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SH3 domains are found in many signal transduction
proteins where they mediate protein-protein binding
by recognizing specific peptides rich in proline. Based
on the analysis of sequence alignment data, the
NADPH oxidase p67°" C-terminal SH3 domain pos-
sesses a typical compact B-barrel consisting of five
B-strands arranged in two antiparallel B-sheets of
three and two B-strands. Multiple amino acid substi-
tutions were made at Be and its flanking residues to
determine the role of the boundary sequences in bind-
ing activity and conformational specificity of the do-
main. Analysis of amino acid P55 indicated that all
mutants were completely abolished in their binding
activities. The substitution of F58 with Y58 showed no
effect of the binding, whereas substitution with stop
codon abolished activity. Furthermore, when amino
acid V59 was substituted with stop codon, activity was
also completely abolished. Substitution of E60 with
stop codon showed no effect of binding. Moreover, our
data show that V59 particularly could not be replaced
by Leu. Taken together, these data suggest that V59
may not only contribute the exact boundary site but
also play on the specificity for protein—-protein interac-

tions in phagocyte NADPH oxidase. © 2001 Academic Press

Superoxide is generated by a phagocyte NADPH ox-
idase which is assembled as a complex of at least four
proteins localized to plasma and phagolysosomal mem-
branes (1). Cytochrome bgsg, an integral membrane fla-
voprotein composed of two subunits of 91 and 22 kDa
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(gp91°™* and p22°"™), is the oxidase protein responsible
for transferring electrons from NADPH to O, (2).
p47°", p67°", p40°"™, and rac are found in the cytosol
of resting neutrophils (3-5). There is abundant evi-
dence that p47°™™ binds to p67°" in vitro (6-—14).
p47°"™, p67°"™, p40°"™, and p22°" each contain pep-
tides that conform to proposed consensus sequences for
proline-rich peptides bound by SH3 domains (4-7).
p47P"™* and p67°"™ each contain two peptide domains of
~60 amino acids which share homology with SH3 do-
mains (15). Existence of SH3 domains and proline-rich
peptide sequences in p47°" and p67°" suggested that
these specialized regions may facilitate binding be-
tween the two proteins. We previously studied the in-
teractions between p47°"™* and p67°" under intracel-
lular conditions using the yeast two-hybrid/interaction
trap assay for protein—protein binding. We found the
interaction between p67°™"™ C-terminal SH3 domain
(residues 453-516, renumber 1-64, Fig. 1) and p47°™
proline-rich region (362-370, QPAVPPRPS) (unpub-
lished data).

The X-ray crystal or NMR structure of SH3 domain
is shown to be a compact B barrel consisting of five
B-strands arranged in two antiparallel B-sheets of
three and two B-strands (16-19). The C-terminal SH3
domain of p67°"™ binds to its natural ligand was mod-
eled using the c-abl SH3 domain structure as a tem-
plate (17). Though the SH3 domain and its target
proline-rich region have been determined, sequences
that determine the exact boundary of biological behav-
ior of SH3 domain and its target proline-rich region are
still unknown. To gain insight into the role of the
boundary sequences of the SH3 domain Be and its
flanking residues involved in binding activity, we per-
formed site-directed and random mutagenesis combin-
ing the yeast two-hybrid method to determine the
boundary sequence in p67°" C-terminal SH3 domain.
Our data suggest that V59 provides not only the
boundary site, but also the critical site for maintaining
the Be portion in the B-barrel structure of SH3 domain.
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Furthermore, our data show that V59 particularly
could not be replaced by Leu, suggesting that this
residue may also participate in the specificity of SH3
interactions in phagocyte NADPH oxidase.

MATERIALS AND METHODS

Plasmids. Parent plasmids containing full-length p47°™* and
p67°" cDNA were gifts of Harry Malech and Thomas Leto (Labora-
tory of Host Defenses, NIAID, NIH, Bethesda, MD). pEG202,
pJG4-5, and pSH18-34 shuttle vector plasmids and EGY48 strain
Saccharomyces cerevisiae were gifts of Jend Gyuris, Erica Golemis,
and Roger Brent (Massachusetts General Hospital, Boston, MA) (20).
p40P"™* SH3, p47™"™ N-terminal SH3 domains, p47°™ and p67°"*-
proline rich domains were gifts from Michael E. Kleinberg (Univer-
sity of Maryland, MD). Plasmids were propagated in Escherichia coli
in LB broth containing ampicillin.

Site-directed mutagenesis and random mutagenesis. To perform
either site-directed mutagenesis or random mutagenesis on Be and
flanking sequences (P55, F58, V59 and E60 of the p67°" C-terminal
SH3 domain). Primers designed for site-directed mutagenesis:
sense primer, 5'-CGGAATTCGGCAGCGAAGTGGAG-3'; anti-sense
primers are 5-ACGCGTCGACTGTAGTTGCGCAGTCTTCAACAAA-
AACTTTITAGAAAATGCC-3' (change P55, CCC to TAA);
5'-ACGCGTCGACTGTAGTTGCGCAGTCTTCAACTTAAACTTTG-
GGGAAAAT-3" (change F58, TTT to TAA), 5'-ACGCGTCGAC-
TGTAGTTGCGCAGTCTTCCTAAAAAACTTTGGGGAAAAT-3’
(change V59, GTT to TAG) and 5'-ACGCGTCGACTGTAGTTGC-
GCAGTCCTAAACAAAAACTTTGGGGAAAAT-3' (change E60, GAA
to TAG). Primers designed for random mutagenesis 5-ACGC-
GTCGACTGTAGTTGCGCAGTCTTCAACAAAAACTTTNNNGAA-
AATGCC-3' (change P55, CCC to NNN); 5'-ACGCGTCGACTGT-
AGTTGCGCAGTCTTCAACNTAAACTTTGGGGAAAAT-3' (change
F58, TTT to TAN), 5'-ACGCGTCGACTGTAGTTGCGCAGTCTTC-
NNNAAAAACTTTGGGGAAAAT-3' (change V59, GTT to NNN). Re-
vertant was carried out with wild type sequence 5'-ACGCGTCGAC-
TGTAGTTGCGCAGTCTTCAACAAAAACTTTGGGGAAAAT-3' (change
V59L back to V59, CTT to GTT).

Primers designed for site-directed mutagenesis of p40°™™ SH3 do-
main: sense primer, 5-CGGAATTCATGGCAGCTCCGAGAGCA-
GAG-3’; anti-sense primers: 5'-ACGCGTCGACAGGGAAGTCTTT-
GAGGATCTTCTAGAAGGAGAGAGG-3' (change V59, GTG to TAG);
5'-ACGCGTCGACAGGGAAGTCTTTGAGGATCTACACGAAGGAG-
AGAGG-3' (change K60, AAG, to TAG). Primers designed for site-
directed mutagenesis of p47°™* N-terminal SH3 domain: sense primer,
5'-CGGAATTCATCACCGGCCCCATCATC-3'; anti-sense primers:
5'-ACGCGTCGACAGGACTGTCCAGGGGCTCCTAGAAGGACGC-
TGGGATCCA-3' (change L59, TTG to TAG); 5'-ACGCGTCGACAG-
GACTGTCCAGGGGCTACAAGAAGGACGCTGGGATCCA-3' (change
E60, GAG to TAG); 5-ACGCGTCGACCGTCTCGTCAGGACT-
CTACAGGGGCTCGAGGAAGGACGC-3' (change D63, GAC to ATG).
Bold indicates EcoRI or Sall restriction site. Underlined is a mutagen-
esis site. The PCR mixture containing 10 mM Tris—-HCI (pH 8.3), 1.5
mM MgCl,, 50 mM KCI, 200 mM dNTP and 2 uM of each primer with
1 unit of Taq polymerase was carried out by 38 cycles of 94°C for 1 min,
55°C for 1 min, and 72°C for 2 min.

DNA sequencing. All mutants were sequenced to ensure that the
mutagenesis was successful. Nucleotide sequencing was performed
by dideoxy method (Sequenase, USB) or ABI PRISMTM 310 genetic
analyzer (Perkin—Elmer).

Detection of protein—protein interactions (21). Yeast transformed
with pairs of LEXA and B42 constructs were assessed for their
ability to grow in leucine-deficient galactose-containing media. Pro-
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totrophy in galactose-containing leucine-deficient media indicated
reconstitution of transactivator function through p67*"*/p47°" bind-
ing. Yeast transformed with pairs of p67°"/LEXA binding domain
and p47°"*/B42 activation domain constructs were also scored for
their ability to transactivate LexA-dependent lacZ gene transcrip-
tion from the pSH18-34 plasmid. B-Galactosidase activity was mea-
sured by hydrolysis of X-gal on solid agar and of ONPG in two ways.
First, colonies on agar plates were replicate transferred to paper
soaked in Z buffer (0.15 M sodium phosphate, 10 mM KCI, 1 mM
MgSO,, pH 7.0) containing 0.3 mg/ml X-gal and incubated at 30°C for
30-120 min. Yeast was then lysed by dipping the paper in liquid
nitrogen. Protein—protein binding was indicated by the development
of blue color in lifts from colonies grown on galactose-containing agar
plates. Second, yeast cotransformed with pairs of p47°"™ X p67°"*
fusion constructs were grown for 3-5 days in galactose-containing
HIS-, URA-, and TRP-broth media to an ODgy . Of 0.6—0.8. Yeast
culture (1.5 ml) was pelleted and resuspended in 100 ul 0.1 M Tris
buffer containing 0.1% Triton X-100. Cells were broken with multi-
ple freeze/thaw cycles. Seven hundred microliters of Z buffer con-
taining ONPG (final concentration 0.6 mg/ml) was added to the
soluble fraction and incubated at 30°C for 30—60 min. ONPG hydro-
lysis was monitored by changes in OD s ,» Measured in a microplate
reader (Thermomax, Molecular Devices, Menlo Park CA). Results
were expressed as OD 45 nn/ODgoo nm t0 correct for slight differences in
amounts of yeast in different samples. Individual ONPG experi-
ments were performed with duplicate samples. Yeast transformation
experiments were performed at least three times.

Immunoblotting. Expression of LexA and B42 fusion proteins in
yeast were detected by immunoblotting with anti-p47°™ or anti-
p67°™* goat antisera (a gift from Harry Malech and Thomas Leto,
NIAID, NIH) (20) or a monoclonal antibody against LexA from Clon-
tech. Yeast transformed with pairs of LexA and B42 constructs were
grown in log phase in glucose TRP- URA- HIS- and galactose TRP-
URA- HIS- LEU- broth media at 30°C. Yeast was incubated with 5
mM diisopropyl fluorophosphate to inhibit proteases. 5-10 ml ali-
quots were centrifuged, extracted with SDS—-PAGE sample buffer for
5 min, heated to 100°C for 2 min, and centrifuged to pellet cellular
debris. Supernatant proteins were separated on SDS-PAGE gels,
transferred to nitrocellulose, and immunoblotted as described (22).
Polyclonal antisera were used at 1:1000 titer and the monoclonal
antibody culture supernatant was used at 1:100 titer. Bands were
visualized with BCIP/NBT as chromagen.

Modeling of the SH3 domain. Structure refinement and model
building were carried out using the XPLOR (23). Graphics were
produced using Molscript (24).

RESULTS AND DISCUSSION

Determining the Boundary Sequence of p67°"™
C-Terminal SH3 Domain: Site-Directed Mutagenesis

Figure 1 shows that the alignment of amino acid
sequences of c-src with five SH3 domains from NADPH
oxidase system. To determine the boundary sequence
of p67°" C-terminal SH3 domain, we first performed
site-directed mutagenesis at position P55, F58, V59
and E60 of the conserve region (Fig. 1). The results
show that P55, F58 and V59 produced stop codon,
resulting in the complete abolition of the binding to
p47°" proline-rich region, whereas the amino acid E60
being replaced by stop codon showed no effect of bind-
ing, suggesting that this residue may not participate in
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c~Src (80-145aa)

p67F"°* N-SH3 (236-299 aa )
p67°"°* C-SH3 (453-516 aa)
p47P8°* N-SH3 (152-215aa)
pA7PEo* C~SH3 (222-285aa)

p40P™*  SH3 (166-229 aa)
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FIG. 1. Alignment of the amino acid sequences of c-src, p67°™ N, p67°" C, p47°"™ N, p47°"* C, and P40°"* SH3 domains. The positions
of the five B-strands are indicated by box. Be and its flanking residues involved in mutagenesis are underlined. A black background indicates
identical amino acids and a gray background indicates conserve amino acids.

Be strand (Table 1). The results clearly show that
boundary site of p67°" C-terminal SH3 domain is lo-
cated at V59 (Table 1). Figure 2 shows that tested
mutants in the yeast two-hybrid system (Fig. 2A) and
all constructs were expressed equally in fusion protein
level in the yeast by Western blotting (Fig. 2B).

Comparison of Other SH3 Domains
in NADPH Oxidase

To further examine whether a similarity exists in all
SH3 domains of NADPH oxidase, we examined two
other SH3 domains which include p40*™ and p47°
N-terminal SH3 domains. Data show that p40™" ex-
hibits a similar boundary sequence compared to p67°"™
C-terminal SH3 domain, whereas P47°" N-terminal
SH3 domain does not (Table 2). This result is consis-
tent with the five SH3 domains alignment in NADPH
oxidase with a conserved sequence V59 seen in p40™"™
and p67°"™ C-terminal SH3 domains (Fig. 1). The data
may also explain why both p40™™ and p67°"™
C-terminal SH3 domains can bind to the same target of
p47°™ proline-rich region (4, 5). Moreover, the data
also suggest that the boundary site of p47°"™
N-terminal SH3 domain may be located at L62 that

exhibited distinct sequence compared to V59 in p40™™
and p67°"™ C-terminal SH3 domain.

Determining the Boundary Sequence of the p67°"
C-Terminal SH3 Domain: Random-
Directed Mutagenesis

To gain more details of mutations of these sites, we
next performed random mutagenesis at positions
P55, F58, V59 and E60. The results show that P55 to
155, G55, V55, W55, N55, E55, H55, and F55 result-
ing in the binding to p47°" proline-rich region ac-
tivity were completely abolished (Table 3). F58 to
Tyr shows no effect of this binding, suggesting that
aromatic stacking rather than hydrogen bonding is
produced by this residue (Table 3). At V59 position,
we gained seven different mutations to show that
V59 can be replaced by F59, S59, G59, and 159, but
can not be replaced by E59, N59 and L59 (Table 3).
These data are consistent with the conformational
preferences of the amino acids to favor B-strand (25,
26). A general conclusion at this point is that a
various residues type can be substituted at V59 po-
sition are able to make compensatory tolerable
B-sheet packing in SH3 domain.

TABLE 1

Various Boundary Site Mutants in the p67°" C-Terminal SH3 Domain That Affect Interaction
with the p47°™ Proline-Rich Region

Selection on SD medium B-gal assay
Mutant Tail sequence —Trp —His —Ura —Trp —His —Ura —Leu Filter assay Liquid assay
Wild type 15sFPKVFVEDCATS, + + Blue 432.2 + 46.32
(CCC)P55stop(TAA) l5sFss™* + - White <20
(TTT)F58stop(TAA) 15sFPKVs,* + - White <20
(GTT)V59stop(TAG) 15sFPKVFg* + - White <20
(GAA)E60stop(TAG) 15sFPKVFV50* + + Blue 447.2 + 40.15

Note. A series of p67°" C-terminal SH3 domain mutants on pEG202 plasmid were tested for two-hybrid interaction with pJGA—p47°"*
proline-rich in EGY48. B-Galactosidase unit is defined as the amount which hydrolyzes 1 umol ONPG to o-nitrophenol per minute. Variations
between replicates were less than 20%, and background activity was <20 U. *, stop codon; +, growth in SD medium; —, no growth.
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FIG. 2. (A) Yeast two-hybrid. Transactivation of LEU2 reporter
gene transcription in yeast coexpressing p67”"™/LexA binding do-
main and p47°"™/B42 activation domain fusion proteins. EGY48
yeast were cotransformed with pSH18-34, pEG202 expressing
p67°"/LexA binding domain fusion proteins, and pJG4-5 expressing
p47°"/B42 activation domain fusion proteins as described under
Materials and Methods. Transformed yeast were streaked on left)
galactose TRP- URA- HIS-; right) galactose TRP- URA- HIS- LEU-.
Yeasts were cotransformed with p67°" C-terminal SH3 domain: (a)
wild type, (b) P55stop, (c) F58stop, (d) V59stop, and (e) E60stop and
p47°"™* proline-rich region (347—390). (B) Western blot. Expression of
p67°"™* C-terminal SH3/LexA binding domain fusion proteins in
yeast. EGY48 cotransformed with pEG202 and pJG4-5 plasmids
expressing p67°"* C-terminal SH3/LexA binding domain fusion pro-
teins were pelleted and extracted with SDS-PAGE buffer as de-
scribed under Materials and Methods. Lanes: (a) wild type, (b)
P55stop, (c) F58stop, (d) V59stop, and (e) E60stop. The position of
p67°"™* C-terminal SH3/LexA fusion protein is indicated by the ar-
row. The molecular marker shown on the gel as indicated.

Specificity of the p67"™ C-Terminal SH3 Domain
Wild Type and V59L Mutant in NADPH Oxidase

Based on the sequence alignment, either V59 or L59,
seen in all SH3 domains, we observe that p67°"™
C-terminal SH3 domain and p40°™ SH3 domain con-
tained Val residue at position 59, whereas the other
three SH3 domains contained Leu at an equivalent
position of NADPH oxidase (Fig. 1). As shown in Table
3, we noticed that V59 residue particularly could not be
replaced by Leu. This raises a possibility that V59L
mutant in p67”"* C-terminal SH3 domain may lose its
natural binding to p47°™* proline-rich target and
switch its specificity for binding to other proline-rich
targets (such as, p67°" and p22°"* proline-rich region)
in the NADPH oxidase. We therefore examined
whether V59L mutant switched its binding activity to
other proline-rich targets. Unfortunately, the results
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TABLE 2

Various Boundary Site Mutants in Different SH3 Domains
That Affect Binding Activity with the Proline-Rich Region

Tail mutant
alignment

Binding

SH3 domain activity

p67°"™* C-terminal SH3 VGIFPKVFg*
VGIFPKVFV*
TGIFPLSFg*
TGIFPLSFVo*
RGWIPASFg*
RGWIPASFLg* -

RGWIPASFLEPL¢,*

p40P"™* SH3

I+ 1+

p47°"™* N-terminal SH3

+

Note. A series of SH3 domain mutants on pEG202 plasmid were
tested for two-hybrid interaction. *, stop codon; +, positive interac-
tion between domains tested; —, no interaction observed.

show that V59L mutant did not switch to bind to either
pP67°"™* or p22°" proline-rich targets, while wild type is
still specific to its p47°™™ proline-rich natural target
(Table 4). This would suggest that V59 substituted
alone is not sufficient to confer specificity. To avoid the
error during construction, we also performed site-
directed mutagenesis to revert V59L mutant back to
wild-type V59. As expected, the revertant restored its
binding activity, suggesting V59 residue is crucial and
specific for binding (Table 4). All constructs were ver-

TABLE 3

Mutations in the p67°"* C-Terminal SH3 Domain That
Affect Binding to the p47°™ Proline-Rich Region

Selection on SD medium  B-gal assay
—Trp —His —Trp —His Filter
Mutant —Ura —Ura —Leu assay
Wild type IFPKVFVEDC + + Blue
P55I -=emeee- + — White
P55G --G---o- + - White
P55V --V-meeeee + - White
P55W --Wo-oeeee + - White
P55N ==N--menme + - White
P55E --E--ee- + — White
P55H --H--=e--- + - White
P55F --Feeeeee- + - White
F58Y - Y---- + + Blue
V59F e F--- + + Blue
V59S - S--- + + Blue
V59G - G--- + + Blue
V591 - I--- + + Blue
V59E - E--- + - White
V5ON - N--- + - White
V5oL - L--- + - White

Note. A series of p67°* C-terminal SH3 domain mutants on
pEG202 plasmid were tested for two-hybrid interaction. +, growth in
SD medium; —, not growth.

® It is noted that mutant V59L results in the loss of binding
activity.
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TABLE 4

Comparisons of Specificity of Interactions in the p67°"
C-Terminal SH3 Domain, p47°" N-Terminal SH3 Domain,
and p40°™* SH3 Domain with the Proline-Rich Region

Selection on B-gal
SD medium assay
—Trp —His —Trp —His Filter
BD AD —Ura —Ura —Leu assay
p67°" C-SH3 Vector alone + - White
p47°"™ N-SH3  Vector alone + - White
p40™"™* SH3 Vector alone + - White
p67phox C'SH3 p47g?c?l)i<ne rich + + Blue
P67”" C-SH3 P67 rien + - White
p67°P"* C-SH3 P22 vieh + - White
P67"" C-SH3 P67 rien + - White
V59L
p67P"* C-SH3 P22 vioh + - White
V59L
*p67phox C'SH3 p47slr1n;)l)i<ne rich + + Blue
(Vsg > L —V)
*p67" C-SH3 P75 ricn + - White
(Vsg > L —V)
*p67™ C-SH3  P225%. ien + - White
(Vse > L —V)
pA7"™ N-SH3  P22%% . + + Blue
p40phox SH3 p47s?o()l)i<ne rich + + Blue

Note. A series of SH3 domains on pEG202 plasmid were tested for
two-hybrid interaction with different prolin-rich regions. * indicates
revertant; +, growth in SD medium; and —, no growth. BD, binding
domain; AD, activation domain.

ified by sequencing and they expressed equal fusion
protein levels by Western blot (data not shown).

Molecular Modeling of p67°" SH3-Ligand Complexes

A structural drawing of the p67°" C-terminal SH3
domain is based on the c-src SH3 domain X-ray crystal
structure. The strands comprising the two antiparallel
B-sheets of three and two B-strands are labeled pBa—e.
The side chains of conserved residues involved in tar-
get proline-rich peptide binding are shown (Fig. 3). Itis
clear that SH3 domain deletes V59 resulting in the
missing of Be strand seen in the SH3 domain, which
suggests the involvement of V59 in the Be (Fig. 3C). It
is speculated that in this situation p67°"* C-terminal
SH3 domain may be not good enough to maintain its
tertiary structure for binding to p47°" proline-rich
region. Recently, V59 in different SH3 domains has
been suggested to take part in the hydrophobic core of
SH3 domain (19, 27, 28). For comparison, our results
also refine the traditional view of X-ray crystallogra-
phy structure of SH3 domain, as well as the suggestion
that V59 is not only the hydrophobic core and also the
boundary site to form e strand in p67""™ C-terminal
SH3 domain.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

CONCLUSION

These data suggest that V59 provides not only the
boundary site, but also the critical site for maintaining
the Be portion in the B-barrel structure of the p67°™"™
C-terminal SH3 domain. Furthermore, our data show
that V59 particularly could not be replaced by Leu
(Tables 3 and 4), suggesting that this residue may

A

Q1

FIG. 3. A structural drawing of the p67°"™ C-terminal SH3 do-
main based on the X-ray crystal structure of the c-src SH3 domain
structure as a template bound to the p47°™ proline-rich (QPAVP-
PRPS) sequence. The strands comprising the two antiparallel
B-sheets of three and two strands are labeled Ba—e. The side chains
of conserved residues involved in target proline-rich peptide binding
are shown. (A) Wild type. (B) Minimal size of SH3. Note that V59 is
the boundary sequence. (C) Without Be. Graphics were produced
using Molscript (22).
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affect the specificity of SH3 interactions in phagocyte
NADPH oxidase.
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