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(gp91phox and p22phox), is the oxidase protein responsible
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SH3 domains are found in many signal transduction
roteins where they mediate protein–protein binding
y recognizing specific peptides rich in proline. Based
n the analysis of sequence alignment data, the
ADPH oxidase p67phox C-terminal SH3 domain pos-

esses a typical compact b-barrel consisting of five
-strands arranged in two antiparallel b-sheets of
hree and two b-strands. Multiple amino acid substi-
utions were made at be and its flanking residues to
etermine the role of the boundary sequences in bind-

ng activity and conformational specificity of the do-
ain. Analysis of amino acid P55 indicated that all
utants were completely abolished in their binding

ctivities. The substitution of F58 with Y58 showed no
ffect of the binding, whereas substitution with stop
odon abolished activity. Furthermore, when amino
cid V59 was substituted with stop codon, activity was
lso completely abolished. Substitution of E60 with
top codon showed no effect of binding. Moreover, our
ata show that V59 particularly could not be replaced
y Leu. Taken together, these data suggest that V59
ay not only contribute the exact boundary site but

lso play on the specificity for protein–protein interac-
ions in phagocyte NADPH oxidase. © 2001 Academic Press

Superoxide is generated by a phagocyte NADPH ox-
dase which is assembled as a complex of at least four
roteins localized to plasma and phagolysosomal mem-
ranes (1). Cytochrome b558, an integral membrane fla-
oprotein composed of two subunits of 91 and 22 kDa

Abbreviations: SH3, src homology 3; ONPG, o-nitrophenyl b-D-
alactopyranoside; X-gal, 5-bromo-4-chloro-3-indolyl-b-D-galactopyr-
noside; TRP, tryptophan; URA, uracil; HIS, histidine; LEU, leucine;
CIP, 5-bromo-4-chloro-3-indolyl phosphate; NBT, nitroblue tetra-
olium; bd, binding domain; ad, activation domain.

1 To whom correspondence and reprint requests should be addressed
t Graduate Institute of Biochemistry, Kaohsiung Medical University,
o. 100, Shih-Chuan 1st Road, Kaohsiung 80708 Taiwan, Republic of
hina. Fax: 886-7-3218309. E-mail: m835016@cc.kmu.edu.tw.
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or transferring electrons from NADPH to O2 (2).
47phox, p67phox, p40phox, and rac are found in the cytosol
f resting neutrophils (3–5). There is abundant evi-
ence that p47phox binds to p67phox in vitro (6–14).
47phox, p67phox, p40phox, and p22phox each contain pep-
ides that conform to proposed consensus sequences for
roline-rich peptides bound by SH3 domains (4–7).
47phox and p67phox each contain two peptide domains of
60 amino acids which share homology with SH3 do-
ains (15). Existence of SH3 domains and proline-rich

eptide sequences in p47phox and p67phox suggested that
hese specialized regions may facilitate binding be-
ween the two proteins. We previously studied the in-
eractions between p47phox and p67phox under intracel-
ular conditions using the yeast two-hybrid/interaction
rap assay for protein–protein binding. We found the
nteraction between p67phox C-terminal SH3 domain
residues 453–516, renumber 1–64, Fig. 1) and p47phox

roline-rich region (362–370, QPAVPPRPS) (unpub-
ished data).

The X-ray crystal or NMR structure of SH3 domain
s shown to be a compact b barrel consisting of five
-strands arranged in two antiparallel b-sheets of
hree and two b-strands (16–19). The C-terminal SH3
omain of p67phox binds to its natural ligand was mod-
led using the c-abl SH3 domain structure as a tem-
late (17). Though the SH3 domain and its target
roline-rich region have been determined, sequences
hat determine the exact boundary of biological behav-
or of SH3 domain and its target proline-rich region are
till unknown. To gain insight into the role of the
oundary sequences of the SH3 domain be and its
anking residues involved in binding activity, we per-
ormed site-directed and random mutagenesis combin-
ng the yeast two-hybrid method to determine the
oundary sequence in p67phox C-terminal SH3 domain.
ur data suggest that V59 provides not only the
oundary site, but also the critical site for maintaining
he be portion in the b-barrel structure of SH3 domain.
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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ould not be replaced by Leu, suggesting that this
esidue may also participate in the specificity of SH3
nteractions in phagocyte NADPH oxidase.

ATERIALS AND METHODS

Plasmids. Parent plasmids containing full-length p47phox and
67phox cDNA were gifts of Harry Malech and Thomas Leto (Labora-
ory of Host Defenses, NIAID, NIH, Bethesda, MD). pEG202,
JG4-5, and pSH18-34 shuttle vector plasmids and EGY48 strain
accharomyces cerevisiae were gifts of Jenó Gyuris, Erica Golemis,
nd Roger Brent (Massachusetts General Hospital, Boston, MA) (20).
40phox SH3, p47phox N-terminal SH3 domains, p47phox and p67phox-
roline rich domains were gifts from Michael E. Kleinberg (Univer-
ity of Maryland, MD). Plasmids were propagated in Escherichia coli
n LB broth containing ampicillin.

Site-directed mutagenesis and random mutagenesis. To perform
ither site-directed mutagenesis or random mutagenesis on be and
anking sequences (P55, F58, V59 and E60 of the p67phox C-terminal
H3 domain). Primers designed for site-directed mutagenesis:
ense primer, 59-CGGAATTCGGCAGCGAAGTGGAG-39; anti-sense
rimers are 59-ACGCGTCGACTGTAGTTGCGCAGTCTTCAACAAA-
ACTTTTTAGAAAATGCC-39 (change P55, CCC to TAA);
9-ACGCGTCGACTGTAGTTGCGCAGTCTTCAACTTAAACTTTG-
GGAAAAT-39 (change F58, TTT to TAA), 59-ACGCGTCGAC-
GTAGTTGCGCAGTCTTCCTAAAAAACTTTGGGGAAAAT-39

change V59, GTT to TAG) and 59-ACGCGTCGACTGTAGTTGC-
CAGTCCTAAACAAAAACTTTGGGGAAAAT-39 (change E60, GAA

o TAG). Primers designed for random mutagenesis 59-ACGC-
TCGACTGTAGTTGCGCAGTCTTCAACAAAAACTTTNNNGAA-
ATGCC-39 (change P55, CCC to NNN); 59-ACGCGTCGACTGT-
GTTGCGCAGTCTTCAACNTAAACTTTGGGGAAAAT-39 (change
58, TTT to TAN), 59-ACGCGTCGACTGTAGTTGCGCAGTCTTC-
NNAAAAACTTTGGGGAAAAT-39 (change V59, GTT to NNN). Re-

ertant was carried out with wild type sequence 59-ACGCGTCGAC-
GTAGTTGCGCAGTCTTCAACAAAAACTTTGGGGAAAAT-39 (change
59L back to V59, CTT to GTT).
Primers designed for site-directed mutagenesis of p40phox SH3 do-
ain: sense primer, 59-CGGAATTCATGGCAGCTCCGAGAGCA-
AG-39; anti-sense primers: 59-ACGCGTCGACAGGGAAGTCTTT-
AGGATCTTCTAGAAGGAGAGAGG-39 (change V59, GTG to TAG);
9-ACGCGTCGACAGGGAAGTCTTTGAGGATCTACACGAAGGAG-
GAGG-39 (change K60, AAG, to TAG). Primers designed for site-
irected mutagenesis of p47phox N-terminal SH3 domain: sense primer,
9-CGGAATTCATCACCGGCCCCATCATC-39; anti-sense primers:
9-ACGCGTCGACAGGACTGTCCAGGGGCTCCTAGAAGGACGC-
GGGATCCA-39 (change L59, TTG to TAG); 59-ACGCGTCGACAG-
ACTGTCCAGGGGCTACAAGAAGGACGCTGGGATCCA-39 (change
60, GAG to TAG); 59-ACGCGTCGACCGTCTCGTCAGGACT-
TACAGGGGCTCGAGGAAGGACGC-39 (change D63, GAC to ATG).
old indicates EcoRI or SalI restriction site. Underlined is a mutagen-
sis site. The PCR mixture containing 10 mM Tris–HCl (pH 8.3), 1.5
M MgCl2, 50 mM KCl, 200 mM dNTP and 2 mM of each primer with
unit of Taq polymerase was carried out by 38 cycles of 94°C for 1 min,
5°C for 1 min, and 72°C for 2 min.

DNA sequencing. All mutants were sequenced to ensure that the
utagenesis was successful. Nucleotide sequencing was performed

y dideoxy method (Sequenase, USB) or ABI PRISMTM 310 genetic
nalyzer (Perkin–Elmer).

Detection of protein–protein interactions (21). Yeast transformed
ith pairs of LEXA and B42 constructs were assessed for their
bility to grow in leucine-deficient galactose-containing media. Pro-
98
econstitution of transactivator function through p67phox/p47phox bind-
ng. Yeast transformed with pairs of p67phox/LEXA binding domain
nd p47phox/B42 activation domain constructs were also scored for
heir ability to transactivate LexA-dependent lacZ gene transcrip-
ion from the pSH18-34 plasmid. b-Galactosidase activity was mea-
ured by hydrolysis of X-gal on solid agar and of ONPG in two ways.
irst, colonies on agar plates were replicate transferred to paper
oaked in Z buffer (0.15 M sodium phosphate, 10 mM KCl, 1 mM
gSO4, pH 7.0) containing 0.3 mg/ml X-gal and incubated at 30°C for

0–120 min. Yeast was then lysed by dipping the paper in liquid
itrogen. Protein–protein binding was indicated by the development
f blue color in lifts from colonies grown on galactose-containing agar
lates. Second, yeast cotransformed with pairs of p47phox 3 p67phox

usion constructs were grown for 3–5 days in galactose-containing
IS-, URA-, and TRP-broth media to an OD600 nm of 0.6–0.8. Yeast

ulture (1.5 ml) was pelleted and resuspended in 100 ml 0.1 M Tris
uffer containing 0.1% Triton X-100. Cells were broken with multi-
le freeze/thaw cycles. Seven hundred microliters of Z buffer con-
aining ONPG (final concentration 0.6 mg/ml) was added to the
oluble fraction and incubated at 30°C for 30–60 min. ONPG hydro-
ysis was monitored by changes in OD405 nm measured in a microplate
eader (Thermomax, Molecular Devices, Menlo Park CA). Results
ere expressed as OD405 nm/OD600 nm to correct for slight differences in
mounts of yeast in different samples. Individual ONPG experi-
ents were performed with duplicate samples. Yeast transformation

xperiments were performed at least three times.

Immunoblotting. Expression of LexA and B42 fusion proteins in
east were detected by immunoblotting with anti-p47phox or anti-
67phox goat antisera (a gift from Harry Malech and Thomas Leto,
IAID, NIH) (20) or a monoclonal antibody against LexA from Clon-

ech. Yeast transformed with pairs of LexA and B42 constructs were
rown in log phase in glucose TRP- URA- HIS- and galactose TRP-
RA- HIS- LEU- broth media at 30°C. Yeast was incubated with 5
M diisopropyl fluorophosphate to inhibit proteases. 5-10 ml ali-

uots were centrifuged, extracted with SDS–PAGE sample buffer for
min, heated to 100°C for 2 min, and centrifuged to pellet cellular

ebris. Supernatant proteins were separated on SDS–PAGE gels,
ransferred to nitrocellulose, and immunoblotted as described (22).
olyclonal antisera were used at 1:1000 titer and the monoclonal
ntibody culture supernatant was used at 1:100 titer. Bands were
isualized with BCIP/NBT as chromagen.

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

ESULTS AND DISCUSSION

etermining the Boundary Sequence of p67phox

C-Terminal SH3 Domain: Site-Directed Mutagenesis

Figure 1 shows that the alignment of amino acid
equences of c-src with five SH3 domains from NADPH
xidase system. To determine the boundary sequence
f p67phox C-terminal SH3 domain, we first performed
ite-directed mutagenesis at position P55, F58, V59
nd E60 of the conserve region (Fig. 1). The results
how that P55, F58 and V59 produced stop codon,
esulting in the complete abolition of the binding to
47phox proline-rich region, whereas the amino acid E60
eing replaced by stop codon showed no effect of bind-
ng, suggesting that this residue may not participate in
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e strand (Table 1). The results clearly show that
oundary site of p67phox C-terminal SH3 domain is lo-
ated at V59 (Table 1). Figure 2 shows that tested
utants in the yeast two-hybrid system (Fig. 2A) and

ll constructs were expressed equally in fusion protein
evel in the yeast by Western blotting (Fig. 2B).

omparison of Other SH3 Domains
in NADPH Oxidase

To further examine whether a similarity exists in all
H3 domains of NADPH oxidase, we examined two
ther SH3 domains which include p40phox and p47phox

-terminal SH3 domains. Data show that p40phox ex-
ibits a similar boundary sequence compared to p67phox

-terminal SH3 domain, whereas P47phox N-terminal
H3 domain does not (Table 2). This result is consis-
ent with the five SH3 domains alignment in NADPH
xidase with a conserved sequence V59 seen in p40phox

nd p67phox C-terminal SH3 domains (Fig. 1). The data
ay also explain why both p40phox and p67phox

-terminal SH3 domains can bind to the same target of
47phox proline-rich region (4, 5). Moreover, the data
lso suggest that the boundary site of p47phox

-terminal SH3 domain may be located at L62 that

FIG. 1. Alignment of the amino acid sequences of c-src, p67phox N
f the five b-strands are indicated by box. be and its flanking residues
dentical amino acids and a gray background indicates conserve am

TAB

Various Boundary Site Mutants in the p67phox

with the p47phox P

Mutant Tail sequence

Sele

2Trp 2His 2U

ild type I53FPKVFVEDCAT64 1
CCC)P55stop(TAA) I53F54* 1
TTT)F58stop(TAA) I53FPKV57* 1
GTT)V59stop(TAG) I53FPKVF58* 1
GAA)E60stop(TAG) I53FPKVFV59* 1

Note. A series of p67phox C-terminal SH3 domain mutants on pEG
roline-rich in EGY48. b-Galactosidase unit is defined as the amount
etween replicates were less than 20%, and background activity wa
99
xhibited distinct sequence compared to V59 in p40phox

nd p67phox C-terminal SH3 domain.

etermining the Boundary Sequence of the p67phox

C-Terminal SH3 Domain: Random-
Directed Mutagenesis

To gain more details of mutations of these sites, we
ext performed random mutagenesis at positions
55, F58, V59 and E60. The results show that P55 to
55, G55, V55, W55, N55, E55, H55, and F55 result-
ng in the binding to p47phox proline-rich region ac-
ivity were completely abolished (Table 3). F58 to
yr shows no effect of this binding, suggesting that
romatic stacking rather than hydrogen bonding is
roduced by this residue (Table 3). At V59 position,
e gained seven different mutations to show that
59 can be replaced by F59, S59, G59, and I59, but
an not be replaced by E59, N59 and L59 (Table 3).
hese data are consistent with the conformational
references of the amino acids to favor b-strand (25,
6). A general conclusion at this point is that a
arious residues type can be substituted at V59 po-
ition are able to make compensatory tolerable
-sheet packing in SH3 domain.

7phox C, p47phox N, p47phox C, and P40phox SH3 domains. The positions
volved in mutagenesis are underlined. A black background indicates
acids.

1

erminal SH3 Domain That Affect Interaction
line-Rich Region

on on SD medium b-gal assay

2Trp 2His 2Ura 2Leu Filter assay Liquid assay

1 Blue 432.2 6 46.32
2 White ,20
2 White ,20
2 White ,20
1 Blue 447.2 6 40.15

plasmid were tested for two-hybrid interaction with pJGA–p47phox

ich hydrolyzes 1 mmol ONPG to o-nitrophenol per minute. Variations
20 U. *, stop codon; 1, growth in SD medium; 2, no growth.
, p6
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cti
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pecificity of the p67phox C-Terminal SH3 Domain
Wild Type and V59L Mutant in NADPH Oxidase

Based on the sequence alignment, either V59 or L59,
een in all SH3 domains, we observe that p67phox

-terminal SH3 domain and p40phox SH3 domain con-
ained Val residue at position 59, whereas the other
hree SH3 domains contained Leu at an equivalent
osition of NADPH oxidase (Fig. 1). As shown in Table
, we noticed that V59 residue particularly could not be
eplaced by Leu. This raises a possibility that V59L
utant in p67phox C-terminal SH3 domain may lose its

atural binding to p47phox proline-rich target and
witch its specificity for binding to other proline-rich
argets (such as, p67phox and p22phox proline-rich region)
n the NADPH oxidase. We therefore examined
hether V59L mutant switched its binding activity to
ther proline-rich targets. Unfortunately, the results

FIG. 2. (A) Yeast two-hybrid. Transactivation of LEU2 reporter
ene transcription in yeast coexpressing p67phox/LexA binding do-
ain and p47phox/B42 activation domain fusion proteins. EGY48

east were cotransformed with pSH18-34, pEG202 expressing
67phox/LexA binding domain fusion proteins, and pJG4-5 expressing
47phox/B42 activation domain fusion proteins as described under
aterials and Methods. Transformed yeast were streaked on left)

alactose TRP- URA- HIS-; right) galactose TRP- URA- HIS- LEU-.
easts were cotransformed with p67phox C-terminal SH3 domain: (a)
ild type, (b) P55stop, (c) F58stop, (d) V59stop, and (e) E60stop and
47phox proline-rich region (347–390). (B) Western blot. Expression of
67phox C-terminal SH3/LexA binding domain fusion proteins in
east. EGY48 cotransformed with pEG202 and pJG4-5 plasmids
xpressing p67phox C-terminal SH3/LexA binding domain fusion pro-
eins were pelleted and extracted with SDS–PAGE buffer as de-
cribed under Materials and Methods. Lanes: (a) wild type, (b)
55stop, (c) F58stop, (d) V59stop, and (e) E60stop. The position of
67phox C-terminal SH3/LexA fusion protein is indicated by the ar-
ow. The molecular marker shown on the gel as indicated.
100
how that V59L mutant did not switch to bind to either
67phox or p22phox proline-rich targets, while wild type is
till specific to its p47phox proline-rich natural target
Table 4). This would suggest that V59 substituted
lone is not sufficient to confer specificity. To avoid the
rror during construction, we also performed site-
irected mutagenesis to revert V59L mutant back to
ild-type V59. As expected, the revertant restored its
inding activity, suggesting V59 residue is crucial and
pecific for binding (Table 4). All constructs were ver-

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

SH3 domain
Tail mutant
alignment

Binding
activity

67phox C-terminal SH3 VGIFPKVF58* 2
VGIFPKVFV59* 1

40phox SH3 TGIFPLSF58* 2
TGIFPLSFV59* 1

47phox N-terminal SH3 RGWIPASF58* 2
RGWIPASFL59* 2
RGWIPASFLEPL62* 1

Note. A series of SH3 domain mutants on pEG202 plasmid were
ested for two-hybrid interaction. *, stop codon; 1, positive interac-
ion between domains tested; 2, no interaction observed.

TABLE 3

Mutations in the p67phox C-Terminal SH3 Domain That
Affect Binding to the p47phox Proline-Rich Region

Mutant

Selection on SD medium b-gal assay

2Trp 2His
2Ura

2Trp 2His
2Ura 2Leu

Filter
assay

ild type IFPKVFVEDC 1 1 Blue
55I --I------- 1 2 White
55G --G------- 1 2 White
55V --V------- 1 2 White
55W --W------- 1 2 White
55N --N------- 1 2 White
55E --E------- 1 2 White
55H --H------- 1 2 White
55F --F------- 1 2 White
58Y -----Y---- 1 1 Blue
59F ------F--- 1 1 Blue
59S ------S--- 1 1 Blue
59G ------G--- 1 1 Blue
59I ------I--- 1 1 Blue
59E ------E--- 1 2 White
59N ------N--- 1 2 White
59La ------L--- 1 2 White

Note. A series of p67phox C-terminal SH3 domain mutants on
EG202 plasmid were tested for two-hybrid interaction. 1, growth in
D medium; 2, not growth.

a It is noted that mutant V59L results in the loss of binding
ctivity.
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fied by sequencing and they expressed equal fusion
rotein levels by Western blot (data not shown).

olecular Modeling of p67phox SH3–Ligand Complexes

A structural drawing of the p67phox C-terminal SH3
omain is based on the c-src SH3 domain X-ray crystal
tructure. The strands comprising the two antiparallel
-sheets of three and two b-strands are labeled ba–e.
he side chains of conserved residues involved in tar-
et proline-rich peptide binding are shown (Fig. 3). It is
lear that SH3 domain deletes V59 resulting in the
issing of be strand seen in the SH3 domain, which

uggests the involvement of V59 in the be (Fig. 3C). It
s speculated that in this situation p67phox C-terminal
H3 domain may be not good enough to maintain its
ertiary structure for binding to p47phox proline-rich
egion. Recently, V59 in different SH3 domains has
een suggested to take part in the hydrophobic core of
H3 domain (19, 27, 28). For comparison, our results
lso refine the traditional view of X-ray crystallogra-
hy structure of SH3 domain, as well as the suggestion
hat V59 is not only the hydrophobic core and also the
oundary site to form be strand in p67phox C-terminal
H3 domain.

Comparisons of Specificity of Interactions in the p67phox

-Terminal SH3 Domain, p47phox N-Terminal SH3 Domain,
nd p40phox SH3 Domain with the Proline-Rich Region

BD AD

Selection on
SD medium

b-gal
assay

2Trp 2His
2Ura

2Trp 2His
2Ura 2Leu

Filter
assay

67phox C-SH3 Vector alone 1 2 White
47phox N-SH3 Vector alone 1 2 White
40phox SH3 Vector alone 1 2 White
67phox C-SH3 p47proline rich

phox 1 1 Blue
67phox C-SH3 P67proline rich

phox 1 2 White
67phox C-SH3 P22proline rich

phox 1 2 White
67phox C-SH3
V59L

P67proline rich
phox 1 2 White

67phox C-SH3
V59L

P22proline rich
phox 1 2 White

p67phox C-SH3
(V59 3 L 3 V)

p47proline rich
phox 1 1 Blue

p67phox C-SH3
(V59 3 L 3 V)

P67proline rich
phox 1 2 White

p67phox C-SH3
(V59 3 L 3 V)

P22proline rich
phox 1 2 White

47phox N-SH3 P22proline rich
phox 1 1 Blue

40phox SH3 p47proline rich
phox 1 1 Blue

Note. A series of SH3 domains on pEG202 plasmid were tested for
wo-hybrid interaction with different prolin-rich regions. * indicates
evertant; 1, growth in SD medium; and 2, no growth. BD, binding
omain; AD, activation domain.
101
These data suggest that V59 provides not only the
oundary site, but also the critical site for maintaining
he be portion in the b-barrel structure of the p67phox

-terminal SH3 domain. Furthermore, our data show
hat V59 particularly could not be replaced by Leu
Tables 3 and 4), suggesting that this residue may

FIG. 3. A structural drawing of the p67phox C-terminal SH3 do-
ain based on the X-ray crystal structure of the c-src SH3 domain

tructure as a template bound to the p47phox proline-rich (QPAVP-
RPS) sequence. The strands comprising the two antiparallel
-sheets of three and two strands are labeled ba–e. The side chains
f conserved residues involved in target proline-rich peptide binding
re shown. (A) Wild type. (B) Minimal size of SH3. Note that V59 is
he boundary sequence. (C) Without be. Graphics were produced
sing Molscript (22).
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ADPH oxidase.
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