignment of selected HMG domains: (A) DNA sequence specific domains and (B) non-sequence specific
domains. Three helices are indicated as boxes. Alignment features of sequence specific HMG domains are represented at the top, and the
residues conserved among both the sequence specific and non-sequence specific groups are shown at the bottom of the alignment. An
asterisk denotes identical or conserved residues in all sequences. The conserved substitutions and semiconserved substitutions are denote:
with colons and periods, respectively.

class of proteins exist mainly in the DNA-binding HMG to the primary sequence of the zfSOX9 HMG domain, to
domain. The HMG domain includes approximately 80 amino build a model that satisfied all spatial restraints. The model
acids with highly conserved proline, aromatic, and basic was further energy minimized using the Discover 3 module

residues 18). in Insightll, with 500 energy minimization steps. The final
HMG proteins are subdivided into three different catego- three-dimensional model of the zfSOX9 HMG domain was
ries, depending on their means of DNA recognitit8, 0). evaluated using Procheck version 3.528)(

HMG proteins that recognize unusual geometries of DNA Mutagenesis and Protein Expressidgsll mutants of the

mole_qules, such as the four-way junction or cisplati_n_- zfSOX9 HMG domain were prepared by site-directed mu-
modified DNA, are the first category (non-sequence specific tagenesis using the Quick Change kit (Stratagene). Mutant
HMG) (21_24).' Examples of proteins that recognize unusual and wild-type zfSOX9 HMG proteins were expressed in the
DNA geometries are HMG1 and HMG29). In the next pPET-29aEscherichia colBL21(DE3) system after the DNA

category of HMG proteins in addl_tlon to binding with constructs of the plasmid had been verified. The bacterial
unusual DNA structures, they also bind and bend a double- . .
cells, grown at 37C in LB medium to an absorbancAsho)

stranded linear AT-rich DNA sequence (AGAACAATGG) of 0.5-0.6, were induced with 2 mM IPTG to express

(sequence specific HMGR6). Various proteins that belong . . .
: . i protein. The cells were harvested by centrifugation (000
to this category are lymphoid enhancer-binding factors for 30 min at 4°C) after induction for 4 h. The cell lysate,

LEF-1 and TCF-1) and mammalian sex-determining factors . . .
( ) 9 after sonication, was centrifuged (17@06r 30 min at

(SRY and SOX proteins). Members of the third category of *_ . . . .
HMG proteins bind unusual DNA structures with a require- 4°C) anq loaded It a 8 anatlve Ni column (nggen)
ment of a cofactor for sequence recognition; examples pre-equilibrated with a lysis buffer [300 mM NaCl in a 50

include UBF and ABF 27). The HMG proteins that exhibit MM phosphate buffer (pH 8.0)]. The column was repeatedly
sequence specific and non-sequence specific forms arevashed \_N|thaIyS|s b_uff_er before the protein ofmtergst was
indicated in Figure 1. Although the hydrophobic interactions €luted with 150 mM imidazole (Qiagen). The protein was
between protein and DNA play an essential role in all three desalted and purified using RP-HPLC with a COSMOCIL
forms, the detailed mechanism of sequence recognition isCis Seémipreparative column (20 me 25 mm, Sum pore
unclear £5). To understand the DNA recognition mechanism Siz€) using a linear gradient of 32 to 37% acetonitrile
of the sequence Speciﬁc HMG domain, we prepared a Seriescontaining 0.1% trifluoroacetic acid. The authenticity of the
of mutants for zfSOX9 HMG-box protein in this work. The sample was further confirmed with electron spray mass
influence of various residues on the structure and the DNA Spectrometry.
binding ability was analyzed. The differences between  Circular Dichroism Spectroscop¥he circular dichroism
sequence and non-sequence specific HMG domains werespectra of the zfSOX9 HMG domain and its mutants were
discussed as well. obtained using an AVIV 202 spectropolarimeter. The protein
sample (10uM) in 10 mM phosphate buffer (pH 6.0),
EXPERIMENTAL PROCEDURES containing 100 mM KCI and 1 mM EDTA, was scanned
Homology ModelingThe three-dimensional structure of from 260 to 200 nm at 3C. Protein concentrations were
the zebra fish SOX9 HMG domain was modeled using the determined by measuringso, after serial dilutions of the
mouse SOX5 HMG domain as a template structure (PDB pure protein 80). Thermal unfolding was monitored at 222
entry 1111) @8). The protein model was derived using the nm over a range of temperatures—@4 °C). Guanidine
Homology module in the Insightll package (Accelrys Inc.) hydrochloride (GdnHCI) was used for chemical-induced
with an indigd SGI workstation. The program replaced unfolding of the protein at 3C. Protein samples (10M)
various residues of the mouse SOX5 HMG domain according in 10 mM phosphate buffer (pH 6.0) containing 100 mM
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P7 after addition of 4uL of 6x DNA loading dye. The PAGE

gel was separately stained with ethidium bromide and
Coomassie blue3(l, 32). The DNA binding capacities were
quantified by comparing the shift and the amount of DNA
in different wells with respect to that of the wild-type protein.
The 1S-1000 Imaging System (Alpha innotecB3{ 35) was
used to analyze the PAGE gel. The band intensities were
measured using TotalLab version 1.11 software from Phoretix
We have used the “manual function” of the “1D image
function” in TotalLab to chose, create, and analyze the lanes.
The image rectangle was selected for background subtraction.
The measurements window updates the band intensities
automatically 86, 37). The percentage binding was estimated
by comparing the complex and the free form DNA band
intensities.

RESULTS

Ficure 2: Theoretical structure of the HMG domain of zebra fish Homology Modeling of the zfSOX9 HMG Domalitigh-

SOX®9, displaying the positions and side chains of mutational sites resolution three—dlmen.smnal Structqres of sequence specific
considered in this study. All the HMG domains exhibit a common HMG proteins determined to date include those of SOX5
structural fold, with minor differences. Threehelical segments  and SOX4 in free forms, and both male sex-determining
form an L-shaped structure stabilized by the hydrophobic core. The factor (SRY) and lymphoid enhancer-binding factor 1
long arm of the ‘L is comprised of N-terminal residues coordinated (LEF-1) in complex 28, 38—40). The sequence of the SOX5
against helix 3 and the C-terminus, while the short arm of the L is HMG d in is 520¢ ,'d . I h f 71SOX9 d
comprised of helices 1 and 2. omain is o identical to t at of z , and was
chosen as a template for modeling the three-dimensional

KCI, 1 mM EDTA, and GdnHCI were incubated at°& structure of the SOX9 HMG domain. The model has a typical

overnight. structural fold with other HMG domains at which three
Electrophoretic Mobility Shift Assay (EMSA)e biologi- o-helical segments form an L-shaped structure stabilized by

cal activities of various mutants were monitored using two hydrophobic interactions. The long arm of the L is comprised

different oligonucleotide probes. The SOX9-preferireditro of N-terminal residues coordinated against helix 3 and the

SOWT probe 5TAAGAACAATGG GA-3 (Kq = 12.4+ C-terminus, while the short arm includes helices 1 and 2
2.5 nm) and thén vivo SOX9 binding the COL2C1 probe  (Figure 2).

(Col2al enhancer, &22CCACAATG CC-3) were used to test Circular Dichroism Spectroscopic Analysis of Protein
the DNA binding capacities of protein2€). The affinity of Stability. The circular dichroism (CD) spectra of the wild-
the SOX9 HMG domain for SOWT is 9-fold higher than for type zfSOX9 HMG domain and mutant proteins exhibit
COL2C1. The high-affinity SOX9 binding sites are shown double minima at 208 and 222 nm, which are characteristic
in bold. Oligonucleotides were purchased from Biobasic of ana-helical structure. Although no mutant leads to major
(Taipei, Taiwan). DNA and aliquots of wild-type or mutant reorganization of the fold, several mutated proteins exhibited
proteins were incubated in 20L of a reaction solution guantitative differences with respect to the wild type. The
[25 mM phosphate buffer (pH 7.2)] at 4C for 3 h. The comparison of CD spectra between mutants and the wild type
mixtures were loaded into a nondenaturing 20% polyacryl- is shown in Figure 3. The ellipticity at 222 nm was used to
amide gel and electrophoresed ir TBE at 150 V for 3 h estimate the helical content of the proteins (Table 1). The
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Ficure 3: CD spectra of wild-type zfSOX9 HMG and selected mutant proteins. CD spectra illustrate the influence of various mutants on
the a-helical content of the zfSOX9 HMG domain. Substitutions that involve hydrophobic residues are very important in determining the

total helical content of the protein.
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Ficure 4: Stability of mutants of the zfSOX9 HMG domain, monitored by CD thermal denaturation. The apparent fraction of the protein
unfolded is plotted vs temperature for various mutants with different stabilities. The stability of the HMG domain enormously increased
upon binding with its consensus DNA sequence.

Apparent fraction unfolded

|Guanidine hydrochloride] (M)

Ficure 5: Chemical denaturation of the wild-type zfFSOX9 HMG domain and its mutants by GdnHCI, monitored using circular dichroism
spectroscopy techniques. The system does not behave as a perfect two-state model because N-terminal residues in the long arm of the
L-shaped protein are very flexible.

thermal stability of the proteins was determined from the SOWT, bears the high-affinity binding site defined for other
change in the circular dichroism signal at 222 nm over a SOX proteins [(A/T)(A/T)CAA(A/T), termed SOXCON
range of temperatures. Thermal and chemical denaturationg26)]. Although the binding of DNA with protein occurs in
are monitored withl, and Cy,, respectively. Figures 4 and  1:1 ratio, a band corresponding to traces of free DNA was
5 present the unfolding profiles of the mutant proteins, which observed. To quantify the binding efficiencies of various
exhibit moderate differences in stability, obtained in tem- mutants, a higher protein concentration was used for all the
perature and GdnHCI denaturation experiments, respectively.experiments (a 1:2 DNA:protein ratio). Wild-type zfSox9
Most of the mutants show a negligible influence on the HMG—S9WT probe interaction, considered to be 100%
helical content £5%). However, seven mutations (F12A, (++++), was compared with interactions of various mu-
F12K, M13A, WA43A, K66A, A11L/A58L, and H65Y)  tants. Mutants with less than 10% binding were considered
exhibit a significant decrease in helicity. On the other hand, to be nonbinding mutants and represented with a dash. Other
the helical content of S36A and H65A are significantly binding interactions (1840, 40-70, 70-90, and>90%)
increases. Table 1 summarizes the biophysical analysis ofwere specified witht, ++, +++, and++-+-+, respectively.
zfSOX9 HMG mutants and comparison to other classes of |n the case of the COI2C1 probe, binding was marked as
HMG domains. or —. DNA binding was completely affected by mutation at
DNA Binding AssayThe capacities of the mutants to bind position 12 or 43. Replacement of phenylalanine with alanine
with DNA, relative to the wild type, were measured using or lysine affected the protein stability and the DNA binding,
the electrophoretic mobility shift assay (EMSA) (Figure 6). whereas tyrosine substitution did not affect the secondary
Table 1 presents the binding data for the SOWT probe and structure or the stability of the protein; however, the DNA
the Col2C1 probe. Wild-type HMG protein binds weakly binding was affected (Figure 3). Other biologically significant
with the hSOX9in wivo Col2al enhancer DNA motif  mutants (M9A, N10A, M13A, R20A, W43A, H65Y, and
(CIG)(T/A)CAA(T/A)(C/G) (Col2C1 probe)Z6). The probe, K66A) showed direct structurefunction relationships (Fig-
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Table 1: Summary of the Biophysical Properties of HMG-Box Mut&nts

[6] (deg cn? sequence SRY-DNA sequence non-sequence
zfSOX9 dmol?) EMSA EMSA specific SRY SOX9 binding specific specific
HMG-box at222nm T, [GdnHCIL, (S9WT) (COL2C1) HMG disease disease interface HMG HMG
mutant (5°C) (°C) (M)(5°C) (5°Cl (5°C) conservedl (57) (57 (39)° mutation mutation
wild type —13935 48 2.0 100 +
P3D —12413 48 2.0 63.7 ND
K6A —17880 48 ND 94.6 + # K6A—(41-43)
K6E—(43)
K6R—(27)
K6G=£(27)
K12A—(41)

MO9A —12600 48 1.6 75.0 + Mol Vv P15A+(41)

M9R

N10A —12228 43 1.6 46.6 - # v S16A—(41)

F12A —8257 <30 <05 8.2 - # F12V F12S v F12L—(48) Y28A—(42)

F12y —13552 46 ND 1.8 - F12A—(47) Y28D—(77)

F12K —7415 <30 ND 1.4 — F125-(27)
F12Y—(27)
F18A+(41)
Y119A+(58)
Al6F—(Pt)(46)
F16A—(Pt)(46)

M13A —10836 47.5 2.0 61.2 - 113T vV 168T—(78) M29A—(42)

I113A—(47) M29A—(77)
113T—(47) M29D=(77)

F13V—(27)
F13S-(43)
F19A—(41)

A19Q —13343 48 2.0 99.6 ND

R20A —11510 48 ND 18.7 - # R20N Vv R26A+(41)
R20G—-(43)
R36A—(42)
R20E-(27)
R20Q-(27)
R127A—(59)

H29A —12148 48 2.0 65.4 +

N32A —12555 55 2.5 70.8 + # V32A—(45)
V32F—(45)
138A+(41)
FA8A—(42)
F37W—(Pt)@6)
F37A—(Pt)(46)
137F+(Pt)@6)
137A—(Pt)(46)

S36A —15301 55 2.3 74.7 + # S36G v

K37A —14057 55 2.0 86.5 + K37 v K43A+(41)
K37E+(43)
K53A—(42)
K114A—(58)

L39A —12440 <30 <0.5 82.6 + #

G40A —14225 55 2.6 86.2 ND # G40R G40R(60) G46A—(41)

WA43A —7695 <30 ND 0.3 - # WA43R Y150A—(58)

E50A —14090 50 2.0 91.4 ND #

R62A —13175 48 ND 87.2 + N K78A—(42)
K68A—(41)
K62E+(43)

H65A —16554 52 ND 74.6 + # H65Y—(48) Y655+(43)

H65Y —10737 50 2.3 56.1 - Y81A+(42)

H65W —14826 52 ND 63.2 + F172A+(58)

K66A —11204 52 ND 72.1 ND

P70A —13037 48 2.0 7.7 + # P70L P70R P70R(48)

K73A —12320 48 2.1 718  + v

Y74A —12514 48 2.0 44.5 ND # N Y745+(43)
Y88AL(42)
F179AL(58)

P3D/A19Q  —12880 48 21 95.5 ND

Al11L/A58L —-9212 35 1.8 35 ND

a Experimental errors for the percent heli,, andCy, are+3%, +3 °C, and+ 0.1 M, respectively. ND denotes an undetermined biophysical
parameter. Significant mutants are shown in bold lettevgild-type zfSox9 HMG-SOWT probe interaction, considered as 100%-(-+). The
mutants exhibiting less than 10% of standard binding were considered nonbinding mutants and given the-sy@ibet binding interactions
(10—40, 40-70, 70-90, and>90%) were specified witht, ++, +++, and++-++, respectively. The experimental error4$5%. ¢ Protein—
COL2C1 probe interactions are denoted with-@r —. ¢ # indicates the sequence specific HMG conserved resfdResidues at the SRYDNA
interface are denoted with thé symbol.f The last two columns include various HMG mutants reported in the literature. The literature references
are given in parentheses. The interactions of mutant proteins with DNA are indicated-byor +, corresponding to an increased, decreased, or
insignificant effect, respectively.
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M9A  Fi2A R62A WT K37A F12y - WT Ko6A MI3A  YT4A  F12K

Ficure 6: Electrophoretic mobility shift assay (EMSA) of wild-type and mutant zfFSOX9 HMG domains with the SOX9 cagnéitie

DNA sequence (A/T)(A/T)CAA(A/T) (SOWT). A fixed concentration of SOWT was incubated with the wild type and various mutants.
Representative EMSAs of wild type and selected mutants exhibit contrasting interactions with DNA. An Alpha Innotech Alfaimager IS-
1000 Imaging SystenB@—35) was used to measure the band intensities. Table 1 represents the intensity of the wild type and other mutants.

ure 3). Alanine mutation of Lys6, Lys37, Arg62, and Tyr74 core. The overall stability of the molecule is decreased as
did not influence structure or function; interestingly, mutation leucine is replaced with a less hydrophobic alanine (Figure
of these positions imparts major changes in the case of non-4). Previously published complex structures (PDB entries

sequence specific HMG domains (Table 1). 1HRY and 2LEF) revealed that the DNA binding was
unaffected because leucine or alanine at position 39 along
DISCUSSION with Trp15 opens their hydrophobic contacts to interact with

Mutagenesis Study of the zfSOX9 HMG Domalanine the DNA molecule 40, 51). Residues Met9 and Leu6l

scanning analysis afSOX9 HMG-boxevealed that Asn10, ~ constitute another portion of the hydrophobic core in the long
Phel2, Metl3, Arg20, and Trp43 are very important,in arm of the theoretical structure. Mutation of the methonie

maintaining the three-dimensional fold as well as in presery- {0 alanine at position 9 may have the same effect as that of
ing the DNA binding ability of the protein. Replacement of the L39A mutation. Attempts to increase the hydrophobic

either one of these residues leads to a less stable proteirfré Size lead to adverse effects. An A11L/AS8L double
incapable of binding to DNA. These residues are also mutant decreased the secondary structure, stability, and DNA

important in non-sequence specific HMG-box proteidg (  Pinding ability.
41-43). Residue Asnl10 is replaced with serine in non-  The mutants P3D, A19Q, H29A, R62A, K66A, K73A,
sequence specific HMG-box proteins. The stability of and Y74A did not affect the secondary structure or stability
sequence specifisOX9 HMG-boxvas increased by replac-  of the sequence specific HMG-box protein. DNA binding
ing Asn32, Ser36, and Lys37 with alanine, but their DNA Was also unperturbed for these mutants except for a mild
binding abilities were slightly decreased. In the model effect in the P3D and Y74A mutants (Table 1). All these
structure, these residues are very close to the hydrophobigesidues found to effectively interact with DNA base pairs
core in the short arm of the L-shaped protein, so alanine that conjoin the HMG-box recognizing consensus sequence
substitutions strengthen the hydrophobic core to increase the(48). Though the effect of R62A was marginal in the case
protein stability. Analysis of SR¥DNA complexes revealed ~ Of the sequence specific domain, it affected the DNA binding
that Lys37 and Ser36 are located close to thymidine basescapacity of non-sequence specific HMG-box prote#is
of the DNA to interact electrostaticallydg). In the case of ~ 43). Residues Lys6 and Glu50 are highly conserved among
alanine mutants, alanine may interact with DNA but cannot the HMG-box proteins (Figure 1). Alanine mutageneses of
neutralize charges at the DNA surfaegl) In the case of  these residues had no effect on the structure or DNA binding
non-sequence specific proteins, the unconserved positiong2bility of SOX9 HMG-boxAnalysis of the location of these
32 and 36 are mostly occupied with hydrophobic residues residues in the three-dimensional spaces of various BNA
(Figure 1) @1, 42, 45, 46). Substitution of the conserved HMG box complexes revealed that they are mostly projected
Lys37 with alanine leads to a more stable protein with away from the DNA binding-interfacetQ, 51). Therefore,
weakened DNA binding ability27, 4143, 47—49). The these residues might be involved in secondary interaction
inference of these observations is that the sequence specifidike bringing another portion of DNA closer or bridging other
HMG-box domain requires more electroneutralization of DNA binding proteins to effect the biological activit$Z—
DNA phosphate groups than non-sequence Speciﬁc COUﬂ-56)- In the case of non-sequence specific HMG-box proteins,
terparts. Lys6 is found to be involved in DNA binding4@).

The stability of the HMG-box domain is directly related Biologically Significant MutantsOne of the mutants
to the hydrophobic core of the moleculgedf. Though the reported in the case CD patient is H6548J. Interestingly,
alanine mutations are directly related to the stability of the tyrosine at position 65 (Tyr65) was found to be highly
protein, DNA binding is less affected, except for mutation conserved among the non-sequence specific HMG-box
at Phel2, Met13, and Trp43. In the theoretical model at major proteins ¢8). McDowall et al. é8) have proposed that HE5Y
wing, Leu39 and Trpl5 form a portion of the hydrophobic might have influenced Pro8, which in turns affects the
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'

zfSOX9 ratHMG1B (1HME)

dHMGD (1HMA)

hSRY-DNA (1HRY) dHMGD-DNA (1QRYV)

Ficure 7: Hydrophobic interactions of (A) sequence specific and (B) non-sequence specific HMG domains. A portion of the hydrophobic
core consists of phenylalanine or tryptophan at positions 12, 15, and 43 of the primary structure of the sequence specific HMG domains
which are opened up to facilitate DNAprotein interaction. The last figure in each panel depicts the orientations of the side chains in the
proteins involved in DNA complexes. The other figures represent the free forms.

orientation of Arg7. Mutation of Arg7 was found to affect residue at position 70 was found to be important in orienting
the DNA binding in non-sequence as well as sequencethe C-terminal tail to interact with DNA, and its P70R mutant
specific HMG-box proteins42, 57). In other words, the is found in the CD patients4@). Interestingly, Pro70 is
presence of His at position 65 helps to keep Arg7 in the conserved in sequence specific HMB-box proteins only
correct orientation required for electroneutralization. The (Figure 1). The alanine mutant of Pro70 affected the EMSA
mechanism was further supported by substitution of histidine of longer length DNA, SOXCORE (21mer), and not the
with the bulkier tryptophan, leading to a stable protein consensus sequence (14mer) alone (Table48). (The
capable of binding to DNA (Table 1). But the argument was residues probably influenced by the P70A mutant are Lys73
contradicted by alanine and tyrosine substitutions, where and Tyr74 48). Alanine mutations of these sites scarcely
tyrosine retards the DNA binding and a less bulky alanine influence the protein stability or DNA bindingt®, 43, 58).
leads to a stable protein retaining DNA binding ability (Table From the structural analysis, it could be argued that these
1) (48). From the above results, it could be argued that residues might have interacted with the DNA bases that flank
histidine may not only influence other residues but also play the consensus sequences. DNA interaction at positions such
a direct role. The structural studies presently underway in as Lys73 and Tyr74 may help to match the larger energy
our laboratory may reveal the actual role of His65. A proline required for complex formation by sequence specific HMG-
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B) rHMG1A (1AAB) D) dHMGD-bulge-DNA (1E7J)

FiGUurRe 8: Schematic representation of the HMG domaliNA interaction. The DNA binding interface of (A) the sequence specific HMG

domain (mean pl 0f~10.38) includes several positively charged residues compared to the (B) non-sequence specific HMG domains (mean

pl of ~9.26). The DNA binding contact region of the non-sequence specific HMG domain includes only the short arm of its L-shaped
structure (with 22-28 heavy atoms within 3.5 A), whereas the sequence specific HMG domain uses both the short and long arms (with
46—145 heavy atoms within 3.5 A%E). The sequence specific HMG domain undergoes major structural reorganization, but the non-
sequence specific HMG domain remains unaffected. Various proteins and ptDték complexes in the figure are labeled according to

their Protein Data Bank name. Proteins in the free forms are shown as inverted L shapes where short arms face the viewer. The phosphate
groups that cover the minor groove are neutralized by the positive charges of the sequence specific HMG domains so that they interact with
hydrophobic bases closer to the minor groove of regular B-form DNA. The protein’s hydrophobic side chains may act like a wedge.

box proteins. Mutants F12Y and W43A are commonly found major conformational reorganization when binding to DNA
in CD patients %7). Positions 12 and 43 required hydro- in sequence specific HMG-box proteins (Figure 7). Of the
phobic residues in sequence specific HMG-box proteins three residues at the hydrophobic wedge, F12 was found to
(Figure 1). Replacement of these residues with less hydro-be very important. Replacement of functionally important
phobic residues (F12A and W43A) or with a charged residue phenylalanine with tyrosine in the zfFSOX9 HMG domain
(F12K) completely affected the DNA binding (Table 1). hindered DNA binding. The F12Y mutant did not change
Structural analysis of previously determined structures of the structure or stability of the protein (Figures 3 and 4).
HMG-box—DNA complexes showed that these residues play Comparing the primary structure of the sequence and non-
important roles in DNA minor groove binding39, 59). sequence specific HMG box revealed that F12 is strictly
G40R, another mutant found in the CD patient, hindered the conserved in sequence specific HMG box proteins, whereas
DNA'’s access to the active sites of the protein chain becausein some non-sequence specific proteins, it is replaced with
of its bulk and positive charges(). Gly40 is a conserved  tyrosine (Figure 1). Phenylalanine at position 12 enables the
residue in the case of sequence specific HMG-box proteins.sequence specific HMG domain to bind linear DNA, but
Replacement of the less favored glycine from the helical tyrosine fails to do so (Figure 6). However, residues in the
region with alanine leads to a stable protein and DNA binding corresponding position of the non-sequence specific domain
ability comparable to that of the wild type. In the case of interact with deformed or unusual DNA structures, where
non-sequence specific proteins, the G40A mutant increasegphenylalanine or tyrosine can fulfill the role (Figure 2)/(
the stability but completely retards DNA binding1]. 61). These results demonstrate that F12 is crucial for the
F12 Is the Key Residue for DNA Bindirifiaree residues ~ DNA binding of sequence specific HMG domain proteins.
(F12, W15, and W43) that constitute a hydrophobic core play  Role of Basic Residues in DNA RecognitiSequence and
major role in protein-DNA interactions 27, 41—43). This non-sequence specific HMG domains possess the same
hydrophobic core, located at the juncture of the minor and number of conserved hydrophobic residues, but a different
major wings of the L-shaped HMG domain, undergoes a number and distribution of charged residues (Figure 1). The
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Table 2: Theoretical pl, Instability Index, and Number of Heavy
Atoms Involved in the DNA-Protein Interface of HMG-Box
Domains

theoretical instability no. of heavy atoms

HMG pl index within 3.5 A
sequence specific
zfSOX-9b 10.43 55.05
hSOX-9 10.47 60.61
hSRY 10.67 65.49 46 (1HRY)
92 (1J46)
mSOX-5 10.10 81.51
mSOX-4 10.28 76.78
mLEF-1 10.36 63.62 145 (2LEF)
hTCF-1 10.36 66.86
non-sequence specific
yNHP6A 8.14 40.56
rHMG1-B 9.38 16.88
haHMG1-B 9.49 12.45
drHMG-D 9.47 42.03 28 (1QRV)
22 (1E7J)
rHMG1-A 9.68 41.45 24 (1CKT)
HMGT-2 9.44 28.07

specific HMG domains interact with DNA at a few definite
numbers of positions, sequence specific HMG proteins
interact at several sites to satisfy the large energy requirement
(Table 2) @4). A simple comparison of mutants determined
that the non-sequence specific HMG domains lost their
activities when mutated at several key positions (Lys6,
Lys37, Arg62, or Tyr74), whereas the sequence specific
HMG domain could tolerate mutations at these positi@Ts (
41-43, 58, 64). Since sequence specific HMG domains
involve several residues, a single mutation did not hinder
DNA binding. Sequence specific HMG domains use both
the long and short arms of the L-shaped protein, whereas
non-sequence specific HMG domains use only the short arm
to interact with DNA (Figure 8). In other words, the number
of interactions at the proteirDNA interface of the sequence-
recognizing HMG domain is almost twice that in its non-
sequence specific counterpart (Table 2). The numbers of
heavy atoms within 3.5 A of sequence specific and non-
sequence specific HMG domains are-4B15 and 22-28,
respectively §5). The energy released by electrostatic and

positively charged residues distributed over the surface of van der Waals contacts helps to satisfy the large energy

the HMG domain form a clamp to coordinate with the minor
groove of cognate DNA (Figure 8). Theoretical isoelectric
points (pl) for different HMG domains are calculated to

requirement for DNA interaction6@).
In their free forms, non-sequence specific HMG domains
are more stable than sequence specific HMG domains. The

quantify these differences. The mean theoretical pl valuesthermal denaturation of the non-sequence specific HMGB1
calculated for sequence and non-sequence specific HMGprotein, a plot of mean residue ellipticigrsustemperature,

domains were 10.38 and 9.26, respectivel$) (Table 2).

followed a flat line at low temperatures, whereas that of the

The higher basicity of the sequence specific HMG proteins sequence specific zfFSOX9 HMG domain followed a sloping
implies that they can neutralize phosphate groups in linear line at lower temperatures (corresponding to a lower stability)

cognate DNA to facilitate the interaction of hydrophobic
residues44). In the case of unusual DNA structures, fewer

because of the flexibility of its long arnbQ, 66). HMG
domains attain a stable, conformational state when com-

negative charges on the DNA must be neutralized before plexed with DNA (Figure 4B). The stabilities of the sequence

the nonpolar side chains of the protein effectively interact
with bent DNA 61). The extent to which charged residues
affect the recognition of the DNA sequence is further
demonstrated by the following example. Although the sta-
bility of the sequence specific zfSOX9 HMG domain was
slightly increased via replacement of Asn32 and Lys37 with
alanine, the ability to bind DNA was varied. The alanine

specific zfSOX9 HMG domain in free and complex forms
are very different; theT, values are 50 and 70C,
respectively. The difference between the unstable higher-
energy state and the complexed low-energy state could be
utilized for DNA interactions.

Theoretical Stability and Biological Role of HMG Do-
mains. The thermodynamic stability of a protein may be

mutants at these positions might have failed to neutralize quantified by its susceptibility to proteolytic cleavag®{

negative charges on the DNA surfadel). In non-sequence

69). The proteolytic cleavage of proteiisvivo is theoreti-

specific HMG domains, hydrophobic residues occupy the cally calculated as the instability index’@). A larger

position of unconserved Asn32. Similarly, positively con-

instability index calculated from the primary sequence

served basic residues at positions 21, 41, and 60 and thémplies a less stable protein. Although both forms of HMG

C-terminal residues (#577) of the sequence specific HMG
domain are mainly replaced with neutral or negatively

proteins include several conserved residues, the average
instability indices have contrasting values, 67 and 30, for

charged residues in the non-sequence specific HMG domainsequence and non-sequence specific HMG domains, respec-

(Figure 1).
Proteinr—DNA Interface of HMG DomainsThe primary

tively. The lower stability of sequence specific HMG
domains has important biological significance. The half-life

structures of sequence and non-sequence specific HMGof proteins governs their functioria vivo (71). A larger
domains exhibit a high degree of sequence similarity and ainstability index (shorter half-lifeén »ivo) of a sequence

conserved three-dimensional fold (Figures 1 and62).(In

specific HMG domain implies that its function is controlled

the case of the sequence specific HMG domain, the interac-during the developmental process. Non-sequence specific

tions with linear DNA should contribute to the larger energy
requirement for DNA bendingdd). The formation of recog-

HMG proteins in cells perform “housekeeping”, like protect-
ing the B-form DNA and identifying deformed DNA, such

nition contacts, such as hydrogen bonds, ion pair contacts,as four-way junction, cisplatin-modified DNA or DNA bulge,
and nonpolar contacts between protein and DNA, is energeti-to shield, repair or trigger antitumor activitys3 72)

cally favorable 63). The sequence specific HMG domains
have more residues at the proteldDNA interfaces than the

However, proteins such as SOX9 are active only during a
cell's developmental process, (54, 57, 73). Although the

non-sequence specific counterparts (Table 2). The numbersequence specific HMG domain can also bind with a

of atoms that help to coordinate these proteins with DNA

deformed portion of DNA, like the non-sequence specific

are very different in each case. Although non-sequence HMG domains, the shorter lifetime (half-lifen vivo) of
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the sequence specific HMG domain controls its function 18.Laudet, V., Stehelin, D., and Clevers, H. (1993) Ancestry and
(74—76).

The highly basic sequence specific HMG domains (pl
~10.38) interact with DNA with a molecular wedge mech-
anism @5, 59). Positively charged amino acids neutralized
negative charges at the surface of the DNAJ)( The

hydrophobic core of the protein is then opened to intercalate

the DNA (25). Mutation analysis along with the differences
between the pl values, the instability indices, and DNA

contact regions of the sequence and non-sequence specific22.

HMG domains rationalize their binding modes.
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