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Fig. 4. Function of Jnk1 within an osmosensing
signal transduction pathway requires the MAP
kinase kinase Pbs2. Yeast lacking the protein
kinases Hog1 (hog1-41) and Pbs2 (hog1-A1
pbs2-41) were transformed with expression
vectors and spread on agar plates supplement-
ed without (control) or with (osmotic stress) 0.9
M NaCl. Photographs of representative plates
showing the growth of yeast colonies are pre-
sented (16).

sion in osmotically shocked cells has been
established. Examples include the system A
amino acid transporter (2) and the Na*-
inositol cotransporter (3). Thus, Jnk may
regulate transcription factors that control
the expression of these genes. The tran-
scription factor c-Jun is known to bind to
Jnk and to be phosphorylated at two sites
within the NH,-terminal activation do-
main (8, 9), resulting in increased tran-
scriptional activity (11). Furthermore, os-
motic shock induces the expression of c-Jun
(12) and, in some tissues, c-Fos (13). In-
creased activity of the transcription factor
AP-1 may therefore be relevant to the
osmotic shock response. Indeed, Jnk could
participate in this process by. activating
AP-1 or other transcription factors.
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A MAP Kinase Targeted by Endotoxin and
Hyperosmolarity in Mammalian Cells

J. Han,* J.-D. Lee, L. Bibbs, R. J. Ulevitch*

Mammalian cells respond to endotoxic lipopolysaccharide (LPS) by activation of protein
kinase cascades that lead to new gene expression. A protein kinase, p38, that was tyrosine
phosphorylated in response to LPS, was cloned. The p38 enzyme and the product of the
Saccharomyces cerevisiae HOG1 gene, which are both members of the mitogen-activated
protein (MAP) kinase family, have sequences at and adjacent to critical phosphorylation
sites that distinguish these proteins from most other MAP kinase family members. Both
HOG1 and p38 are tyrosine phosphorylated after extracellular changes in osmolarity.
These findings link a signaling pathway in mammalian cells with a pathway in yeast that

is responsive to physiological stress.

Few extracellular stimuli elicit systemic
responses in mammals that are as immedi-
ate and profound as those resulting from
exposure to LPSs of Gram-negative bacte-
ria. LPSs are endotoxins. They are proto-
typical activators of cells of the immune
and inflammatory systems and initiate the
systemic changes known as septic shock
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(I). Cells of monocytic origin [monocytes
and macrophages (MOs)] respond to LPS
by releasing mediators that produce septic
shock (2). CD14, a glycosylphosphatidyl-
inositol-anchored membrane glycoprotein
of MOs, serves as an LPS receptor control-
ling cell activation under physiological con-
ditions (3, 4).

Binding of LPS to CD14 causes rapid
protein tyrosine phosphorylation of a num-
ber of intracellular proteins that in some,
but not all, LPS-responsive cells include
the 44- and 42- or 40-kD isoforms of the
mitogen-activated protein kinases (MAPK1
and MAPK2, respectively) (5, 6). LPS also



induces protein tyrosine phosphorylation of
a 38-kD protein, p38, that appears to be
distinct from MAPK1 and MAPK2 (7).
Here we report on purification, cloning,
and sequencing of complementary DNA
(cDNA) encoding p38, together with an
analysis of the properties of p38. The se-
quence of p38 shows that it is a member of
the MAPK family with features in its pri-
mary sequence that are similar to those of
the product of the Saccharomyces cerevisiae
osmosensing gene HOG1 (8) and that dis-
tinguish it from most other known members
of the MAPK family. We found that, like
its counterpart in yeast, p38 was also tyro-
sine phosphorylated in response to increases
in extracellular osmolarity.

A murine pre-B cell line, 70Z/3, was
transfected with human CD14. The tyro-
sine phosphorylated form of p38 was isolat-
ed from LPS-treated 70Z/3-hCD14 cells by
antiphosphotyrosine affinity chromatogra-
phy (9). Peptide sequence information was
used to prepare a specific nucleotide probe
that we used to screen a murine liver cDNA
library. A cDNA clone encoding p38 was
isolated, and both strands of DNA were
sequenced (10) and shown to encode a
360-amino acid 41-kD protein (GenBank
accession number U10871). Northern
(RNA) blot analysis showed that a 3.5-kb
mRNA encoding p38 was present in pri-
mary isolates of murine MOs and of Band T
lymphocytes, as well as in MO-like, T, B,
and fibroblast cell lines (11). Immunoblot-
ting showed that recombinant p38 ex-
pressed in Escherichia coli was tyrosine phos-
phorylated because it was recognized by an
antibody to phosphotyrosine, and in vitro
kinase assays showed that recombinant p38
was enzymatically active—it phosphorylat-
ed myelin basic protein, IkBa, and itself,
but not bovine serum albumin (11).

A database search (12) showed that p38
shares sequence identity with the yeast
MAPK family member encoded by the
HOGT1 gene (8) and with other mammalian
MAPKs, including murine MAPK2 (Fig.
1). The predicted amino acid sequence of
p38 has 52% identity with that of HOGI1
and from 46 to 49% identity with the
sequences of a group of MAPK family mem-
bers that includes MAPK1 and MAPK2
(49%), SPK1 (49%), FUS3 (46%), and
KSS1 (46%) (12). Like HOG1, p38 con-
tains the conserved amino acid sequences
(domains I through XI) found in protein
kinases, including the MAPKs (13). The
Thr'® and Tyr'®? residues in p38 just be-
fore subdomain VIII (highlighted by a black
box in Fig. 1) are in a comparable position
in all MAPKs; phosphorylation of these
residues is required for enzymatic activity
(14). The kinases p38 and HOGI1 share a
TGY (15) sequence, whereas most other
MAPK family members are characterized by

a TEY (15) sequence (14). JNK1, a distant
relative of the MAPK group, contains a
TPY (15) sequence in the dual phosphoryl-
ation site (16). From the three-dimensional
structure of MAPK2, the TEY sequence is
seen to be part of a structure termed linker
L12, the loop between protein kinase sub-
domains VII and VIII (17). The corre-
sponding loop of p38 and HOG1 (8) is six
amino acids shorter, which suggests that
phosphorylation of p38 and HOG1 may
occur by mechanisms distinct from those
that control activation of MAPK family
members with TEY sequences. In support of
this idea are data showing that HOGI1
phosphorylation is mediated by a specific
MAP kinase kinase, PBS2, rather than by

1
p38 .. .MSQER[PT[F]YRIQEJLNKT TWE VIPE[RY|QNL SPVG|S[GA Y G|S AJAIF K HRVAVKKLS|R
HOG1 ... .MTTNE 1|IRITIQ(I FGTVFE I|TN|RYN[DLN]P VG| AFG|L SQP|VA I KK I[MK
MUMAPK2 MAAAAAAG VIRIGQ]. . . .[VFDVIGPRY|T|INL S|Y|I GIEIG A Y G|M| Y|OJN KVIRVA KK 1S|.
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other yeast MAP kinase kinases (8). De-
spite the sequence similarity among p38,
HOGI, and other MAPK family members,
the deletion of six amino acids in a poten-
tially critical region and the presence of the
TGY sequence lead us to suggest that p38
and HOG1 may be members of a distinct
group of MAPK-related enzymes.

We introduced ¢cDNA encoding p38
into a yeast expression vector, pAB23BXN
(18), to determine if p38 would comple-
ment a HOG1 mutation (8). Yeast trans-
formants were tested for growth in the
presence of 0.9 M NaCl (Fig. 2) (8).
Expression of p38 in a HOG1 mutant strain
(hogl-Al) complemented yeast that failed
to grow on medium supplemented with 0.9
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p38 QS| IHAKRTYRELRLLKHMKHEN|V[IGL|L[DVF|TP[AIRS EFNDVYL H(L MGIAID L[N N[I V| 117
HOG1 STAVLAKRTYRELKLLKHLRHEN|LI[ClLR[D I F[. . . . S PLE|D I Y|F ELEbTDLHRLL m
MuMAPK2 EHQTYCQRTLREIKILLRFRHENIIGINDII.R@PT QMK[D VY[I|VIGD[LMETDLJYK[L L] 114

Vi

Vil

p38 [K|C[OK[L]TD[DPHVQFL I YQILRGLKY I HS A|D
HOG1 QT[R P|LIE K VOQYFLYQILRGLKYVHSA
MuMAPK2 HILISNDH IICIYFLYQILRGLKY IHSA|N|

VIII

I'l HRDLKPSNLI|AV| DICELK IILDFGLAR[HT[D[D 177
VIHRDLKPSNI LI NCDLKICDFGLAR|IQDP| 171
VLHRDLKPSNLLJL TICOLKICDFGLAR|VADP| 174

p38
HOG1
MuMAPK2

E...... MEGKIVATRWYRAPE IMLNWMH
Q. ..... MUIGHVSITRY YRAPE | ML[TWRK|
DHDOHTGFLAJERIVATRWYRAPE IMLNSKG

X

X
NQTIVD IWSVGC I|MAELL[T[GR FPG[TIDH|I[DQ| 231
VD IWS[AJGC I|[FIAEMI|E[GKP L FPGKDHV HQ| 225
DQ

DVE
T KS{I

DIWSVGC ILIAEMLISN[RP I FPGK[HYL 234

p38  [LIK L] RIL VG[TIP|IGAE|L|LIK KfI]S SARNY|IQSLAQMPKMNFIANV 1 GIANPILAVDLLEKML VL] 291
HOG1 Fls 1 DILLGSPPK T|1|C| NTLKIFIVTISLPHRDP I SER|FIKTVEPIDAVDLLEKMLVF| 285
MuMAPK2  [L}i ILGSPSQEP ClIJI NUK[ARN YJL L{S L PH|K N[K]V NRL|F/PNAIDSKIALDL LDKMLITIF| 294

X1
p38 (DISDIKRITAAQALAHAYIFAQYHDP|DDEPVADP|. QS| SRIDL|L I|D|E s[L]r[¥|o[E]v 1 s[F]v[P] 350
HOG1 DPKIKRITAA LAHPY|SIAPIYHDPTDEP VAD A H DAD Vi R V| YIS|E{I LD|FIHK 345
MuMAPK2 |NPHKRIJEVEQALAHPY|LEQY|YIDP/SDEP | AE A|P|FIKFD LDP K(E|K| E|L|I[FIE[E[T AR QESSG

P38 PPLDQEEMES . . . . .. ...t 360
HOG1 1G DGQIDISATFDDQVAAATAAAAQAQAQAQAQVQLNMAAHSHNGAGTTGNDHSD I AG 405
MuMAPK2 GYR[S|. . . . o e 358
P38 ... 360
HOG1 GNKGQRSCSCK 416
MuMAPK2 . . . L 358

Fig. 1. Comparison of the protein sequences of p38, HOG1, and murine MAPK2 (MuMAPK2) (15).
Conserved subdomains that are present in all protein kinases are indicated by Roman numerals |
to XI. Exact matches and conservative substitutions are within the boxed sequences. The
phosphorylation sites are denoted by black boxes. Gaps (indicated by dots) were introduced to

optimize the alignment (72).

Fig. 2. Complementation of HOG1 mutant by
p38 in S. cervisiae. The region of cDNA encod-
ing p38 was subcloned in the yeast expression
vector pAB23BXN (78). The orientation of the
cDNA was determined by restriction digests.
Yeast were transformed by electroporation with
a setting of 2 mv, 25 wF, and 200 ohm. Trans-
formants were selected and grown overnight in
liquid Dex,Ura~ medium (0.67% yeast nitrogen
base without amino acids, 0.5% casamino acids,
0.0005% adenine, 0.0005% tryptophan, and 2%
dextrose); the parental cells were grown in YEPD
medium (1% yeast extract, 2% bactopeptone,
and 2% dextrose); and equal numbers of cells
were plated on a Dex agarose (Dex,Ura~ medi-
um plus 0.0005% uracil and 2% agar) plate
containing 0.9 M NaCl for testing growth. (A)
HOG1 mutant strain JBY13 (hog1-41). (B) Wild-

type strain YPH102. (C) Strain YPH102 containing cDNA encoding p38 in pAB23BXN in wrong
orientation. (D) Strain YPH102 containing cDNA encoding p38 in pAB23BXN in correct orientation.
(E) Strain JBY13 containing pJB17 plasmid containing gene encoding HOG1 (8). (F) Strain JBY13
containing cDNA encoding p38 in pAB23BXN in correct orientation. (G) Strain JBY13 containing
cDNA encoding p38 in pAB23BXN in wrong orientation.
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M NaCl (OsmS phenotype) but not as
effectively as did a plasmid containing the
yeast HOGI gene. A plasmid containing
p38 in the opposite orientation failed to
complement hogl-Al. Introduction of p38
slowed the growth of the transformants of
several different yeast strains even in nor-
mal medium (11).

Similarities between p38 and HOGI
prompted us to investigate whether expos-
ing mammalian cells to increased osmolar-
ity would result in tyrosine phosphorylation
of p38. Murine cell lines with MO charac-
teristics (J774A.1 and RAW 264.7), as
well as the murine pre-B cell line 70Z/3,
transfected (7) with a vector (70Z/3-RSV)
ot with human CD14 (70Z/3-hCD14),
were treated with hyperosmolar solutions of
NaCl or sorbitol. These same cell lines were
also treated with LPS or taxol. Taxol mim-
ics LPS in murine cells and fails to activate
MOs from mice unresponsive to LPS (19,
20). All of the cell lines contain MAPK1
and MAPK2 and p38 protein (7). Protein
immunoblotting with an antibody to phos-
photyrosine showed that p38 was tyrosine
phosphorylated in all cell lines after expo-
sure to hyperosmolarity or taxol (Fig. 3A).
LPS induced tyrosine phosphorylation of
p38 in all of the cell lines except the
70Z/3-RSV cells, which lack CD14 (7).
LPS, taxol, and hyperosmolarity induced
nearly identical patterns of protein tyrosine
phosphorylation in the cell lines tested,
which suggests the interrelatedness and
stringency of the activation pathways initi-
ated by these stimuli. Interleukin-1 also
induced tyrosine phosphorylation of p38

A -
=}
ona
8383
702/3-hCD14 ) <p38
JT74A.1
RAW 264.7

C3HeB/FeJ PEM

C3H/Hed PEM

but not of MAPK1 or MAPK2 in 70Z/3
cells (11). Hyperosmolar solutions induced
phosphorylation of p38 within 5 min, and
addition of as little as 0.1 M NaCl or 0.2 M
sorbitol to the culture medium initiated this
phosphorylation (11).

The MOs obtained from LPS-resistant
mouse strains such as C3H/He] did not
respond to either LPS or taxol; the basis of
this genetic defect is unknown (19, 21).
Because LPS, taxol, and hyperosmolar so-
lutions all caused tyrosine phosphorylation
of p38, we wondered if the effects of hyper-
osmolar solutions would be blunted in MOs
obtained from peritoneal exudates (PEM)
of C3H/HeJ(LPS™) mice. Northern blot
analysis showed that MOs derived from
C3H/He] mice contained an amount of
mRNA encoding p38 that was comparable
to that found in other murine cell types
(11). Phosphorylation of p38 was noted in
PEM from C3HeB/Fe]J(LPS*) mice in re-
sponse to hyperosmolarity, LPS, or taxol,
whereas PEM from C3H/He] mice dis-
played increased p38 phosphorylation only
in response to hyperosmolarity (Fig. 3B).
Because CD14 expression in MOs from
C3H/He] mice is normal (11, 22), these
data suggest that the defect in C3H/He]
mice that is responsible for hyporesponsive-
ness to LPS is localized to a functional
component between the LPS receptor and
p38. Identification of the upstream mole-
cules that participate in p38 phosphoryla-
tion may provide new information about
the genetic defect responsible for unrespon-
siveness to LPS.

MAPKs are a family of enzymes that

°
=
o
=
o
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B < MAPK1
3 < MAPK2
| «<- MAPK1
Y «MAPK2
—%_3g

Fig. 3. Protein tyrosine phosphorylation induced by hyperosmolar solutions and other stimuli.
Protein immunoblot analysis with antibody to phosphotyrosine was done as described (7). (A)
Comparison of tyrosine phosphorylation of p38 in 70Z/3-RSV, 70Z/3-hCD14, J774A.1, and RAW
264.7 cells exposed to LPS (10 ng/ml), taxol (20 pM), 0.2 M NaCl, or 0.4 M sorbitol for 15 min. The
position of p38 was verified by protein immunoblotting with antiserum to recombinant p38, and the
positions of MAPK1 and MAPK2 were determined with antiserum to MAPK antiserum (7). (B) Effects
of hyperosmolarity and other stimuli on protein tyrosine phosphorylation in MOs obtained from PEM
of C3HeB/FeJ and C3H/HeJ mice (7). Additions and analyses of cell extracts were identical to
those in (A). Cells were also treated with 0.1 uM phorbol myristate acetate (PMA). The effects of
hyperosmolar solutions or of taxol do not result from contamination with LPS. All reagents were
negative when tested with a chromogenic limulus assay. Antibodies to CD14 or to polymyxin B
blocked the effects of LPS but did not inhibit phosphorylation induced by NaCl, sorbitol, or taxol.
Heating the NaCl solution to 200°C for 72 hours (conditions that destroy LPS) failed to alter the

cellular response to NaCl.
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regulate intracellular signaling pathways
(14, 23, 24). Four isoforms of structurally
related MAPKs have been identified in
mammalian cells, and the existence of oth-
er MAPKs has been suggested (25, 26). In
yeast and mammalian cells, several distinct
pathways for MAPK activation have been
identified that are highly conserved
throughout evolution (24). One such path-
way in yeast seems to be exclusively regu-
lated by changes in extracellular osmolari-
ty, and it results in tyrosine phosphoryla-
tion of HOG1 (8). Mammalian cells are
often exposed to changing osmotic condi-
tions. Selective ion channels probably par-
ticipate in the processes that maintain and
restore cell volume, but the underlying
mechanisms that regulate these functions
are not understood. Increased protein tyro-
sine phosphorylation associated with
changes in osmolarity has been reported
(27). We have found that at least a portion
of the pathway in yeast that senses osmotic
stress (8) appears to be conserved in mam-
malian cells. In yeast, HOG1 activation is
associated with increased transcription of a
group of genes that are termed stress genes
(28). Lipopolysaccharide may be thought of
as a stress signal to the cell because it alters
normal cellular processes by inducing the
release of mediators such as tumor necrosis
factor that have systemic effects. It appears
that both LPS and hyperosmolarity activate
a signaling pathway that includes a com-
mon protein, p38. Identification of the
upstream components of this pathway in
mammalian cells may provide information
about intracellular signaling pathways used
by LPS and about signaling pathways that
regulate mammalian cell responses to
changing osmotic pressure.
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Biological Control and Refuge Theory

In classical biological control, biologists
introduce an imported parasitoid in order to
reduce the density of an accidentally im-
ported insect host. If the pest density de-
clines and the introduced natural enemy
achieves moderate-to-high frequencies of
attack, projects are considered successful.
An association between successful biologi-
cal control and high parasitization is to be
expected. Hawkins et al. (1) found that
maximum parasitization rates occurred
when hosts had little protection from para-
sitoids (that is, small refuges), and they
conclude (I, p. 1430) that susceptibility to
parasitism (that is, high rates of parasitism)
is a “significant estimate of the probability
that the parasitoid introduction will reduce
host densities.” We find this conclusion
suspect for five reasons.

1) The literature used by Hawkins et al.
is likely to be biased in favor of the refuge
hypothesis because cases of pest populations
declining with low rates of parasitization are
unlikely to be recorded as examples of
successful biological control (2).

2) Refuge size is estimated by Hawkins
et al. as one minus the proportion of the
pest population parasitized. By definition,
high parasitism characterizes successful bio-
logical control, therefore the argument that
small refuges favor the success of biological
control is a tautology.

3) Most simple measurements of “per-
cent parasitism” contain errors or distor-

tions arising from the influences of host and
parasitoid phenologies (3). Single values
cannot characterize host-parasitoid interac-
tions, and maximum values are unlikely to
be typical over longer times or in different
areas (4).

4) Contrary to the prediction made by
Hawkins et al., successful biological control
can result from the use of agents that are
characterized by low rates of parasitization
in their native habitat (5). Natural enemies
that are rare in their native habitat may
have superior potential as control agents
when released in exotic habitats (6).

5) Hawkins et al. attribute seven cases of
high parasitization (above 60%) in unsuc-
cessful biological control projects to climat-
ic mismatch between parasitoids and hosts.
We question how such high rates of para-
sitization could be achieved if climatic fac-
tors “reduce parasitoid reproduction, survi-
vorship, or host synchrony ...” (I, p.
1431).

Variation in the susceptibility of insects
to predators, parasitoids, and disease is im-
portant. Mechanisms for encapsulating par-
asitoids, hiding from predators, and resist-
ing disease influence the impacts of natural
enemies in native and exotic habitats, but
measuring refuge size from the observed
maximum parasitization of successful bio-
logical control programs does not yield new
understanding or predictability to the prac-
tice of biological control.
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Hawkins et al. (1) demonstrate a significant
and robust relationship between the outcome
(success or failure) of a potential biocontrol
program and the maximum percentage para-
sitism achieved by the parasitoid agent follow-
ing its initial release. They propose that this
relationship illustrates that the size of a “ref-
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