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taining cDNA inserts derived from HL60 
cells differentiated for 2 days with dibutyryl 
adenosine 3',5'-monophosphate (dibutyryl 
cAMP). The library was screened with poly
clonal rabbit antiserum B-l, which reacts 
against both p67 and p47 (4, 5). Several 
independent cDNA inserts encoding p67 
were isolated, ranging in size from 2.2 to 
0.5 kb (6). 

To demonstrate that these clones encoded 
a protein antigenically similar to p67, we 
showed that fusion proteins encoded by two 
of the largest clones specifically blocked 
B-l antibody detection of native p67 on 
SDS—polyacrylamide gel electrophoresis 
(SDS-PAGE) immunoblots of neutrophil 
cytosol (7). Furthermore, rabbit antibodies 
to r-p67 (8) reacted specifically against a 67-
kD polypeptide in neutrophil cytosol from 

all normal subjects and most CGD patients 
except one who was previously characterized 
as p67-deficient (Fig. la). The p67 cDNA 
detected an ~2.4-kb mRNA transcript in 
monocytes from normal individuals and all 
CGD patients examined including the one 
patient with p67 protein deficiency (Fig. 
lb). The p67 transcript was not detected in 
uninduced HL60 cells, but a transcript iden
tical in size to that seen in monocytes was 
present in HL60 cells induced to differenti
ate with retinoic acid for 5 days, consistent 
with earlier observations indicating that p67 
protein is limited to cells capable of superox
ide generation (5). 

Further evidence was sought to confirm 
that these cDNAs encode a functional factor 
absent from p67-deficient autosomal reces
sive CGD patients. This was accomplished 
by demonstrating that r-p67 is functionally 
active in a cell-free superoxide-generating 
assay requiring neutrophil membranes and 
cytosol (Fig. 2) (4, 9). The r-p67 partially 
reconstituted nicotinamide adenine dinucle-
otide phosphate (reduced) (NADPH)-de-
pendent superoxide production by neutro
phil cytosol from a p67-deficient CGD pa
tient (Fig. 2b), but failed to restore activity 
to neutrophil cytosols from p47-deficient 
CGD patients (Fig. 2, c, d, and e). In 
control experiments oxidase activity was also 
partially restored when p47-deficient cyto
sols were mixed with the p67-deficient cyto
sol (Fig. 2f). Several factors account for the 
less than complete restoration, including 
lability of patient cytosol, presence of inhibi
tors in the Escherichia a>//-derived r-p67 that 
diminish even normal cytosolic activity (Fig. 
2a) and the inherent lability of r-p67 during 
isolation. (Less than maximal activity was 
seen in the complementation experiment in 
Fig. 2f.) 

The nucleotide sequence of p67 cDNA 
(clone 10) predicts a 526-amino acid pro
tein with a calculated size of 60,900 kD 
(Fig. 3a). The apparent size of the clone 10 
recombinant fusion protein by SDS-PAGE 
was 70 kD (6, 7). A methionine codon 
occurs 25 bases from the 5' end of clone 10 
cDNA within a consensus sequence that 
conforms to translation initiation sites ob
served in eukaryotic mRNAs (10). After a 
stop codon at position 1579, there are an
other 557 bases of untranslated sequence, 
which include two polyadenylation signals 
(underlined in Fig. 3a). 

Within the predicted peptide sequence, 
the COOH-terminal domain was noted for 
a large number of acidic residues, bearing a 
net charge of - 1 2 in the last 65-residue 
segment. Comparison of the deduced amino 
acid sequence of p67 with sequences record
ed in the National Biomedical Research 
Foundation (NBRF) database (version 23) 

Cloning of a 67-kD Neutrophil Oxidase Factor with 
Similarity to a Noncatalytic Region of p60c"5rc 
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HIROYUKI N U N O I , JOAN M. G. SECHLER, WILLIAM M. NAUSEEF, 
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Chronic granulomatous diseases (CGDs) are characterized by recurrent infections 
resulting from impaired superoxide production by a phagocytic cell, nicotinamide 
adenine dinucleotide phosphate (reduced) (NADPH) oxidase. Complementary DNAs 
were cloned that encode the 67-kilodalton (kD) cytosolic oxidase factor (p67), which is 
deficient in 5% of CGD patients. Recombinant p67 (r-p67) partially restored NADPH 
oxidase activity to p67-deficient neutrophil cytosol from these patients. The p67 
cDNA encodes a 526-amino acid protein with acidic middle and carboxyl-terminal 
domains that are similar to a sequence motif found in the noncatalytic domain of src-
related tyrosine kinases. This motif was recently noted in phospholipase C—7, 
nonerythroid ot-spectrin (fodrin), p21ras-guanosine triphosphatase-activating protein 
(GAP), myosin-1 isoforms, yeast proteins cdc-25 and fus-1, and the 47-kD phagocyte 
oxidase factor (p47), which suggests the possibility of common regulatory features. 
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Fig. 1. Expression of a 
p67 protein and mRNA M, 
by phagoc\.tic cells from x 

CGD patients. (a) SDS- 
PAGE immunoblot 
analysis of neutrophil 
qrosolic proteins \r,ith 21 
antibodies to  r-p67 ( 8 ) .  
Gcls were loaded with 
peripheral blood neutro- . - 
phi1 cytosolic proteins 
(2  x 10" cells per lane) 

1 2 3 4 5 6 7 8 9  

from normal sibjects (lanes I and 9), autosomal recessive CGD 
patients (J.H., R.H., R.J., D.C., C.H., and D.R., lanes 2 to 7, 
respectively), and an X-linked CGD patients (S.P., lane 8) (4, 5,29) .  
C!.rosol from patient J.H. a.as previously noted for a deficiency in 
p67 activiy and an absence of $7 protein when probed with B-1 
antibody (4, 5). All other autosomal recessive CGD patients studied 
were characterized as p47-deficient. Molecular weight markers are 
given on the left. (b) Northern blot analysis of total cellular RNA 1 2 3 4 5 6 7 
(10 kg) probed with 3'P-labeled clone 10 cDNA. RNA was 
isolated, separated by electrophoresis on a 1.0% agarose gel, blotted onto nitrocellulose, and probed as 
previously described (2 ) .  Lanes 1 to  5, blood monoyte RVA from normal (lane l), X-linked CGD 
(lane 2), p47-deficient autosomal recessive CGD (lanes 3 and 4), and p67-deficient autosomal recessive 
CGD (lane 5) subjects. Lanes 6 and 7, HL-60 RYA from uninduced cells (lane 6)  and cells 3 days afrer 
induction nith 1 k.14 retinoic acid (lane 7). The single transcript detected was -2.4 kb. Ribosomal 
RNA size markers are indicated. 

(1 1) has revealed sigdicant structural simi- 
larities between this COOH-terminal do- 
main and a limited portion of the noncata- 
lytic domains [designated region A (12) or 
SH3 (13)] of a number of oncogene prod- 
ucts in the nonreceptor tyrosine kinase fam- 
ily of which src is a p r o t o w  (Fig. 3, b and 
c) (14). These include lyn, syn, yes, hck, Irk, 
abl, &, and blk (14). Furrher analysis re- 
vealed a second repeat of src region A-like 
sequence within the mid segment of p67 
(residues 245 to 295). The degree of simi- 
larity that the p67 region A motifs exhibited 
to proteins in this family ranged from 18 to 
40% amino acid identity within a 5 1-residue 
segment. This region of similarity encom- 
passes exons 3 and 4 of c-src, a relatively well 
conserved segment in both the viral onco- 
gene and cellular proto-oncogene sequences 
of the entire src family (15). Many of these 
src-related cellular proto-oncogene products 
accumulate in terminally differentiated tis- 
sues and have limited tissue distribution, 
suggesting that they may be important in 
cellular functions distinct from cell prolifera- 
tion (15). 

Whereas the deduced amino acid se- 
quence of p67 provides little information 
concerning its precise role in the oxidase 
complex, its structural relation to the non- 
catalytic region A of proteins in the src 
family may provide important clues. Several 
recent reports describe structural similarities 
recognized between region A of the src 
family proteins and other diverse proteins 
that do not exhibit kinase activity. These 
include the other cytosolic oxidase factor 
p47 (3), the viral oncoprotein gag-crk (I@, 
nonerythroid a-spectrin (1 7, a phosphoino- 
sitide-specific phospholipase C (PLC-y) 

(12, 18), guanosine mphosphatase-activat- 
ing protein (GAP) (19), myosin I-related 
isoforms in Acanthamoeba, Dictyostelium, and 
yeast (20), and other yeast proteins cdc25 
and bl (20) (Fig. 3b). Although GAP, 
PLGy, and contain sequences simi- 
lar to two additional noncatalytic segments 
of src, regions B and C (SH2) (Fig. 3c), only 
region A is found in $7, p47, myosin I, and 
a-spearin, suggesting that region A func- 
tions independently of src-like regions B and 
C (12, 16-20). 

we' find a kndem repeat of the region A 
motif in p47 that had not been previously 
recognized, though other regions of similar- 
ity between p47 and GAP (2) or src (3) had 
been identified. Thus, both phagocyte cyto- 
sol oxidase proteins, p47 and p67, contain 
two segments of src region A motifs. No 
other regions of similarity between p47 and 
p67 were noted. 

The region A motif in these diverse pro- 
teins may subserve a common functional 
role. One possibility involves guanosine tri- 
phosphate (GTP) regulatory elements, since 
activation of the NADPH oxidase is modu- 
lated by GTP and the cytosolic factors bind 
to GTP matrices (5). Neither of the neutro- 
phi cytosolic factors contains the three con- 
sensus sequence elements characteristic of 
several distinct GTP binding proteins (21). 
Their structural similarity to GAP and phos- 
pholipase C could reflect interactions with 
common guanine nucleotide regulated com- 
ponents, though the region A sequence of 
GAP lies outside the region that is thought 
to interact with p2lraS (22). 

A more likely possibility involves the in- 
teraction of region A-containing proteins 
with the membrane cytoskeleton. All of 

a b 
0'31 Normal / 1 JH 

Time (min) 

Fig. 2. Cell-fm assay showing partial ratoration 
of defective NADPH oxidax activity in p67- 
deficient neutrophil cytosol with r-p67 (9). (a to 
e) No added r-p67 shown as a solid line (+), 
added r-p67 shown as a dashed line (0). (a) 
Normal subject cytosol; (b) cytosol from the p67- 
deficient patient (J.H.); (C to e) cytosol from each 
of thm p47-deficient patients (D.C., B.J., and 
T.A.); (f) mixtures of cytosol from the p67- 
deficient patient with cytosol from each of the 
p47-deficient patients. Data represent the average 
of quadruplicate assays (ditfercnce in slope for J H  
~ytosol with r-p67 versus without r-p67 signifi- 
cant at P < 0.001). Cytosolic activity from pa- 
tients D.C., B.J., and T.A. was previously re- 
stored by r-p47, whereas J.H. cytosol activity was 
not (2). 

these proteins localize to the cortical cyto- 
plasm,- suggesting that they recognize cbm- 
mon membrane skeleton components. Both 
p47 and p67 appear to translocate from 
cvtosol to the membrane skeleton with acti- 
vkon  of the oxidative burst in phagocytic 
cells (23). Deletions within the noncatalytic 
region A of pp60V" affect its association 
with the detergent-insoluble cytoskeletal 
matrix of extracted cells (24). Furthermore, 
mutations in this region affect the specificity 
of p60E"'' for certain cytoskeletal proteins 
whose phosphorylation is thought to corre- 
late with malignant transformation, suggest- 
ing that this region is involved in substrate 
recognition (25). One of these favored 
pp60v-Src substrates, pp36 (also calpactin I 
or lipocortin 11) exhibits calcium-dependent 
biding to lipid, actin, and spectrin (26). An 
adenosine triphosphate (ATE')-insensitive 
actin-binding site has been mapped to the 
COOH-terminal domain of myosin I (27, a 
region composed of a src region A motif and 
proline-rich sequences (28). The occurrence 
of similar proline-rich sequences together 
with src region A motifs in p47 and p67 
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a 
TGGCCKCTAGTTTCTACCTAATC -1 

ATGTCCCTGGTGWLGGCCATCAGCCTCTGGAATGAAGGGGTGCTGGCAGCGGACAAGAAGGACTGGAAGGGAGCCCTGGATGCCTTCAGT 90 
M S L v E A I S L w N E G v L A A D K K D W K G A L D A F s  30 
GCCGTCCAGWLCCCCCACTCCCGGATTTGCTTCAACATTGGCTGCATGTACACTATCCTWVLWVLCATWLCTGAAGCAGAWVLGGCCTTT 180 
A V Q D P H S R I C F N I G C H Y T I L K N M T E A E K A F  60 
ACCAGAAGCATTAACCGAWLCAAGCACTTGGCAGTGGCTTACTKCAACWLGGGATGCTCTACTACCAWLCAGAGAAATATGATTTGGCT 270 
T R S I N R D K H L A V A Y F Q R G M L Y Y Q T E K Y D L A  90 
ATCAAAGACCTTAAAWVLGCCTTGATTCAGCTTCWLGGGAACCAGCTGATAGACTATAAWLTCCTGGGGCTCCAGTTCAAGCTGTTTGCC 360 
I K D L K E A L I Q L R G N Q L I D Y K I L G L Q F K L F A  120 
TGTGAGGTGTTATATAACATTGCTTTCATGTATGCCAAGAAGGAGGAATGGWGCTGAAGAACAGTTAGCATTGGCCACGAGCATG 450 
C E V L Y N I A F H Y A K K E E W K K A E E Q L A L A T S H  150 
AAGTCTGAGCCCAGACATTCCAAAATCGACAAGGCGATGGAGTGTGTTGGAAGCAGAAGCTATATGAGCCAGTGGTWLTCCCTGTGGGC 540 
K S E P R H S K I D K A M E C V W K Q K L Y E P V V I P V G  180 
AAGCTGTTTCGACCAAATWLGAGACAAGTGGCTCAGCTGGCCAAGAAGGATTACCTAGGCAAGGCWLCGGTCGTGGCATCTGTGGTGWLT 630 
K L F R P N E R Q V A Q L A K K D Y L G K A T V V A S V V D  210 
CAAGACAGTTTCTCTGGGTTTGCCCCTCTGCAACCACAGGCAGCTGAGCCTCCACCCAGACCmCCCCAGAWLTCTTCAGGGCTCTG 720 
Q D S F S G F A P L Q P Q A A E P P P R P K T P E I F R A L  240 
GAAGGGGAGGCTCACCGTGTGCTATTTGGGTTTGTGTGCCTGAGACAAAAGAAGAGCKCAGGTCATGCCAGGWVLCATTGTCTTTGTCTTG 810 
E G E A H R V L F G F V P E T K E E L Q V M P G N I V F V L  270 
AAWVLGGGCAATWLTAACTGGGCCACGGTCATGTTCAACGGGCAGAAGGGGCTTGTTCCCTGCAACTACCTTGAAccAGTTGAGTTGcGG 900 
K K G N D N W A T V M F N G Q K G L V P C N Y L E P V E L R  300 
ATCCACCCTCAGCAGCAGCCCCAGWLG~GCTCTCCGCAGTCCGACATCCCAGCTCCTCCTAGTTCCAAAGCCCCTGGAAAACCCCAG 990 
I H P Q Q Q P Q E E S S P Q S D I P A P P S S K A P G K P Q  330 
C T G T C A C C A G G C C A G A A A C ~ G A A W L G C C T A A G G A A G G T A C  1080 
L S P G Q K Q K E E P K E V K L S V P H P Y T L K V H Y K Y  360 
A C G G T A G T C A T G A A G A C T C A G C C C G G G C T C C C C T A C A C C A C A C  1170 
T V V M K T Q P G L P Y S Q V R D H V S K K L E L R L E H T  390 
AAGCTWLGCTATCGGCCTCGGWLCAGCAATWLGCTGGTGCCCCTTTCAGAAGACAGCATWVLGGATGCCTGGGGCCAGGTWLAAAACTAC 1260 
K L S Y R P R D S N E L V P L S E D S M K D A W G Q V K N Y  420 
T G C C T G A C T C T G T G G T G T G A G A A C A C A G T G U j T G A C C C G  1350 
C L T L W C E N T V G D Q G F P D E P K E S E K A D A N N Q  450 
ACAACAGAACCTCAGCTTAAGAAAGGCAGCCAAGTGGAGGCACTCTTCAGTTATGAGGCTACCCAACCAGAACCTAGTTTCAG 1440 
T T E P Q L K K G S Q V E A L F S Y E A T Q P E D L E F Q E  480 
GGGGATATAATCCTGGTGTTATCAAAGGTGAATGAAGAATGGCTGGAAGGGGAGTGCAAAGGWLAGGTGGGCATTTTCCCCAAAGTTTTT 1530 
G D I I L V L S K V N E E W L E G E C K G K V G I F P K V F  510 
GTTGAAGACTGCGCAACTACAWLTTTGGAAAGCACTCGGAWLGAAGTCTAGGATGTTTCACAAACTACAAAGCTWLAmTGAAGCCC 1620 
V E D C A T T D L E S T R R E V  52 6 
TATTACTTGTTTGTAAGATTTAGCACCCTTCTGCTGTATACTGTACTGAWLCATTACAGTTTGGAAGTGTTAACTATTTATTCCCTGTTA 1710 
A A A T T T A A C C T A C T A W L C A A T G A T G T G A G T A C C C A G G A T G G  1800 

. . . . . . . .  . . .  
GAP 2 8 4  VRhILPYTWPDTDEISFLKGDXFIVHNELEDGWM'rNTNLRTDEQGLIVEDLVE . . . .  . . . . . . . . . . . . . . . .  

gag-crk  3 1 3  VWFDFKGNDDGD-LPFKKGDILXIRDXPEEQYYNAEDW-GKRGMIPVFYVE . . . . . . . .  . . . .  
c-src 86 FVALYDYEsRTETD-LslK'r(GERLQIWNTEGDWWLAH5LTTGQTGYIPSNYVA . . . . . . . . . . . . . . . . .  . . . .  
c-hck  62  W A L Y D Y E A l H H E D - I S F Q K G D Q ~ E E S - G E W W W I R S I A T R K E G Y l P S N Y V A  

AAGGCTTGAAGTAACCTTATAGGTTACTCATAAGGCATATACWCTTGTTTGTTTTCTTTT 

Fig. 3. (a) Nucleotide and predicted protein sequence of p67. The sequence 
shown was obtained from clone 10. DNA sequences were obtained with 
standard dideoxynucleotide chain termination methods (30) using Sequenase 
(U.S. Biochemical). Clone 10 was sequenced with a series ofoligonucleotide 
primers that extended sequences through the entire length of both strands. 
An ATG codon starting 25 bases from the 5' end, designated as position + 1, 
occurs within a consensus sequence for eukaryotic initiation of translation 
(10). Polyadenylation signals (AATAAA) in the 3' untranslated region are 
underlined. The complete sequence is deposited with GenBank (accession 
number M32011). (b) Alignment of p6Osrc-like region A (12) motifs in p67, 
p47 (2, 3), gag-cvk (16), human and chicken nonerythroid a-spectrin (17), 
bovine PLC-y (12, la), human GAP (19), Acanthamoeba myosin-IB (28), and 
the human svc-related nonreceptor tyrosine kinases c-src and c-hck (14). Dots 
above sequences indicate residues identical to the COOH-terminal region A 
sequence in p67. Sequence identities range between 43% (myosin I) and 
24% (GAP). The duplicated motif in p47 (2, 3) has an internal homology of 
37% amino acid identity. The consensus given below denotes those residues 

4 GAP 

w 
Amino acds 

occurring in >70% of the sequences compared above. Numbers on the left 
refer to the first position residue in these sequence motifs, while the numbers 
on the right give percent identities to the COOH-terminal region A 
sequence in p67. (c) Schematic representation of p60c~src-like regions, 
originally defined as region A (-50 residues, closed box), region B (-45 
residues, open box), and region C (-20 residues, hatched box) according to 
Stahl et al. (12). The middle region of p47 contains a tandem repeat of the 
region A motif, whereas the related sequence in p67 is found in middle and 
COOH-terminal domains. Numbers above boxes refer to the first residue in 
these motifs. 

suggests that these proteins may also bind 
directly t o  actin. The  ability t o  express func- 
tional recombinant cytosol oxidase proteins 
should enable a detailed assessment of  these 
interesting structure-function relationships. 

REFERENCES AND NOTES 

1. M. C. Dinauer, S. H.  Orkin, R. Brown, A. J. 
Jesaitis, C. A. Parkos, Nature 327, 717 (1986); C. 
Teahan, P. Rowe, P. Parker, N. Totty, A. W. Segal, 
ibid., p. 720; C. A. Parkos et al., Proc. Natl. Acad. Sci. 
U . S . A .  85, 3319 (1988). 

2. K. J. Lomax, T. L. Leto, H.  Nunoi, J. I. Gallin, H.  
L. Malech, Science 245,409 (1989); ibid., 246, 987 
(1989). 

3. B. D. Volpp, W. M. Nauseef, J. E. Donelson, D. R. 
Moser, R. A. Clark, Proc. Natl. Acad. Sci. U . S .  A .  
86, 7195 (1989); ibid., p. 9563. 

4. H.  Nunoi, D. Rouosen, J. I. Gallin, H.  L. Malech, 
Science 242, 1298 (1988). 

5. B. D. Volpp, W. M. Nauseef, R. A. Clark, ibid., p. 
1295. ..... 

6. The p67 clone 10 encodes the largest fusion poly- 
peptide, 70 kD by SDS-PAGE, and is thought to 
contain the entire coding sequence of p67. Shorter 

clones aligned with matching sequences within 
clone 10. All of the cDNAs contained long open 
reading frames fused with a vector sequence encod- 
ing the 35 NHz-terminal residues of p-galactosidase. 
This accounts for the larger size of clone 10 fusion 
protein compared to native p67 by SDS-PAGE. 

7. T. L. Leto, unpublished observations. 
8. Recombinant p67 fusion protein was produced in 

E. coli and prepared for immunization of rabbits as 
described (2). Bacterial cells ( E ,  coli strain JM 109), 
transformed with a Bluescript plasmid (Stratagene) 
bearing p67 cDNA (clone lo), were grown to an 
OD,, of 0.5, induced with 5 mA4 isopropyl-thio- 
galactopyranoside, and grown for an additional 2 
hours. The induced E, coli cells were lysed in 20 mA4 
tris-HCI (pH 8), 5 mA4 EDTA, 0.1 mA4 diisopro- 
pylfluorophosphate, 0.1% deoxycholate, and lyso- 
zyme (200 (~glml) and sonicated to shear large 
DNA. The r-p67, obtained from the pelleted inclu- 
sion bodies from this lysate, used as antigen was 
judged >80% pure. Immunoblots were probed with 
1000-fold diluted rabbit antiserum to r-p67, which 
was detected with alkaline phosphatase-conjugated 
goat antibody to rabbit immunoglobulin G accord- 
ing to manufacturer's protocols (Bio-Rad). 

9. The r-p67 was produced as described ( 8 )  and puri- 
fied from the E. coli lysate supernatant fraction by 
Sepharose Q (Pharmacia) chromatography. A peak 
of activity was recovered from a fraction eluting at 

-0.2M NaCI. The r-p67 (10 (LI) was added to each 
assay mixmre containing normal neutrophil mem- 
branes from 5 x lo5 cells and patient cytosol from 
lo6 cells (4).  All other assay components were used 
as described (2). Superoxide generation is expressed 
as AODSSo, the superoxide dismutase-sensitive 
change in absorbance of cytochrome C upon reduc- 
tion by superoxide (AOD,,, of 0.1 equals 2.77 
nmol of superoxide produced per assay mixture). 

10. M. Kozak, Nucleic Acids Res. 12, 857 (1984). 
11. D. J. Lipman and W. R. Pearson, Science 227, 1435 

(1985); J. Devereux, P. Haeberli, 0. Smithies, 
Nucleic Acids Rei. 12, 387 (1984). Software analysis 
was performed on a supercomputer maintained by 
the National Cancer Institute Advanced Scientific 
Computing Laboratory, Frederick Cancer Research 
Facility, Frederick, MD. 

12. M. L. Stahl, C. R. Ferenz, K. L. Kelleher, R. W. 
Kriz, J. L. Knopf, Nature 332, 269 (1988). 

13. T. Pawson, Oncogene 3, 491 (1988). 
14. A. Tanaka et al., Mol. Cell. Biol. 7, 978 (1987); M. 

Quintrell et al., ibid., p. 2267; R. M. Perlmutter et 
al., J. Cell. Biochem. 38, 117 (1988); S. M. Dy- 
mecki, J. E. Niederhuber, S. V. Desiderio, Science 
247, 332 (1990). 

15. R. M. Perlmutter et al., Biochim. Biophys. Acta 948, 
245 (1988). 

16. B. J. Mayer, M. Hamaguchi, H.  HanafLsa, Nature 
332,272 (1988). 

11 MAY I 9 9 0  REPORTS 729 



17. V. M. Wasenius et al., J. Cell Biol. 108, 79 (1989); 
A. P. McMahon et al., Dtfferentiation 34, 68 (1987). 

18. P. G. Suh, S. H. Ryu, K. H .  Moon, H .  W. Suh, S. 
G. Rhee, Proc. Natl. Acad. Sci. U . S . A .  85, 5419 
(1988). 

19. U. S. Vogel et al., Nature 335,90 (1988); M. Trahey 
et al., Science 242, 1697 (1988). 

20. A. R. F. Rodawap et al., Nature 342,624 (1989); D. 
G. Drubin, J. Mulholland, Z. Zhu, D. Botstein, ibid. 
343, 288 (1990). 

21. T. E. Dever, M. J. Glynias, W. C. Merrick, Proc. 
Natl. Acad. Sci. U . S . A .  84, 1814 (1987). 

22. M. S. Marshall et al., EMBO J .  8, 1105 (1989). 
23. R. A. Clark, B. D. Volpp, K. G. Leidal, W. M. 

Nauseef, J. Clin. Invest. 85, 714 (1990). 
24. M. Hamaguchi and H.  Hanafusa, Proc. Natl. Acad. 

Sci. U . S . A .  84, 2312 (1987). 
25. W. M. Potts, A. B. Reynolds, T. J.  Lansing, J. T. 

Parsons, Oncogene Res. 3, 343 (1988). 
26. V. Gerke and K. Weber, EMBO J. 3, 227 (1984); 

J. Glenney, J .  Biol. Chem. 261, 7247 (1986). 
27. T. J.  Lynch et al., J. Biol. Chem. 261, 17156 (1986). 
28. G. Jung, C. J. Schmidt, J. A. Hammer, Gene 82,269 

(1989). 
29. R. A. Clark el al., N .  Engl. J .  Med. 321,647 (1989). 
30. F. Sanger, S. Nicklen, A. R. Coulson, Proc. Natl. 

Acad. Sci. U . S . A .  74, 5463 (1977). 
31. We thank P. M. Murphy for providing the RNA 

used in the library construction and K. Chen for 
assistance in preparing the recombinant protein. 

4 December 1989; accepted 2 March 1990 

Induction of Salmonella Stress Proteins upon 
Infection of Macrophages 

Regulated expression of bacterial genes allows a pathogen to adapt to new environ- 
mental conditions within the host. The synthesis of over 30 Salmonella proteins is 
selectively induced during infection of macrophages. Two proteins induced by Salmo- 
nella are the heat shock proteins GroEL and DnaK. Two avirulent, macrophage- 
sensitive mutants of Salmonella synthesize GroEL and DnaK but fail to synthesize 
different subsets of proteins normally induced within the macrophage. Enhanced 
expression of selected Salmonella proteins contributes to bacterial survival within 
macrophages and may also contribute to the apparent immunodominance of heat 
shock proteins. 

C OORDINATED REGULATION OF 

genes necessary for virulence enables 
a pathogen to respond to diverse 

conditions and environments encountered 
during the infectious process ( 1 ) .  One of the 
most hostile environments encountered by 
an invading microorganism is the intracellu- 
lar environment of macrophages. T o  survive 
within macrophages, a pathogen must be 
resistant to such antimicrobial factors as 
acidic pH, toxic oxidative products, and 
lysosomal and granular proteins and pep- 
tides (2). Resistance to such varied stresses 
involves a number of genes, as evidenced by 
the isolation of many unrelated avirulent 
macrophage-sensitive mutants of Salmonella 
typhimurium (3). Wild-type Salmonella can 
grow in macrophages from many different 
sources, including the macrophage-like cell 
line J774, increasing over 30-fold after an 
initial decrease in numbers (4, 5 )  (Fig. 1). 
Little is known about the regulated expres- 
sion of factors required for survival within 
macrophages or within other cells of the 
host. In this report, we provide evidence 
that S .  typhimurium responds during infec- 
tion of macrophages by the increased syn- 
thesis of a number of bacterial proteins that 
we call macrophage-induced proteins 
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(MIPs). The MIPS are located within multi- 
ple regulatory networks. We have also ob- 
served that two of the major Salmonella 
proteins induced within macrophages are 
heat shock proteins GroEL and DnaK, im- 
munodominant antigens for many infec- 
tious organisms. 

T o  characterize the response of Salmonella 
during macrophage infection, we compared 
Salmonella proteins synthesized after infec- 
tion of J774 macrophages with those syn- 
thesized during growth under identical cul- 
ture conditions in the absence of macro- 
phages. Macrophage protein sj~nthesis was 
inhibited by cycloheximide and bacterial 
proteins were labeled with [35S]methionine. 
One-dimensional polyacrylamide electro- 
phoresis of the labeled proteins revealed at 
least three MIPS (Fig. 2A). The most promi- 
nent induced protein was about 58 kD 
(protein a), whereas the other two were 
approximately 68 and 27 kD (proteins b and 
c, respectively). We detected no protein 
synthesis in uninfected macrophages treated 
with cycloheximide or macrophages infected 
with heat-inactivated Salmonella. 

Improved resolution of over 1000 Salmo- 
nella proteins was obtained with high-reso- 
lution two-dimensional electrophoretic gels 
of 35~-labeled proteins and computer-aided 
analj~sis (Protein Databases Inc.). Of the 
405 proteins analyzed on parallel gels, 34 

Time (hours) 

Fig. 1. Survival of S .  typhimuvium in J774 macro- 
phages. Macrophages were infected (5) with S. 
typhirnuriurn 14028 (M), MS4347 (A) ,  or 
MS7953(phoP) (0). The number ofviable bacte- 
ria at each time point was determined by lysing 
the macrophages and plating. Results are ex- 
pressed as the average of three wells plus standard 
error. 

Salmonella proteins showed four times more 
stimulation in synthesis during infection of 
macrophages compared to synthesis during 
growth in media. Of these, 12 MIPS ap- 
peared to be uniquelj~ expressed in the mac- 
rophage environment, because they were 
absent in Salmonella grown in the same 
media without macrophages. These newly 
expressed proteins may be required only 
during in vivo infection and may correspond 
to genes identified by Salmonella mutants 
that are sensitive to macrophages but grow 
well in culture media (3). MIPS that are 
present at low concentrations in culture 
media may be essential under a variew of 
conditions but needed at higher concentra- 
tion during macrophage infection [for ex- 
ample, enhanced expression of heat shock 
proteins at high temperature (6)]. Twenty of 
the most prominent Salmonella MIPS are 
shown in Fig. 3B compared to proteins 
synthesized by bacteria grown in medium 
(Fig. 3A). Sj~nthesis of 136 Salmonella pro- 
teins during macrophage infection was re- 
duced by 75%. Many of these proteins 
(about 52) were not synthesized after mac- 
rophage infection. Approximately half of the 
MIPs appear to be specific to the macro- 
phage environment since they were not in- 
duced after infection of two epithelial cell 
lines, CAC0.2 and MDCK (7). 

We determined the kinetics of MIP induc- 
tion after infection of macrophages (Fig. 
2A, lanes 4 to 7). The increase in synthesis 
of the Salmonella MIPS was first detected 
from 30 to 60 min after infection. MIPS 
were synthesized during the next 3 hours 
and continued to be sj~nthesized 20 hours 
after infection (8) during the active growth 
phase of Salmonella infection. The rapid in- 
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