enzymes may be another example of diver-
gent evolution where structural changes re-
quired for their distinctive functions have
appeared only in the relatively compact cata-
lytic area. Deletions in the DD-peptidase
sequence could have produced a smaller B-
lactamase molecule, but the overall structur-
al scaffolding of the penicillin-binding pro-
teins has been maintained in spite of primary
sequence changes. It may also be hypothe-
sized that the primary response of soil bacte-
ria, like Streptomyces spp., to exposure to B-
lactam compounds produced by other
microorganisms was to develop an excretion
mechanism permitting release of a mem-
brane-bound PBP. Subsequently, improve-
ment of this mode of detoxification resulted
in the transformation of this water-soluble
penicillin-binding enzyme into a penicillin-
hydrolyzing enzyme.

Detailed modeling of the DD-peptidase
structure to 1.6 A resolution and extension

of the B-lactamase structure with x-ray dif-
fraction data to 2.0 A may explain why B-
lactam antibiotics are potent inhibitors of
the target enzymes but are rapidly hydro-
lyzed substrates of the defensive B-lac-
tamases.
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Tyr>?” Is Phosphorylated in pp60°~":

Implications for Regulation

JoNATHAN A. COOPER, KATHLEEN L. GOULD,
CHRISTINE A. CARTWRIGHT, TONY HUNTER

The Rous sarcoma virus oncogene product, pp60"~", transforms cultured fibroblasts
but its corresponding proto-oncogene product, pp60“™, does not. Both proteins are
known to be protein—tyrosine kinases. Published results suggest that the kinase activity
of pp60°* is inhibited relative to that of pp60"~", due perhaps to phosphorylation of
a tyrosine in pp60°** that is not phosphorylated in pp60”*. In this study, it was

observed that the tyrosine phosphorylated in pp60“* is Tyr

527 six residues from the

COOH-terminus of the protein. The region of pp60“"* from residue 515 to the
COOH-terminus, including Tyr*?’, has been replaced with a different sequence in
pp607*. Thus, the increase in transforming ability and kinase activity that occurred in
the genesis of pp60"*™ may have resulted from the loss of a tyrosine involved in

negative regulation.

HE CELLULAR PROTEIN PP6O“*"¢ 18

the normal counterpart of the retro-

viral oncogene product, pp60Y="
(1). Fibroblasts cannot be transformed by
pp60°-°" even when itis expressed atup to 15
times the normal level (2—4). In contrast,
expression of pp607-" at an equivalent level
to endogenous pp60°*" induces transfor-
mation (4, 5). Both proteins are kinases that
transfer phosphate to tyrosine residues in
acceptor polypeptides, but when assayed in
vitro with a variety of peptide substrates the
specific activity of pp60°*“ is about 2 to 10
percent of the activity of pp60Y="® (6, 7).
Comparison of their sequences shows that
pp60°*™ and pp60*<" differ in scattered
point mutations and in their extreme
COOH-termini: the last 19 residues of
pp60°* are replaced by an unrelated se-
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quence of 12 residues in pp60¥"° (8-10).
Mutagenesis of c-s#c has shown that changes

in either the body or the COOH-terminus -

of pp60°*™ can cause transformation (2).
Significantly, replacement of the unique
COOH-terminal tail of pp60“*™ by the
pp60"="® sequence or by an arbitrary se-
quence is sufficient for transformation (2, 3,
11). Thus the COOH-terminal tail, in the
context of the pp60°*" protein, apparently
suppresses the transforming ability and pro-
tein kinase activity of pp60°*"*. How this
occurs is unknown.

Phosphorylation of a tyrosine in pp60°~*"
appears to be important for regulation. In
the cell, both pp60°“s are phosphorylated
at tyrosine and serine (I). Although the
serines phosphorylated in pp60°*™ and
ppo0¥ are the same, the major site of

tyrosine phosphorylation is different (12,
13). The v-src protein is phosphorylated at
Tyr*'%, and pp60° is phosphorylated at
an unknown tyrosine. In vitro, both
pp60*"“’s can autophosphorylate, principally
at Tyr*'® (12) and secondarily at one or
more NH,-terminal tyrosines (I4). Thus,
another protein kinase may phosphorylate
the unknown tyrosine in pp60°~**. Two
pieces of evidence suggest that this phos-
phorylation may be inhibitory. Firstly,
spontaneous mutations in c-s#c that activate
its transforming ability encode proteins that
are structurally very similar to pp60°~ but
are not phosphorylated at the c-sro—specific
tyrosine (6). Secondly, activation of pp60°*™
can occur after cell lysis because of the action
of phosphatases that remove phosphate
from the unique tyrosine (I5). Here we
report that pp60°*™ is phosphorylated at
Tyr**’, which lies in the COOH-terminal
sequence that appears to suppress transfor-
mation. Phosphorylation of Tyr**’ is proba-
bly critical for the regulation of pp60°°
kinase activity and transforming potential.
The tyrosine phosphorylation site in
pp60°*™ is known to lie in the COOH-
terminal 26,000 daltons (12). For more pre-
cise mapping, we analyzed tryptic and chy-
motryptic peptides obtained from **P;-label-
ed pp60°°¢. Trypsin-digestion of pp60**
from *P;-labeled mouse cells that express
high  levels of chicken pp60°*™

J. A. Cooper, Fred Hutchinson Cancer Research Center,
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K. L. Gould, C. A. Cartwright, T. Hunter, Molecular
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[NIH(pMcsre/focus)B cells (16)] released
phosphopeptides that contain phoshorylat-
ed Ser'?, Ser'’, and Ser*® (13) as well as two
or three hydrophobic peptides phosphory-
lated at tyrosine (Fig. la, peptides 6a and
6b). The phosphotyrosine-containing pep-
tides were recovered in lower yield than
expected from phosphoamino acid analysis
or from partial digestion with Staphylococcus
aureus V8 protease (12), perhaps because
trypsin cleaved inefficiently at one or more
uncharacteristic sites (17).

Incubation of peptides 6a and 6b with
chymotrypsin (CT) yielded the same prod-
uct (Fig. 1b, peptide A). Primary CT diges-
tion of chicken pp60°~*" derived either from
NIH(pMgsre/focus)B cells or chicken em-

contained phosphotyrosine (Fig. 2b, sample
1) while three minor peptides (B, C, and D)
contained phosphoserine (18). Peptide A
was unaltered by incubation with Pseudomo-
nas fragi protease (cleaves before aspartic or
cysteic acid), V8 protease (specific for glu-
tamic acid not followed by proline), or
trypsin, but was cleaved by a proline-specific
endopeptidase (PE) (19).

By means of the amino acid sequence of
chicken pp60°* (8) and the cleavage speci-
ficity of CT (after phenylalanine, trypto-
phan, and tyrosine, but not after phospho-
tyrosine or before proline), we predicted the
properties of all possible phosphotyrosine-
containing CT peptides in the COOH-ter-
minal 26,000 daltons of pp60°*". The ob-

cleavage after either Tyr’'® or Phe’?® would
then produce a phosphopeptide containing
residues 520 to 533 or 521 to 533 (Fig. 3).
This peptide would be cleaved by PE but
not by P. fragi protease or trypsin, and may
resist V8 protease owing to the proximity of
Glu*®! to the COOH-terminus. Therefore,
we synthesized a peptide (termed cs7c519-
533) with the sequence predicted for the
COOH-terminal 14 residues of pp60°~*",
containing both likely CT cleavage sites
(Fig. 3). Antiserum to cs7c519-533 specifi-
cally immunoprecipitated peptide A, but not
g)cptidcs B, C, or D, from a CT digest of
’D;-labeled pp60°~" (20), providing strong
evidence that peptide A contained sequences
in cs7c519-533. We therefore directly com-
pared peptide A with CT-digested csrc519-
533 that had been phosphorylated in vitro.

bryo cells also released peptide A and several — served properties of peptide A suggested
minor peptides (Fig. 1, c and d). Peptide A that phosphorylation occurs at Tyr*’. CT
[e7a b
ez i 2
| |
[ :
i A &
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Fig. 1. Peptide maps of phosphorylated pp60°~*" and of cs7c519-533. (a) Two-dimensional separation
of tryptic phosphopeptides of pp60°~* from NIH(pMcsre/focus)B cells. In (a) and (c—f), each digest
(200 count/min by Cerenkov) was analyzed by electrophoresis at pH 8.9 (1.2 kV for 20 minutes) and
chromatography (27), and exposures were for 4 days with a screen at —70°C. (b) One-dimensional
chromatography of phosphotyrosine-containing tryptic peptides 6a (20 count/min) and 6b (10
count/min) from pp60°~", before (—) and after (+) digestion with CT (exposure for 10 days). (c—f)
Two-dimensional separations of CT phosphopeptides derived from: (c) pp60°*™ from NIH (pMcsrc/fo-
cus)B cells; (d) pp60°*"® from chicken embryo cells; (€) in vitro phosphorylated cs7c519-533 (dots,
approximate position of undigested phosphorylated cs7c519-533); (f) mixture of samples analyzed in
(c) and (e). In (g) is shown the PE-digestion of phosphopeptide A that had been derived by CT
digestion of: sample 1, *?P;-labeled pp60°*" (50 count/min); sample 2, in vitro phosphorylated
cs76¢519-533 (50 count/min); sample 3, mixture of samples 1 and 2 (each at 25 count/min). The three
samples were analyzed on the same thin-layer plate by electrophoresis at pH 8.9 (1.2 kV for 15 minutes)
and chromatography (4 days exposure). Dots, approximate position of undigested sample 2. A, B, C,
D, and X represent peptides discussed in the text. The pp60°*" was obtained from NIH(pMcsrc/fo-
cus)B cells (16) or chicken embryo cells that had been labeled with 32P; for 16 to 18 hours by
immunoprecipitation with monoclonal antibody 327 (28), and separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (29). Labeled pp60°*™ was eluted, acid-precipitated with 10 g of
carrier protein, oxidized with HCOOOH, and digested with trypsin or with CT [two digestions for 4
hours at 37°C with 10 ug of protease (Cooper Biomedical)] (30). Phosphopeptides 6a, 6b, and A were
purified by electrophoresis on cellulose thin layers at pH 8.9 followed by ascending chromatography,
and were eluted with buffer, pH 1.9 (31). Phosphopeptides 6a and 6b, mixed with 5 pg of carrier
os7¢519-533, were digested with 10 ug of CT at 37°C in 20 pl of 0.054 NH,HCO; for 1 hour.
Phosphopeptide A was similarly digested with 10 ug PE (Miles). Peptide cs7c519-533 was synthesized
by the Merrifield procedure (32) and purified by gel filtration and cation exchange chromatography.
Acid hydrolysis released the following amino acids (33): D, 1.0 mol (expected, 1); E + Q, 3.9 (3); F,
1.0 (1); G, 1.2 (1); L, 1.0 (1); P, 2.2 (2); S, 1.0 (1); T, 1.9 (2); Y, 1.5 sZ). Peptides were phosphorylated
by incubation at 30°C for 1 hour in 12-ul reactions containing 2 pM [**P]ATP (2500 Ci/mmol), 20 mM
PIPES, pH 7.0, 10 mM MnCl,, 0.1 mM Na;VO,, 0.5 mM dithiothreitol, and an immunoprecipitate of
pp60°*" prepared from NIH(pMcsr/focus)B cells with monoclonal antibody 327 (28). ?P-labeled
cs7¢519-533 was purified by electrophoresis at pH 3.5 and eluted with pH 1.9 buffer (31). The peptide was
digested with 10 ug of CT in 20 pl of 0.05M NH,HCO; at 37°C for 4 hours.
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Fig. 2. Properties of synthetic peptide csrc519-
533. (a) Phosphorylation of peptide substrates by
immunoprecipitates containing pp60°*"“: sample
1, no peptide added; sample 2, 5 mM csrc519-
533. Samples (1 ul) were analyzed by electropho-
resis at pH 3.5, and exposed to film for 10
minutes in the presence of an intensifying screen.
+, anode; O, sample origin; N, neutral dye (N-
[2,4-dinitrophenyl]-ethanolamine); dots, ninhy-
drin-stained peptides; *, 32P-labeled cs7c519-533.
Free adenosine triphosphate moves toward the
anode. (b) Products of partial acid hydrolysis of
ghosphopcptidc A derived by CT-digestion of
2 C-src 32
P;-labeled pp60 (sample 1) and of **P-
labeled cs7c519-533 (sample 2). The samples (50
count/min) were analyzed by electrophoresis at

PH 1.9 (anode at left) followed by electrophoresis

at pH 3.5 (anode at top) (31) and were exposed
for 4 days at —70°C with a screen. S, phosphoser-
ine; T, phosphothreonine; Y, phosphotyrosine.
Partially hydrolyzed peptides run near the origin
(arrowhead). (c) Products of CT-digestion of *°P-
labeled cs7c519-533 (sample 1, about 30 count/
min) and of *2P;-labeled pp60°~" (sample 2, 200
count/min), separated by electrophoresis at pH
1.9. Exposure was for 5 days at —70°C with a
screen. O, origin; +, anode; P;, orthophosphate;
A-D, phosphopeptides. Neutral dye marker co-
migrated with A.
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510

515 519 527 533
---EYLOAFLEDYF.TSTEPQYQPGENL_,
---EY.LOGAQLLPACVLEVAE

pp60CSTC

-Sr
pppg¥YSrC

R

COOH

Fig. 3. COOH-terminal sequences of pp60°*"® and pp60~*"°. The last 24 residues of pp60°~",
predicted from the DNA sequences of chicken or human c-s7¢ genes (8, 10), are shown. The sequence of
pp60¥~", predicted from the sequences of Schmidt-Ruppin or Prague v-src genes, dive;ées between

position 514 and the COOH-terminus (9). Dots, likely sites of CT cleavage; underline, Ty

7: overline,

synthetic peptide sequence. CT will not cleave after a phosphorylated tyrosine, so if Tyr’'® is
phosphorylated in pp60°", cleavage will yield a phosphorylated peptide containing residues 516-520.
If Tyr’?” is phosphorylated, the phosphopeptide contains residues 520 or 521 to 533. Single-letter

abbreviations for amino acids are shown (33).

When cs7¢519-533 was incubated with
immunoprecipitates containing pp60°"¢, it
was phosphorylated exclusively at tyrosine
(Fig. 2a, sample 2; Fig. 2b, sample 2) (21).
There were two CT digestion products of
32p.labeled ¢7c519-533, which were both
neutral at pH 1.9 (Fig. 2¢, sample 1) but
were separable by electrophoresis at pH 8.9
or chromatography (geptidcs X and A, Fig.
le). Peptide A from **P-labeled cs7¢519-533
appeared identical with peptide A derived
from ¥2P;-labeled pp60°*’, when compared
by electrophoresis at pH 1.9 (Fig. 2¢) or by
chromatography after electrophoresis at pH
8.9 (Fig. 1, ¢ and f). Peptides A from both
sources were resistant to V8 protease but
were sensitive to PE, yielding the same
major and minor products (Fig. 1g). Partial
acid hydrolysis released the same partial
cleavage products (Fig. 2b).

Since the synthetic peptide contains both
Tyr'" and Tyr'”, either or both could be
phosphorylated. The mobilities of peptide X
are consistent with phosphorylation at
Tyr*" and CT cleavage after Phe’™ to yield
phosphopeptide 519-520. Labeling of pep-
tide X was sometimes not observed, consist-
ent with the reported inefficiency of phos-
phorylation of NH,-terminal tyrosine (22).
It is clear that peptide A represents phos-
phorylation at Tyr’* for two reasons: a
single cycle of Edman degradation of pep-
tide A did not release the anilinothiazolin-
one of phosphotyrosine; and CT digestion
of es7¢519-533 phosphorylated at Tyr’'® and
of pp60°*" phosphorylated at Tyr’'® would
yield different products (Fig. 3), which was
not the case (Fig. 1).

These data show that the major site of
tyrosine phosphorylation in chicken pp60®"
from fibroblasts is Tyr’*”. Comparison of
the labeling of Tyr**’ (Fig. lc, peptide A)
with the labeling of Ser!” (Fig. 1la, peptide
1) suggests that Tyr*?’ contains as much or
more phosphate. Indirect evidence implies
that Ser'” is phosphorylated in most
pp60°*" molecules (13), so the stoichiom-
etry of phosphorylation of Tyr**” may ap-
proach 100 percent. High occupancy of this
site may account for the absence of auto-
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phosphorylation at Tyr*?’. Alternatively,

Tyr’?’ may be a poor substrate for pp60°*™
(21) or be inaccessible for autophosphoryla-
tion. Extensive Tyr’?’ phosphorylation is
also consistent with its proposed role in
suppressing pp60°*" kinase activity and
transforming ability (6, 15, 16). This role
contrasts with the presumed functions of
COOH-terminal tyrosine phosphorylations
in the EGF receptor (23). In this case, the
tyrosines are not phosphorylated when the
EGF receptor kinase is unstimulated, and
autophosphorylation stimulates kinase activ-
ity, so the unphosphorylated sequence is
presumed to be inhibitory.

Is Tyr**’ phosphorylation regulated in the
cell? Physiological activators of pp60°*©
kinase activity are not known, but in poly-
oma virus—infected cells the pp60°*" com-
plexed with middle T antigen has a greatly
increased Vimax for protein kinase activity
(14, 15, 24). Recently we have found that
this activated population of pp60°*™ con-
tains less than one-twentieth the phosphate
at Tyr'*" as free pp60°*" (25). We cannot
conclusively ateribute a primary role for
Tyr’? phosphorylation in the regulation of
pp60°°¢, however, since the activated
pp60°® contains phosphate at Tyr*!. Be-
cause autophosphorylation occurs at Tyr*'®,
phosphate at this residue may be a manifes-
tation, rather than a cause, of increased
kinase activity. The precise role of Tyr’”’
phosphorylation in pp60°* function and
the identites and regulation of the kinases
and phosphatases involved are matters for
further investigation. It is possible that these
enzymes recognize distal regions of pp60°**
as well as the target tyrosine, accounting for
the activation of pp60°*"* as a transforming
protein by NHj-terminal mutations (2, 6).

Inhibition by tyrosine phosphorylation
may not be unique to pp60°*"¢. Two other
cellular protein—tyrosine kinases, products
of the Isk¥/tck and c-fr genes, contain se-
quences identical to residues 526-529 of
pp60°*"© (26). Consistent with the idea that
transforming protein—tyrosine kinases are
not regulated by this mechanism, three
closely-related oncogenes (v-sve, v-yes, and v-

fgr) diverge in sequence from c-s7c a few
residues before Tyr'?’ (I). We predict that
substitution of Tyr’?” with another amino
acid will result in constitutive activation of
pp60°*¢, and generate a transforming pro-
tein.
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Specific DNA Probe for the Diagnosis of
Plasmodium falciparum Malaria

ROBERT H. BARKER, JR., LAKSAMI SUEBSAENG, WILLIAM ROONEY,
Graca C. ALECRIM, HEITOR V. DoOURADO, DYANN F. WIRTH*

Malaria can be diagnosed cither by direct microscopic examination of blood smears,
which is time consuming and requires expertise, or by immunological techniques,
which are effective but do not distinguish between past and present infections. In this
study, a simple procedure was developed for spotting lysed blood from infected
patients directly onto nitrocellulose paper and identifying the malaria species on the
basis of hybridization of parasite DNA with a species-specific probe. A genomic DNA
library of Plasmodium falciparum was screened to detect clones containing DNA
sequences that are highly repeated within the parasite genome. Several such clones
were further analyzed to identify those that hybridize specifically with P. falciparum
DNA but not with DNA from humans, P. vivax, or P. cynomolgi. This technique
appears to be sensitive enough to detect 10 picograms of purified P. falciparum DNA
(equivalent to 100 parasites) and in field studies is able to detect approximately 40
parasites per microliter of blood.

PPROXIMATELY ONE THIRD OF THE
world’s population may be exposed
to the risk of malaria infection (1). It
is therefore not surprising that considerable

effort has been directed toward the control,
prophylaxis, ahd eventual eradication of this

disease. Realization of these goals will ulti-
mately depend on the availability of sensi-
tive, simple, and inexpensive diagnostic
means of detecting parasites in order to
identify foci of infection and to evaluate the
effect of various control programs.

Fig. 1, Specific hybridization of recombinant

plasmids with P. falciparum DNA but not with

human DNA. Erythrocytes infected with the

FCR3 strain of P. falciparum were maintained in A
vitro according to the method of Trager and bp
Jensen (12). Infected erythrocytes were concen-

trated by gelatin sedimentation, lysed with deter-

gent, treated with ribonuclease and proteinase K
(Boeringer), and extracted with phenol-chloro- ]
form according to standard methods (13). Plasmo-
dium falciparum DNA was then used to construct
a genomic library. DNA was partially digested ;
with Sau 3A (New England Biolabs) and was  23.1 = .

cloned into the Bam HI site of pBR322 before ‘
transformation of Escherichia coli strain HB 101. 9.4 — W
Transformed colonies were identified by sensitiv- 6.5 — Mgt -
ity to tetracycline and were then screened by
colony hybridization of duplicate nitrocellulose
filters (0.45 wm, Schleicher & Schuell) using
radiolabeled (nick-translated) DNA from either
humans (placenta) or P. falciparum. Colonies
were selected that hybridized strongly with P. 2.3
Sfalciparum DNA. Plasmid DNA was isolated from 2'0 -

these colonies, digested, resolved, and transferred ’

to nitrocellulose as described in the text (14). 2

Filters were hybridized with either human (A) or

P. falciparum (B) nick-translated DNA to confirm

parasite specificity of cloned DNA. Numbers at }
the side are base pairs x 1073, &
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Direct microscopic examination of blood
smears continues to be the method of choice
for diagnosing acute malaria. This method is
both sensitive and specific since malaria can
be differentiated from other potential infec-
tious agents, and the various Plasmodium
species can be readily distinguished. It is,
however, time consuming to examine each
slide, and a trained technician is required for
accurate identification when low numbers of
parasites are present. Immunodiagnostic
procedures such as the enzyme-linked im-
munoabsorbant assay (ELISA) for detecting
malaria antibodies are being developed and
tested (2). These methods provide impor-
tant information with regard to exposure to
malaria, but, owing to the persistence of
maldria antibodies after the disappearance of
malaria parasites from the blood, such tests
do not accurately discriminate between pres-
ent and past infections. Immunodiagnostic
methods for detecting antigen have also
been developed (3). These are useful for
detecting present infections, but antibody
for malaria antigen from a past infection
may interfere with this assay.

We report an alterniative approach based
on the use of cloned P. falciparum DNA for
the specific detection of parasites in infected
blood. This method detects current infec-
tions and should make it possible to measure
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