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ABSTRACT. Pax3 is a transcription factor that plays an important role during neurogenesis and myogenesis,
and Pax3 mutant animals display neural tube defects and lack limb muscles. Pax3 harbors two DNA
binding domains, the paired domain (PD) and a paired-type homeodomain (HD). Genetic and biochemical
data have (i) identified strong cooperative interactions between the PD and HD domains for DNA binding
in the intact Pax3 protein and (ii) suggested an important role for the amino-terminal portions of both
domains in such cooperativity. We have studied proximity relationships between the PD and HD of Pax3.
For this, we have used a cross-linking strategy with the bifunctional thiol reagent bismaleimidoethane
(BMOE) in 21 mutants bearing pairs of cysteine residues (DCM) inserted in strategic locations of a
functional Pax3 protein otherwise devoid of endogenous cysteine residues. All 21 DCMs were characterized
for protein stability, for DNA binding by the PD and HD, and for the effect of BMOE on protein binding

to PD, HD, or PB-HD combined DNA targets. BMOE-induced cross-links in DCMs were detected as
slower migrating species on immunoblots. Mutants bearing double cysteine insertions (159C/S222C, S73C/
Q219C, and V78C/K218C) showed the most robust cross-linking upon BMOE exposure. These cross-
linking studies suggest that portions of helix 1 (159), helix 2 (S73), and the loop between helices 2 and
3 (V78) of the PD are in the proximity of the N-terminal segment of the HD (K218, Q219, and S222) in
the tertiary structure of Pax3. These results are compatible with a model in which the PD and HD are
organized in an everted arrangement, with the N-terminal portion of the PD being in the proximity of the
N-terminus of the HD. This arrangement may be important for the notedHIDcooperativity in DNA
binding.

Pax3 is a member of the Pax family, a group of Other structural domains of Pax proteins include a conserved
transcription factors that play critical roles during mammalian octapeptide (OP) in the segment linking the PD and HD and
development 1—12). Pax3 is expressed in a number of the proline-, serine-, and threonine-rich (PST) transactivation
embryonic structures (somites, the neural tube, and severadomain at the carboxyl terminus.

neural crest cell-derived lineages) and is essential for the High-resolution three-dimensional structurgs, @6) show
normal process of myogenesis and neurogené8jsi¢). A that the PD is formed by N-terminal (PAI) and C-terminal
mutation in the mousPax3gene causes severe neural tube (RED) subdomains, each consisting of a three-helix fold that
defects (spina bifida and exencephaly) and the absence ofncludes a helixturn—helix (HTH) motif, with the C-
limb musculature; likewise, in humans, mutationsPAX3 terminal helix of each HTH making base-specific contacts
cause Waardenburg syndrome (WS), a condition associatedn the major groove of DNAZS5, 26). The linker joining the
with sensorineural deafness, craniofacial abnormalities, andpa| and RED subdomains also makes base-specific contacts
pigmentary disturbancesl 15-21). Pax3 appears t0  in the minor groove of DNA. In addition to the HTH motif,
orchestrate the expression of a number of target genes duringhe PAI subdomain harbors/turn structure at its amino
normal development, but aberraRAX3 activity causes  terminus that also makes critical contacts in the minor groove
alveolar rhabdomyosarcoma&2 23). Structurally, Pax  of DNA (25, 26). The DNA sequences recognized by the
proteins are defined by the presence of a unique DNA pp can be bound by both subdomains (class | sequences) or
blndlng domain called the paired domain (PI'DD'I. addition, 0n|y by the PAI subdomain (C|ass 1 Sequenc@], (28)
Pax3 and several other Pax prOteinS contain a second DNAThe structure of the DNA-bound Prd paired-type HD shows
binding domain, a paired-type homeodomain (HR)Z4). threea-helices, with the two most C-terminal forming a HTH
motif (29—32). The C-terminal helix of the HTH makes base-
*To whom correspondence should be addressed: Department ofSpeCIfIC .ContaCtS in th.e _maJor gr_O_OYe of DNA a”‘?' 1S
Biochemistry, McGill University, 3655 Sir William Osler Promenade, responsible for DNA binding specificity. The N-terminal
room 907, Montreal, QC, Canada H3G-1Y6. Phone: (514) 398-7291. segment preceding the HTH motif makes additional contacts
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10.1021/bi062107q CCC: $37.00 © 2007 American Chemical Society
Published on Web 02/27/2007




Interactions between the Two DNA Binding Domains of Pax3 Biochemistry, Vol. 46, No. 11, 2002985

Table 1: Oligonucleotides Used for Pax3 Mutagenesis

substitution mutagenic primer’(® 3)2
159C ATCCGCCACAAGIGTGTGGAGATGGCC
S73C CCGAGCGTCATTGTCGCCAGCTTCGC
V78C CGCCAGCTTCGEGTTCCCATGGATCC
L215C CCTGATTTACCGEGTAAGAGGAAGCAGCGCCGATCGAGAACCACCTTC
K216C GATTTACCGCT@GTAGGAAGCAGCGCAGGTCTAGAACCACCTTC
R217C GACTCTGAACCAGATCTACCGCTGAAGGTAAGCAGCGCAGGTCGCGAACCACCTTC
K218C CCGCTGAAGAGEGTCAGCGCAGGTCGCGAACCACCTTC
Q219C GATGAAGGATCCGATATTGACTCTGAACCTGATTTACCGCTGAAGAGGAAGGTCGCAGGAGC
S222C CAGCGCAGGGCCGTACGACCTTCACG
T225C GAGCAGAACOGCTTCACGGCAGAGCAGCTGGAGGAACTGGAGCGCGCGTTCGAGAG

a Nucleotide substitutions leading to amino acid changes are in bold and italicized, and those that introduce silent restriction sites are underlined

Although the PD and HD can bind to cognate DNA the amino terminus of the HD on the other hand. The ability
sequences when expressed individually, a large body ofof BMOE to induce cross-linking of Cys pairs in Pax3
genetic and biochemical data indicates that the two domainsmutants bound to different DNA targets recognized by either
are functionally interdependent in intact Pax3. For instance, the PD (P30PT), the HD (P2), or both (PHO) was evaluated.
the G42R mutation in the PD of Pax3 from ti&plotch- These cross-linking studies suggest that portions of the PD,
delayed(Sp) mouse mutant abrogates DNA binding by the al (159), a2 (S73), and the loop joining2 anda3 (V78),

PD but also impairs DNA binding by the HD. Interestingly, —are approximatgl8 A from the N-terminus of the HD (K218,
deleting helix 2 of the PAI subdomain in the context of the Q219, and S222) in the tertiary structure of Pag9)(

G42R mutation $) restores DNA binding by the HD,

suggesting that this helix is involved in cooperative interac- MATERIALS AND METHODS

tion between the PD and HD of Pax33. Studies in . . )
chimeric Pax3 proteins have shown that the PD can modulate MutagenesisThe construction of the pMT2 expression
both the DNA binding specificity and dimerization potential Plasmid containing the entire coding region of wild-type
of heterologous HDs3d). Conversely, studies of the HD (WT) Pax3cDNA has been described previousBg( 36).
mutation R53G found in a Waardenburg patient show that Pax3was modified by the in-frame addition of c-Myc and
it impairs DNA binding by both the HD and the PI35). HA epitopes at the N- and C-termini, respectively, thereby
Site-specific modification of single-cysteine Pax3 mutants 9enerating the pMT2/Myc-Pax3-HA WT construgf. The
with thiol reagents has shown that independent modification construction a_nd functional characterization of a Pax3 mutant
of position 82 in the PD and position 263 in the HD (V263C) lacking cysteines [Cys-less (CL)] have been described
abrogates DNA binding by both the PD and HEB), Finally, pre_wous!y 36), ar_1d this CL Pax3 was similarly modified
protease sensitivity studies in Pax3 mutants bearing engi-PY insertion of epitopes to create pMT2/Myc-Pax3-HA CL.
neered Factor Xa sites either in the linker separating the PAI The generation of the three PD (CL/IS9C, CL/S73C, and
and RED motif (position 100) or upstream of the HD CL/\(78C) smgle_—cystelne mutants used in .thIS study was
(position 216) revealed that DNA binding by either the PD previously described3g8). The seven other single-cysteine

or the HD causes a structural change in the other DNA Mutants have cysteines introduced into the N-terminal arm

observed interdependence of DNA binding. Additional R217C, CL/K218C, CL/Q219C, CL/S222C, and CL/T225C)
studies with single-cysteine mutants independently introducedPyY PCR mutagenesis using t_he pMTZ/Myc-PaxS-HA CL as
B-hairpin (positions 46-41) at the amino terminus of the ~@Kpnl cassette defined by two endogend{mnl restriction
PD identified a number of positions (Q40, 159, V60, P69, Sites at positions 563 and 1500. Swappingpfi cassettes
S70, 172, S73, L76, V78, and S79C) at which NEM Of linker—HD SCM constructs into the three PD SCM

modification abrogated DNA binding by the PD and HD constructs permitted the generation of the following 21
(38). Three-dimensional modeling revealed that these resi- double-cysteine mutants: 159C/L215C, IS9C/K216C, 159C/

dues are not randomly distributed but rather cluster in a R217C, 159C/K218C, 159C/Q219C, 159C/S222C, 159C/
hydrophobic pocket, representing a possible docking site for T225C, S73C/L215C, S73C/K216C, S73C/R217C, S73C/
the HD during DNA binding by the intact protei3®). K218C, S73C/Q219C, S73C/S222C, S73C/T225C, V78C/
The objective of this study was to characterize further the L215C, V78C/K216C, V78C/R217C, V78C/K218C, \_/78C/
structural basis of the HBPD functional interaction in Pax3 ~ Q219C, V78C/S222C, and V78C/T225C. Each mutation was

and possibly identify individual residues of the HD that may Verified by nucleotide sequencing, and the accessibility of
come into the proximity of the PD during DNA binding. restriction ;ltes for cloning was verified by endonuclease
Proximity relationships were investigated in Pax3 mutants fragmentation.

bearing pairs of single cysteines inserted at different positions Expression and Detection of Pax3 Mutarithe expression

of the amino terminus of the PD and of the HD [double- plasmids were used to transiently transfect COS-7 monkey
cysteine mutants (DCMs)], followed by cross-linking with  cells. One million cells were plated in Dulbecco’s modified
the thiol-specific bifunctional reagent BMOE. For this, we Eagle’s medium containing 10% fetal bovine serum and were
created 21 Pax3 mutants bearing pairs of cysteines betweertransfected by the calcium phosphate coprecipitation method
positions 59, 73, and 78 in the amino terminus of the PD on using 15ug of plasmid DNA doubly purified by ultracen-
one hand and seven positions (2189, 222, and 225) in  trifugation on cesium chloride density gradients. Calcium
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DNA precipitates were placed onto the cells 5oh and then
treated with HBS [0.14 M NaCl, 5 mM KCI, 0.75 mM Na
HPQO,, 6 mM dextrose, and 25 mM HEPES (pH 7.05)]
containing 15% glycerol for 1 min. The cells were then

Apuzzo and Gros

oligonucleotide pairs with recesseteéhds for end labeling
with [a-32P]dATP (3000 Ci/mmol; NEN) using the Klenow
fragment of DNA polymerase.

The thiol-specific reagemi-ethylmaleimide (NEM, Pierce)

washed and placed in complete Dulbecco’s modified Eagle’'s was prepared as a 32 mM stock solution in water. Bis-

medium. Whole cell extracts were prepared 24 h following
glycerol shock by sonication in a buffer containing 20 mM
HEPES (pH 7.6), 0.15 M NaCl, 0.5 mM tris(2-carboxyeth-
yl)phosphine hydrochloride (TCEP), 0.2 mM EDTA, 0.2 mM

EGTA, and a mixture of protease inhibitors: aprotinin,

maleimidoethane (BMOE), a sulfhydryl-to-sulfhydryl cross-
linking reagent (Molecular Probes) was prepared as a 32 mM
stock solution in 100% dimethyl sulfoxide. To assess the
effect of NEM or BMOE on DNA binding, they were added
as a 0.5uL aliquot to a 4uL volume of whole cell extract

pepstatin, and leupeptin used at 1 mg/mL and phenyl- (final concentration of 3.55 mM), followed by a 30 min
methanesulfonyl fluoride used at 1 mM. These extracts wereincubation at room temperature prior to the addition of the
stored frozen at-70 °C until they were used. To assess Pax3 3?P-labeled probe and EMSA. Western blotting was carried
mutant protein expression and stability, aliquots of whole out with whole cell extracts treated with non-radiolabeled
cell extracts were analyzed by electrophoresis on acrylamide-DNA prior to BMOE treatment to assess the extent of cross-
containing SDS gels (SDSPAGE), followed by elec-  linking in double-cysteine mutants. When BMOE-treated
trotransfer onto nitrocellulose membranes and immunoblot- whole cell extracts were destined for Western blotting, they
ting. Immunodetection was performed with mouse monoclonal were treated with NEM (3.55 mM, 30 min at 2C) prior
anti-HA antibody (BabCO, Berkeley, CA) at a dilution of to SDS-PAGE to block any remaining unmodified cysteines
1:1000 and visualized by enhanced chemiluminescence usingand to prevent nonspecific cross-linking. Films generated
a sheep anti-mouse horseradish peroxidase-conjugated sedrom Western blotting were used to perform densitometry
ondary antibody (Amersham Biosciences). Subsequently, thestudies to quantify the amount of chemiluminescence using
immunoblots were submerged in stripping buffer [L00 mM a Fuji LAS-1000 instrument, as we have previously described
2-mercaptoethanool, 2% SDS, and 62.5 mM Tris-HCI (pH (36, 37).

6.7)] for 30 min at 50°C and washed with TBST buffer [10

mM Tris-HCI (pH 8), 150 mM NaCl, and 0.1% Tween 20 RESULTS

at 20°C] at room temperature. The membranes were then Construction of Pax3 Mutants Bearing Single- or Double-
probed with mouse monoclonal anti-Myc antibody (BabCO) Cysteine InsertionsA large body of biochemical and genetic
at a dilution of 1:1000 and visualized by enhanced chemi- data indicates that DNA binding by Pax3 involves coopera-
luminescence using a sheep anti-mouse horseradish peroxitive interactions between the PD and the HD. Indeed, point
dase-conjugated secondary antibody (Amersham Bioscienc-mutations 85) or site-specific modifications of single cys-

es).

Electrophoretic Mobility Shift Assaystlectrophoretic
mobility shift assays (EMSA) were performed as previously
described 36). Each proteir- DNA binding reaction was
carried out using approximately @& of total cell extracts

teines in either the PD or the HD abrogate DNA binding by
both domains 36), and DNA binding by either the PD or
the HD causes a structural change in the other don®in (

In addition, a number of studies have suggested that this
functional cooperation may involve physical interactions

from transiently transfected COS-7 monkey cells and 10 fmol between the two domains. The goal of our study was to

(0.06 uCi) of radioactively labeled double-stranded oligo-

investigate proximity relationships between the PD and HD,

nucleotides corresponding to different Pax3 target sequencesincluding the identification of specific residues mapping at

The final concentration of labeled oligonucleotide in the
binding reaction mixture is 0.5 nM. Whole cell extracts were
incubated with®?P-labeled probes in a volume of 20
containing 10 mM Tris-HCI (pH 7.5), 50 mM KCI, 1 mM
TCEP, 2 mM spermidine, 2 mg/mL BSA, and 10% glycerol.
To reduce the level of nonspecific binding.@ of poly-
(dI-dC) was included in binding studies with PD-specific

the interface of such interactions. We targeted the amino-
terminal portions of both the PD and the HD as two sites
that are most likely to physically interact in intact Pax3. This
was based on the following published data. DNA binding
studies with theDrosophilaPrd protein using hybrid DNA

sequences (PHO) optimized for combined PD and HD
binding show that the two domains are evertetl)(

probes and composite probes with both PD and HD sites, Additional modeling studies suggest that the N-terminus of
while 2 ug of heat-inactivated salmon sperm DNA was added the PAI subdomain is closely apposed to the N-terminus of

to binding reaction mixtures involving HD-specific probes.

the HD when bound to the combined PHO sifd)( with

Following a 30 min incubation at room temperature, samples helix 2 of the PAlI domain very close of the N-terminal

were electrophoresed at 12 VV/cm in 6% acrylamide/bisacryl-

amide (29:1) gels containing 0.250r 0.5x TBE [1x TBE
is 0.18 M Tris-HCI, 0.18 M boric acid, and 4 mM EDTA

extension of the HD. A critical role of PAI subdomain helix
2 in the interaction with the HD is supported by functional
studies showing that deletion of helix 2 in the context of the

(pH 8.3)]. Gels were dried under vacuum and exposed to Sg' mutant allele of Pax3 (G42R) restores DNA binding by

Kodak BMS film with an intensifying screen. PD-specific
sequences P6CON 'lFGGAATTCAGGAAAAATTT-
TCACGCTTGAGTTCACAGCTCGAGTA-3 (28)] and
P3OPT [5>TGGTGGTCACGCCTCATTGAATATTA-3(39,
40)], HD-specific sequence P2'fSATCCTGAGTCTAAT-
TGATTACTGTACAGG-3 (31)], and the composite PbB
HD binding site PHO [SGATTTCTTCCAATTAGTCA-
CGCTTGAGTG-3(41)] were synthesized as complementary

the HD in the context of the mutant protei@4j. Finally,
studies in Pax3Phox chimeras suggest that the C-terminal
portion of the linker domain separating the PD and HD
contributes to functional interactions between the two
domains in DNA binding 34).

Here, we investigated proximity relationships in the Pax3
protein by cross-linking. For this, we used a Pax3 mutant
that is devoid of cysteine (CL) residues but that retains wild-
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Ficure 1: Site-directed mutagenesis of the PD of PakBe amino acid sequence for positions-248 of Pax3 is shown, including a
schematic representation of the N-terminal (PAI) and C-terminal (RED) subdomains of the PD, together with structural features based on
the three-dimensional structure of the PD of the Pax6 profgif-strand;z, 5-turn; a, a-helix) (25). Invariant residues among all known
PDs are identified below the schematic representation. The type of predicted DNA contacts made by these residues (p, phosphate; m, minor
groove; M, major groove) is shown. The positions and nature of the mutations introduced into Pax3 to create the Cys-less (CL) mutant are
given. Residues targeted when generating single-cysteine mutants are denoted with filled arrowheads. The figure also includes a schematic
representation of the Pax3 linker and homeodomain (HD), including the presence and position of predicted structural features, invariant
amino acid residues, and the number and types of DNA contacts (as for the PD). The positions of the c-Myc and hemagglutinin (HA)
epitope tags inserted in-frame at the amino and carboxyl termini of Pax3, respectively, are shown.

type DNA binding properties with respect to PD or HD target N-terminal part of the HD (CL/L215C, CL/K216C, CL/
sequences3p, 38). We created double-cysteine mutants R217C, CL/K218C, CL/Q219C, CL/S222C, and CL/T225C)
(DCM) bearing one cysteine in individual positions of the using the Pax3 CL backbone as a template. In addition,
PD and the HD; the proximity of the two cysteines was double-cysteine mutants (DCMs) were created by combining
assessed by the ability of a bifunctional, thiol-specific cross- each of the three PD mutations with each of the seven HD
linking agent (BMOE) to make a covalent adduct between mutations in a group of 21 DCMs.
the two targeted positions. The effect of DNA binding by Protein Expression and DNA Binding Properties of Pax3
the PD and the HD on the formation of such adducts was Single- and Double-Cysteine Mutant® facilitate detection
also investigated. The implementation of this strategy of wild-type (WT), CL, and all SCMs and DCMs, cMyc and
requires that both inserted Cys residues be at exposedhemagglutinin (HA) epitope tags were inserted in-frame at
positions accessible to the sulfhydryl reagent. For this, we the N-termini and C-termini of all constructs, respectively.
selected positions at which Cys insertion does not affect DNA All constructs were made using the pMT2 expression plasmid
binding but yet confeN-ethylmaleimide (NEM) modification ~ and were used to transiently transfect COS-7 monkey cells.
sensitivity of DNA binding in the context of a single-Cys Immunoblotting of whole cell extracts with either anti-HA
mutant. Such single-Cys mutants were then systematicallyor anti-c-Myc monoclonal antibodies shows that all SCMs
reconstructed as DCM and functionally analyzed. and DCMs can be expressed at similar levels in COS-7 cells
Previous cysteine scanning mutagenesis identified a hy-(Figure S1 of the Supporting Information). This indicates
drophobic pocket in the N-terminal segment of the PAI that none of the mutations had a major effect on the protein
subdomain at which insertion of a single Cys confers NEM expression or stability in COS-7 cells. The effects of single-
sensitivity to DNA binding by the PD and HD in the intact and double-cysteine substitutions on the DNA binding
protein @8). In this proposed docking site for the HD, properties of the PD and the HD of Pax3 were assessed in
positions 159 {-helix 1), S73 ¢-helix 2), and V78 ¢2— each mutant by electrophoretic mobility shift assays
o3 linker) of the PAI subdomain (Figure 1) were most (EMSAs). The DNA binding activity of the PD was
sensitive to NEM treatment and were selected for potential measured using the PD-specific probes P30C#39I'40) and
PD candidates for the current cross-linking studies. In the P6CON @8) which have been shown to contain binding
HD, the N-terminal arm (first nine residues) was targeted determinants for both the PAI and RED subdomains of the
for study. In preliminary experiments, substitution of each PD. The DNA binding activity of the homeodomain was
of these nine residues with cysteine in SCM showed that determined using the P2 target sequence, which contains the
only three positions (Q219, S222, and T225) could tolerate TAAT(N,)ATTA sequence previously shown to support
this replacement without a loss of DNA binding by the HD cooperative dimerization of Pax3. Finally, all mutants were
(data not shown). These, together with four adjacent residuesassessed for DNA binding activity with respect to the-PD
from the linker domain (L215, K216, R217, and K218), were HD composite site present in the PHO probe. All SCMs and
selected for potential HD candidates for cross-linking studies DCMs retained PD DNA binding activity for both the P3OPT
(Figure 1). and P6CON probes which was similar to that displayed by
The following single-cysteine mutants (SCM) were created the WT or CL Pax3 protein (Figure 2). Most mutants retained
in the PD (CL/I59C, CL/S73C, and CL/V78C) and in the DNA binding by the HD and showed dimerization on the
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Ficure 2: Paired domain and homeodomain DNA binding properties of the wild type, Pax3 CL, SCMs, and Bledisophoretic mobility

shift assays were used to measure the DNA binding properties of Pax3 (WT), CL, SCMs, and DCMs against the paired domain (P3OPT
and P6CON), the homeodomain (P2), and a paired doatemeodomain composite site (PHO). ProtedNA complexes were formed

using total cell extracts from transiently transfected COS-7 cells and were resolved on 6% acrylamide nondenaturing gels, as described in
Materials and Methods.

SCMs CL/159C DCMs CL/S73C DCMs CL/V78C DCMs
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Ficure 3: Effect of site-specific modifications on DNA binding properties of Pax3 muté&ffiscts of bismaleimidoethane (BMOE) treatment

on the paired domain and homeodomain DNA binding properties of the wild type (WT), CL, SCMs, and DCMs. Whole cell extracts from
COS7 monkey cells (mock) or from cells expressing different Pax3 mutants were incubated witfto03.55 mM () BMOE prior to
electrophoretic mobility shift assays. The DNA binding properties of the different Pax3 proteins were tested against the paired domain
(P3OPT and P6CON), the homeodomain (P2), and a paired defhameodomain composite site (PHO).

P2 probe, with the possible exception of SCM CL/L215C completely insensitive to NEM and BMOE treatment (Figure
and the DCMs S73C/R217C and V78C/S222C that exhibited S2 of the Supporting Information Figure 3).

a decreased level of binding to this target. However, all  The effect of NEM (Figure S2 of the Supporting Informa-
mutants exhibited wild-type binding activity for the com- tion) or BMOE treatment (Figure 3) on the DNA binding
posite probe PHO (Figure 2). These results indicate that mostproperties of SCMs and DCMs was identical for each mutant,
of the mutations either alone or in combination have no effect and only results obtained with BMOE will be reviewed. As
on DNA binding by Pax3, and none appear to alter the ability previously reported for NEM3g), alkylation of PD positions

of the protein to bind a PBHD composite site. 59 (159C), 73 (S73C), and 78 (V78C) by the BMOE reagent

Effect of Thiol-Specific Reagents on DNA Binding by abrogated DNA binding by the PD and HD in the corre-
Single- and Double-Cysteine MutanBoth N-ethylmale- sponding SCM (Figure 3). This formally verifies that
imide (NEM) and bismaleimidoethane (BMOE) can co- sulfhydryl groups introduced at these positions are accessible
valently modify and alkylate cysteine residues and were usedto the bifunctional BMOE reagent. Modification of single
for site-specific modification of SCMs and DCMs. BMOE  cysteines inserted at any of the seven positions of the
contains two maleimide functional groups, as opposed to oneN-terminal portion of the HD was without consequences on
with NEM, and thus can create covalent adducts (cross-links) DNA binding of corresponding SCMs to the P3OPT probe.
between cysteines showing the spatial proximity in an On the other hand, BMOE modification of the L215C,
otherwise intact protein. The effect of monofunctional NEM R217C, Q219C, and S222C SCM mutants had some effect
(Figure S2 of the Supporting Information) and bifunctional on DNA binding of the HD to the P2 probe. Nevertheless,
BMOE (Figure 3) on DNA binding properties of WT, CL, BMOE treatment had no effect on binding to the PBD
and SCMs and DCMs was evaluated by EMSA, using PD composite site in any of the seven HD SCMs that were tested
(P30OPT), HD (P2), and combined PBID (PHO) target  (Figure 3).
sequences. Whole cell extracts from COS-7 cells expressing As expected from the observed BMOE sensitivity of DNA
CL or SCMs or DCMs were incubated with either 3.55 mM binding by the single mutants 159C, S73C, and V78C, all
NEM or 3.55 mM BMOE prior to the DNA binding = DCMs exhibited BMOE sensitivity for all probes that were
properties being tested via an EMSA. For control WT Pax3, tested. DCMs V78C/L215C and V78C/K216C were notable
treatment with either NEM or BMOE abrogates DNA exceptions; although both showed BMOE sensitive DNA
binding by the PD and HD for both the individual and the binding to PD and PBHD probes, they showed partial
combined target sequence. On the other hand, DNA binding (V78C/L215C) or complete (V78C/K216C) insensitivity for
by the Pax3 CL control protein to all probes tested was binding to the P2 probe.
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FiGURe 4: Detection and quantification of cross-linking species of Pax3 mutgiftsen micrograms of whole cell extracts from COS-7

cells transfected with either the wild type (WT), CL, or the different single-cysteine mutants (A) or double-cysteine mutants (B) was
incubated with 3.55 mM BMOE, and the mixture was analyzed via SBSGE on 12% acrylamide gels and immunoblotting with an
anti-HA antibody. Cross-linked species are visible as higher-molecular mass bands. (C) The immunoblots of non-DNA-bound, BMOE-
exposed double-cysteine mutants probed with the anti-HA antibody were scanned by densitometry, and the percentage of cross-linked
protein was determined. (D) The immunoblots of BMOE-exposed wild-type Pax3 and selected DCMs probed with the anti-HA antibody
were scanned by densitometry, and the percentage of cross-linked protein was determined with and without prior incubation of a PD-
specific probe (P30PT), a HD-specific probe (P2), and a compositeHtDprobe (PHO).

Cross-Linking Studies in SCMs and DCMg&roximity SCMs together with the demonstrated accessibility of at least
relationships between pairs of cysteines were studied bysingle-Cys insertions at positions 59, 73, and 78 of the PD
cross-linking in DCMs. In these experiments, WT, CL, and (Figure 3) strongly suggests that BMOE does not induce the
all SCMs and DCMs were treated with BMOE and cross- formation of intermolecular cross-links in these SCMs.
linked species were detected by SEISAGE and immuno- Exposure of DCMs to BMOE resulted in the appearance of
blotting with monoclonal anti-HA (Figure 4) or anti-cMyc  cross-links for some of the combinations that were tested
antibody (data not shown). In these experiments, cross-linked(Figure 4B,C). This, together with the absence of such cross-
Pax3 proteins are detected as higher-molecular mass specidinks in all 10 similarly treated SCMs (Figure 4B,C), strongly
of slower electrophoretic mobility on denaturing, detergent- suggests that these BMOE-induced cross-links in DCMs are
containing (SDS) polyacrylamide gekdj. Exposure of WT specific for the individual cysteine pairs and occur in an
Pax3 to BMOE followed by SDSPAGE and immunoblot-  intramolecular fashion.
ting results in the appearance of cross-linked Pax3 species Studies in DCMs with a PD cysteine at position 59
of slower mobility that are absent from the control untreated indicated that this residue could react with all N-terminal
sample (Figure 4A). Such cross-links probably arise from HD positions with the exception of K216C and Q219C, with
the reaction of BMOE with two or more of the seven the mostrobust cross-link formed between 159C and S222C
endogenous cysteines present in the WT protein. In agree{Figure 4B,C). To confirm that the detected cross-links were
ment with this proposal, no such cross-links are detectedindeed intramolecular (as opposed to intermolecular), SCMs
when the CL mutant is similarly treated with BMOE. These 159C and S222C were mixed together, treated with BMOE,
results additionally show that under our experimental condi- and analyzed by SDSPAGE and immunoblotting. No cross-
tions, the BMOE reagent can induce the formation of links were observed under such conditions, confirming that
cysteine-specific cross-links. Treatment of all 10 SCMs with the noted reactivity between 159C and S222C was indeed
BMOE does not result in the formation of slowly migrating intramolecular (data not shown). A cysteine at position 73
cross-links. This absence of cross-links in BMOE-treated of the PD (S73C) could react with five of the seven
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N-terminal HD cysteine insertions, with the strongest reactiv- and HD previously shown to play a key role in cooperative
ity detected for Q219C. Finally, V78C cross-linked primarily interactions of the two domains for DNA binding were
with K218C and particularly L215C but showed little if any  selected for cysteine insertion. In this approach, and to
reactivity with any of the other positions. ascertain that cysteine mutagenesis did not affect the overall
In summary, of the seven cysteines inserted into the Structure or function of the Pax3 protein, we purposely
N-terminal position of the HD, only L215C and K218C form limited our study to positions at which replacement of the
cross-linked species with all three targeted positions in the €ndogenous residue with cysteine was without consequences
PD. Also, only K216C fails to significantly cross-link with ~ for DNA binding by the protein. The accessibility of
any of the PD cysteines that were tested. R217C appears tdndividual Cys substitutions to alkylating agents was not
react 0n|y with PD positions 59 (|59C) and 78 (V78C), while determined directly but was inferred from the ablllty of NEM
Q219C reacts only with position 73 (S73C). Finally, HD and BMOE to interfere with DNA binding by the targeted

cysteines S222C and T225C both only cross-link PD domain. In such an experimental scheme, BMOE insensitive
cysteines 159C and S73C (Figure 4B,C). Cys mutations may reflect (a) a lack of an effect of alkylation

P _ DNA binding or (b) the inaccessibility of mutated
Effect of DNA Binding on BMOE-Induced Cross-Linking on U . g

in DCMs. The effect of DNA binding by the PD and HD on  POsitions to BMOE. The ability of BMOE to induce cross-
proximity relationships in the Pax3 protein was further links in a specific pair of double-cysteine mutants was also
investigated by allowing DCMs to bind PD (P30PT), HD used as evidence that the two positions were accessible to
(P2), or combined PBHD targets (PHO) prior to treatment reagent. . . .
with BMOE and resolution of cross-linked products by The three positions in thg F.)D targeted for Cy_s .mutageness
SDS-PAGE and immunoblotting (Figure 4D and Figure S3 (|_59’_ S73, and V78) all exhibited BM.OE. sensitivity of DNA
of the Supporting Information). For these studies, the amount inding by the PD ?F‘d the HD, confirming the_a_c_cessmlhty
of cross-linked species following BMOE treatment of WT of these three positions. The solvent accessibility of these
and DCMs (in the absence of DNA) was first quantified by three residues is in agreement with previous NEM sensitivity
densitometry analysis of the immunoblots and is expressedsu"d.i.e"S 88) and the noted'capaci.ty of cysteines at all three
as a percentage of the total detectable protein on the blot POSItions to form cross-l_mks with a subset of cysteines
The effect of DNA binding on the formation of cross-links introduced into the HD (Figure 4). On the other hand, none

; P P f the Cys mutations introduced into the N-terminal part of
in WT and DCMs was similarly quantified for each probe. 0 o L
We focused these studies on the four DCMs that exhibit the the HD showed BMOE sensitivity for DNA binding, except

; i ; for small effects on HD DNA binding seen in mutants
strongest BMOE-induced cross-linking between cysteines L
inserted into the PD and HD, namely, IS9C/R217C, 159¢/ R217C, Q219C, S222C, and L215C. Therefore, it is likely

$222C, S73C/Q219C, and V78C/K218C (Figure 4D). Incu- &t the BMOE sensitivity of DNA binding seen in all DCMs
bation of WT and DCM Pax3 variants with the combined 'S caused in large part by the BMOE reactivity of Cys at the

PHO sequence considerably reduced the degree of crossPP Positions in these double mutants. On the other hand,

linking induced by BMOE. Because the effect was seen with the abi_lity of ‘."‘” N-terminal HD Cys substitutionsl to fof”‘
all proteins, we suspect that it may reflect a change in the pross-llnks with one or several of the PD Cys insertions

i ; ; dicates that the HD cysteines were indeed accessible to
overall accessibility of cysteine residues to the BMOE agent n X - .
in the PHO-bound form of the protein. On the other hand, the BMOE cross-linker. One exception is K216C, which
binding to PD- or HD-specific probes had both similar and failed to generate, upon BMOE exposure, robust cross-links

distinct effects on BMOE-induced cross-linking in individual with_any of the thr.ee. PD cygteines. In summary, DNA
mutants. For example, in the 159C/S222C mutant, there wasPinding and cross-linking studies suggest that all PD and
no effect of binding to P3OPT or P2 probes on BMOE- HD cysteines introduced into Pax3, with the possible
induced cross-links, while in the S73C/Q219C and V78C/ exception of K216C, were accessible to BMOE and therefore

K218C DCMs, binding to both probes caused a reduction may be solvent-exposed. i ,
in the level of cross-link formation. On the other hand, the | Ne BMOE-induced cross-links detected in WT Pax3 must

I59C/R217C mutant had a distinct behavior, with significant 2/1S€ from reaction of any two endogenous cysteines with
inhibition of cross-linking when the PD engages in DNA t_he bifunctional cross-llnl_<er. The endpgenous cysteines most
binding and no effect when the protein binds DNA through 'Ikely to be BMOE-reactive are C70 in PAI helix 2, C82 in
the HD. These results suggest that DNA binding can induce PA! helix 3, and C143 in the RED subdomain in the loop

local conformational changes in Pax3 that can be detected®iNing helices 5 and 64@). Indeed, mass spectroscopy
by quantitative changes in BMOE-induced cross-linking experiments as well as mutagenesis studies have shown that

between individual cysteine pairs of unique DCM variants. under oxidative conditions a disulfide bridge is formed
In this case, such alterations most likely reflect DNA-induced Petween Cys70 and Cys82 as well as between Cys82 and
changes in the distance or orientation of the two cysteines, CYS143, thereby abrogating DNA binding via the PD. The
as opposed to an overall change in the accessibility to thelack of cross-links in Pax3 CL is indicative of the specificity

BMOE reagent. of the BMOE reagent for cysteines, and the absence of cross-
links in SCMs shows that any cross-links formed in DCMs
DISCUSSION are more likely the result of intramolecular cysteine cross-

linking and not intermolecular cross-linking. In the DCMs
We studied proximity relationships in the Pax3 protein that were analyzed, the most robust cross-links appeared to
by a cross-linking approach based on the use of a bifunctionalbe formed between 159C and R217C, 159C and S222C, S73C
sufhydryl cross-linker (BMOE) in Pax3 mutants bearing pairs and Q219C, and V78C and K218C. An obvious interpretation
of engineered cysteines. For this, discrete portions of the PDof these results is that these pairs of cysteines, and corre-
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Ficure 5: Structure of the DNA-bound paired domain and homeodomain. In panels A and B, the PAI and RED subdomains and the HD
are shown on a three-dimensional DNA-bound struct@ee §2). The threeo-helices of each domain are shown, and fHeairpin of the

PAI subdomain is also displayed. The PD and HD are shown as a green ribbons drawn througiathen backbone. The DNA strands

are shown as blue ribbons through the stgarosphate backbone. The atoms of the side chains of residues targeted for cysteine substitution
and at which BMOE modification causes cross-linking are shown (159, S73, and V78 in the PD and K218, Q219, and S222 in the HD). In
panels A and B, the PD and HD DNA-bound structures were used to construct a model of the two domains bound to a composite DNA
sequence such as PHO, which contains both a PD and a HD DNA binding site that are juxtddpsedriels A and B represent the front

and rear views of the model, respectively. Panel C is a schematic model of the “head-to-head” orientation of the PD and HD that facilitates
the PD-HD physical interaction responsible for the interdependence of DNA binding. The black line indicates the linker that joins the PD
and HD. Turquoise lines in panels#C link cysteine substitutions that undergo extensive cross-links when paired in a DCM exposed to
BMOE.

sponding positions in the wild-type protein, are closest in such cross-links was measured. Binding to the composite
space {8 A) among all the pairs that were testéd) We site sequence PHO caused a dramatic decrease in the overall
believe that the slower migrating species detected by-SDS amount of BMOE-induced cross-linking in all proteins that
PAGE analysis of BMOE-treated double-cysteine mutants were tested. One likely explanation of this observation is
(Figure 4B) are intramolecular cross-linked DCMs. Although that DNA binding to PHO increases the compactness and
these slower migrating species may correspond to intermo-inflexibility of the protein and reduces the accessibility of
lecular cross-links between double-Cys Pax3 mutants andcysteines to BMOE, hence decreasing the number of cross-
unrelated proteins present in transfected COS cell extractslinks that are formed. It can be postulated that less cross-
(we are not working with purified proteins), such species linking may occur simply because the PD moves closer to
are not detected when the two corresponding single-CysHD on PHO, but we believe that it is due to a conformational
mutants are mixed together prior to cross-linking (data not change in the protein. A decrease in the level of cross-linking
shown). This supports the contention that such higher- may be ascribed to a number of possible conformational
mobility species correspond to intramolecular as opposed tochanges ranging from (a) a change from one rotamer to
intermolecular cross-links in double-Cys mutants. In parallel another of one or a few side chains of specific residues to
studies of double-Cys MDR1 mutants by the same protocol, (b) subtle local changes in conformation or (c) a dramatic
Clarke and his colleagues have indeed reported alteredrearrangement of the polypeptide backbone of the protein.
hydrodynamic properties of intramolecular cross-links in We are in favor of the interpretation that a more dramatic
SDS-PAGE, including slower mobility42). conformational change occurs since it is in agreement with
The amount of BMOE-induced protein cross-links in WT circular dichroism spectroscopy studies with the PD of Pax5
and mutants was estimated by densitometry, and the effectand Pax843). These studies have shown that the PD adopts
of DNA binding by the PD and HD on the production of a more ordered structure with more helical content upon
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DNA exposure 43). Also, X-ray crystallography and NMR
studies of HD proteins have revealed an increased order of
the HTH maotif, including the N-terminal arm and the
recognition helix, of the DNA-bound form of Pbx¥4—47),
Antennapedia48), engrailed 49), and Oct-1 50) proteins.
Also, previous studies have shown that engineered protease
sites in the PAI subdomain and N-terminal arm of the HD
in Pax3 become less accessible to cleavage upon DNA
exposure, indicating a more compact conformation of the
DNA-bound form @7).

It has been established that for BMOE to induce cross-
links, the two sulfhydryl side chains must be locatetll®.5
A apart (average of 8 A)X1). Therefore, one can conclude
that the maximum intermolecular distances separating the
above-mentioned pairs of residues must be within the range
of 6—10.5 A. The pairs of cysteines showing the most robust
BMOE-induced cross-links (159C and R217C, 159C and
S222C, S73C and Q219C, and V78C and K218C) have been
positioned on the three-dimensional structure of the DNA-
bound models of the PD from PaxB5) and of the HD from
DrosophilaPrd (32) proteins. From this modeling, an everted
positioning of the PD and HD for DNA binding to a
combined site appears to be required to account for cross-
linking results obtained here in DCMs variants. Such a model
is in agreement with that previously proposed by Jun and
Desplan for combined PD and HD binding of theosophila
Prd protein to chimeric target sequencdg)( The model
suggests that the N-terminus of the PAI domain is closely
apposed to the N-terminus of the HD when bound to the
combined site. Their model suggests that the PD and HD
bind opposite sides of the DNA helix with the N-terminal
arm of the HD very close to helix 2 of the PAI subdomain.
The PD-HD physical interaction suggested in this model
may be responsible for the interdependence of DNA binding
observed in Pax3 and may also be used to explain the
interaction of the PD of Pax3 with the N-terminal arm of
Msx1 (52). The model shown in Figure 5 indicates only the
most extensive cross-linking patterns that have been ob-
served. The most N-terminal 159 residue is closest to the
most C-terminal residue of the N-terminal arm of the HD,
S222C, while the most C-terminal PD residue V78 forms
the most cross-links with and is closest to the most
N-terminal HD residue K218. This is in accordance with
the head-to-head orientation of the PD and HD when they
are physically interacting. The cross-linking studies and the
model proposed in Figure 5 support our previous study that
implicates the role of residues 159, S73, and V78 in the
formation of a hydrophobic pocket in the PD whereby the
HD can dock and participate in the physical interaction
responsible for DNA binding functional interdependence
(38).

SUPPORTING INFORMATION AVAILABLE

Expression of Pax3 mutants in COS-7 monkey cells
(Figure S1), the effect of site-specific modification on DNA
binding properties of Pax3 mutants (Figure S2), and cross-
linking species of Pax3 mutants that were incubated with
DNA prior to BMOE exposure (Figure S3). This material is
available free of charge via the Internet at http://pubs.acs.org.
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