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to the production of an inactive protein'”'®. We used a Ddel
RFLP determined by this point mutation®® to compare the level
of expression of the transgenes with respect to the endogenous
gene. Quantification showed that the level of expression per
copy of transgene was comparable to that of the endogenous
gene (Fig. 3), which indicated copy number dependence and
position independence. RT-PCR analysis of additional tissues
(data not shown) revealed that the expression of the transgenes
had the same tissue-specific pattern as the endogenous gene'*.
The faithful expression of this large and complex transcription
unit also argues strongly for integration of unrearranged
YAC DNA.

The complete rescue of the albino phenotype of the YRT2
transgenic mice in contrast to mice carrying tyrosinase
minigenes'>'""'®, suggests an effect of position and/or the
absence of elements necessary for correct expression in the
minigene constructs. This could include sequences with proper-
ties of dominant control regions, such as those found in the
B-globin gene cluster® and lysozyme gene®'. Alternatively, the
position-independent and copy number-dependent expression
might be due to elements present in the 250 kb construct mediat-
ing boundary effects, analogous to those identified in the
Drosophila genome®. One important element might be the
DNase I hypersensitive site —15 kb upstream of the tyrosinase
gene”, which is present in B16 mouse melanoma cells but not
in mouse NIH3T3 fibroblasts (R. Ganss and G.S., unpublished
data). Analysis of deletion derivatives of YRT2 will help to
identify the sequences responsible for the correct expression of
the tyrosinase gene.

We envisage that YACs covering a locus and sufficient flank-
ing sequences will be of great use for transgenic experiments
where correct expression is essential. This will benefit the analy-
sis of large gene clusters in their natural context, such as the
globin and the Hox genes, and of far upstream regulatory
elements. It will assist the identification of genes by com-
plementation and investigation of long-range regulatory
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GGATTTGGGGGCCCAAATTGTACAGAGAAGCGAGTCTTGA-3', bases 398-437
(ref. 31)) was labelled with [y-32P]ATP and polynucleotide kinase (NEB) for
hybridization and detection of the Ddel RFLP. Quantification of the bands
was made by a Phosphoimager (Molecular Dynamics).

NATURE - VOL 362 - 18 MARCH 1993

phenomena such as X-inactivation and imprinting. Such analy-
ses will be aided by the ease with which defined mutations and
markers can be introduced into YAC constructs by homologous
recombination in yeast*. d
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PHEROMONE-STIMULATED haploid yeast cells undergo a
differentiation process that allows them to mate'. Transmission of
the intracellular signal involves threonine and tyrosine phosphory-
lation of the redundant FUS3 and KSS1 kinases, which are mem-
bers of the MAP kinase family>™. FUS3/KSS1 phosphorylation
depends on two additional kinases, STE11 and STE7 (refs 2, §, 6).
Genetic analyses predict an ordered pathway where STE11 acts
before STE7 and FUS3/KSS1 (refs 2,7). Here we report that
STE7 is a dual-specificity kinase that modifies FUS3 at the
appropriate sites and stimulates its catalytic activity in vitro. From
these data and previous genetic results, we argue that STE7 is the
physiological activator of FUS3. Recent indications that MAP
kinase activators are related to STE7 suggest that signal transduc-
tion pathways in many, if not all, eukaryotic organisms use

homologous kinase cascades®™'°.
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To study FUS3 phosphorylation in vitro we isolated it as a
Myc epitope-tagged fusion protein from Escherichia coli (Fig.
la). We expressed and isolated two inactive mutant derivatives
of FUS3 in a similar way. One has a substitution at the conserved
catalytic lysine (FUS3M-R42) and the other has two additional
changes at the major phosphorylation sites (FUS3M-
R42A180F182). The wild-type FUS3M incorporated radioactive
phosphate in autophosphorylation assays but the FUS3M-R42
derivative was inactive (Fig. 1b). The autophosphorylation prod-
uct was different from the in vivo phosphorylated FUS3, because
the former was modified on serine and tyrosine but not on
threonine (Fig. 1c¢).

To see if the STE7 kinase could phosphorylate FUS3, we
isolated a Myc epitope-tagged version of STE7 (STE7M) from
yeast extracts by immune affinity purification. To eliminate
FUS3M autophosphorylation, we used the catalytically inactive
FUS3M-R42 protein from E. coli as the substrate. Phosphoryla-
tion of the FUS3M-R42 protein occurred in the reactions with
the active STE7TM but not the catalytic lysine substitution
mutant, STE7TM-R220 (Fig. 2a, lanes 1, 2, 4 and 5). There was
more FUS3M-R42 phosphorylation when STE7M was isolated
from pheromone-induced cells (Fig. 2a, lanes 1 and 4). This
increase must be attributed to a more active STE7 kinase,
because the amount of STE7M was the same in extracts from
pheromone-induced and uninduced cells (data not shown). As
mentioned, STE11 is a second kinase whose function is necessary
for FUS3 modification in vivo?. Under our assay conditions,
immune affinity-purified STE11M kinase did not phosphorylate
FUS3M-R42 (data not shown). This provides additional
evidence that phosphorylation of FUS3M-R42 is specifically
catalysed by STE7M.

A second protein was phosphorylated in the STE7M immune
complex kinase assays (Fig. 2). This protein was STE7M,
because an N-terminally truncated but still biologically active
form of the STE7M kinase (STE7M-AS) caused a shift in the
position of the signal (Fig. 2a, lanes 3 and 6). The absence of
other phosphoproteins suggests that no coprecipitating kinase
intervenes between STE7 and FUS3.

Phosphorylation of FUS3M-R42 in the assays with STE7TM
occurred on serine, threonine and tyrosine residues (Fig. 2b).

FIG. 1 Purification of FUS3 kinase from E. cofi and its a
autocatalytic properties. a, Coomassie blue stained gel of
SDS-PAGE-fractionated GST fusion proteins purified from £
coli after (lanes 1-3) and before (lane 4) cleavage with
thrombin. Samples of GST-FUS3M (wt), GST-FUS3M-R42 (R42),
and GST-FUS3M-R42A180F182 (RAF) preparations are
shown. Position of the GST-FUS3M fusion protein, the cleaved
FUS3M protein and the GST polypeptide are indicated. b,
Autophosphorylation assays with FUS3M (wt) and FUS3M-R42
(R42). ¢, Phosphorimager print of [3?P]phospho-amino acids
from FUS3M after autophosphorylation (left). Position of phos-
pho-serine (S), -threonine (T) and -tyrosine (Y) standards
(right).

METHODS. FUS3M, FUS3M-R42 and FUS3M-R42A180F182
proteins were expressed as GST fusion proteins in a BL21
(DE3) E. coli strain using plasmids pGA1965, pGA1944 and
pGA1945, respectively. To construct these expression plas-
mids, the Ndel-BamHi fragments encoding tagged FUS3
(FUS3M) and derivatives were isolated from pGA1903,
pGA1905 and pGA1932 (ref. 20) and cloned into plasmid
PGEX-2T6 (provided by G. Draetta). Except for the addition of
an Ndel site, pGEX-2T6 is the same as pGEX-2T (ref, 14).
Fusion protein synthesis was induced at room temperature C
and the proteins were purified as described'*. Autophos-
phorylation assays were done in a final reaction volume of
20 pl that included 250 ng of purified FUS3M or FUS3M-R42
and 10uCi [y2PJATP. Kinase assay buffer was as
described™® but B-glycerol phosphate was omitted. After 30
min incubation at 30 °C, reactions were stopped by addition of SDS-PAGE
sample buffer*® and boiling for 3 min. Phosphoproteins were fractionated
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Most of the modification must be on the threonine 180 and
tyrosine 182 sites of in vivo phosphorylation because there was
much less *?P incorporation with the FUS3M-R42A180F182
derivative (Fig. 2¢). We propose therefore that STE7 is a dual
specificity kinase sufficient for the threonine and tyrosine phos-
phorylation of FUS3 (ref. 11).

The effect of pheromone induction on FUS3 kinase activity
was investigated using an immune complex assay with a Myc
epitope-tagged FUS3 (FUS3M). Myelin basic protein (MBP),
a standard substrate for vertebrate MAP kinases, was phos-
phorylated when FUS3M was immune affinity purified from
extracts of induced but not uninduced celis (Fig. 3, lanes 1 and
2). Two lines of evidence show that this stimulation of kinase
activity is due to pheromone-induced FUS3 phosphorylation.
First, the FUS3M-A180F182 mutant, which has substitutions at
both in vivo sites of modification, did not phosphorylate MBP
(Fig. 3, lanes 5 and 6). Second, treatment of FUS3M with
phosphatase 2A abolished phosphorylation of the FUS3-specific
substrate (data not shown).

FUS3M was also phosphorylated in the immune complexes
prepared from pheromone-induced cells. This cannot be due to
autophosphorylation because the signal was actually stronger
in immune complexes with the inactive FUS3M-R42 protein
(Fig. 3, lanes 3 and 4). Therefore, a second kinase was coprecipi-
tated with FUS3M. We think that this kinase is STE7 because
a phosphoprotein with the same mobility as STE7 was observed
in the reaction with pheromone-induced FUS3M (Fig. 3, lane
2; see below). Additionally, FUS3M-R42 was not phosphory-
lated when immune complexes were from extracts of
pheromone-induced ste7A mutant cells (data not shown). Note
that FUS3M-R42 was phosphorylated to a considerable extent
in extracts from uninduced cells (Fig. 3, lane 4), consistent with
previously published in vivo data suggesting that the basal level
of signal activity is actually higher in cells without functional
FUS3 (ref. 2).

FUS3 kinase activity can also be stimulated through its in
vitro modification by STE7M. For these activation assays we
used an N-terminal fragment of the FAR1 protein as a FUS3-
specific substrate'?. This polypeptide is a more sensitive
and specific substrate than MBP (M. Peter, A.G., G.A. and

R42 WT RAF WT

£ ®E S M (K) E.coli FUS3M WT Ra2

a7 Mr (K)

:

i

66

L s

{ . —9
45 GST-FUS3M — "

— 46
FUS3M —

21 — 30

12 3 4 1 2

1¢)
. YO

by SDS-PAGE'® and visualized by autoradiography of the dried gel. The
analysis of FUS3M phospho-amino acids was as previously described?.
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FIG. 2 STE7 phosphorylates FUS3. a Comprison of STE7 kinase activity from
uninduced (—) and induced (+) cultures. Immune affinity-purified STE7M (wt),
STE7M-R220 (R220) or STE7M-AS (S) was present as indicated. Each assay
mixture contained 250 ng purified FUS3M-R42 (R42) as substrate. Note that
STE7M from pheromone-induced cells is hyperphosphorylated causing it to
have a lower mobility than when isolated from uninduced cells (lanes 1 and
4). b, Phosphorimager print of [32P]phospho-amino acids in FUS3M-R42 from
a, lane 4 (top). Migration of phospho-serine (S), -threonine (T) and -tyrosine
(Y) standards (bottom). ¢, Comparison of FUS3M-R42 (R42, 250 ng) and
FUS3M-R42A180F182 (RAF, 250 ng) as substrates for immune affinity-
purified STE7M (wt) from pheromone-induced cells.

METHODS. The plasmids pNC267 and pNC267-R220 for expression of STETM
and STE7TM-R220 will be described elsewhere?®. The STE7M-AS allele was
constructed by site-directed mutagenesis using the STE7 phagemid pNC318
as source of template DNA and oligonucleotide 5'-CGTATCTTTCAGATCTGCG-
CCTTCTATTCG as the mutagenic primer”. The resulting plasmid (pNC346)
has a deletion in STE7 that encompasses codons 45-170. The plasmid

I. Herskowitz, manuscript in preparation). Addition of purified
FUS3M and FARI proteins to STE7M immune complexes from
extracts of pheromone-induced kss! fus3 double mutant cells
resulted in FAR1 phosphorylation (Fig. 4a, lane 3). No
modification of FARI1 occurred without the addition of FUS3M
(Fig. 4a, lanes 1 and 2). When FUS3M was present with the
inactive STE7TM-R220, we observed much less FAR1 phosphory-
lation (Fig. 4a, lane 4). We suppose that the autophosphorylated
form of FUS3 could be responsible for this minor activity.
STE7 is also a substrate of the FUS3 kinase. STE7TM was
phosphorylated in reactions where the wild-type FUS3M has
been activated (Fig. 4b, lane 3) but not in reactions with the
inactive FUS3M-R42 (Fig. 4b, lanes 1 and 2). This is consistent
with the observation that hyperphosphorylation of STE7 in vivo
depends on an active FUS3 or KSS1 kinase’. The role of this
reciprocal phosphorylation of STE7 by FUS3 is unclear but it
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PNC348 was constructed by transferring the STE7M-AS allele from pNC346
as a Sall-Hindlll fragment to YEplac112 (ref. 18). Yeast strain K2149, which
was used for expression of STE7M or STE7M-R220, has been described?.
Yeast strain E929-6C-35 (STE7A FUS3 KSS1 barlA), which was used for
expression of STE7M-AS, is isogenic to strain £929-6C (ref. 5). Where
pheromone induction is indicated, cultures were exposed to 50 nM «-factor
for 1.5 h. Extracts were prepared as described™® but with modified stop and
lysis buffer (580 mM Tris, pH 7.5, 150 mM NaCl, 5mM EDTA, 1% Nonidet
P-40 (NP-40), 50 mM NaF, 30 mM Na,H,P,0,, 15 mM 4-nitrophenylphos-
phate, 0.1 mM ortho-vanadate, 1 mM PMSF, 40 pg mli™* aprotinin and
20 ug mi~t leupeptin). For immune affinity purification of STE7M or deriva-
tives, 100 g of the specified extract was incubated with 4 g of Myc1-9E10
antibodies for 1 h on ice®®. The antibody-antigen complexes were incubated
with protein A sepharose beads (10 ul packed volume) at 4 °C for 1.5h,
The adsorbed immune complexes were washed five times in buffer A (50 mM
Tris pH7.5, 150 mM NaCl, 5 mM EDTA, 1% NP-40, 15 mM 4-nitrophenylphos-
phate, 0.1 mM ortho-vanadate), three times in buffer B (25 mM MOPS pH
7.2, 15mM 4-nitrophenylphosphate, 0.1 mM ortho-vanadate) and once in
buffer B plus 15mM MgCl,. Substrate phosphorylation assays with the
immune complexes and analysis of phosphorylation products were as
described in Fig. 1, except that 2 uwCi of [y->2P]ATP was used per reaction.

could be part of an attenuation mechanism. This proposal is
consistent with a higher signal activity in fus3 kssI double mutant
cells compared with wild-type cells as indicated by the relative
amounts of FUS3-R42 phosphorylation (ref. 2 and Fig. 3, lane
4). Additionally, STE7M kinase catalysed more FUS3-R42 phos-
phorylation when it was isolated from a fus3 kssl strain com-
pared with a wild-type strain (Fig. 4¢). Because the same amount
of STE7 was present in the two extracts (data not shown), STE7
seems to be more active when isolated from cells without FUS3
or KSSI1.

It has been noted that peptide sequences obtained from
purified Xenopus and rabbit skeletal muscle MAP kinase
activators show similarities to the STE7 sequence® '°. The case
for a close relationship between MAP kinase kinase and STE7
has been made even stronger by recent results’'. This suggests
that the kinase cascade we have characterized in yeast will be

FIG. 3 Pheromone potentiates FUS3 kinase activity. Results of phosphoryla-
tion assays with 10 ug of bovine myelin basic protein (MBP) added to immune
affinity-purified FUS3M (wt), FUS3M-R42 (R42) and FUS3-T180Y182 (AF)
from uninduced (—) or pheromone-induced (+) cultures. The positions of
FUS3M and MBP are indicated. The asterisk marks one coimmune-precipi-
tated protein that is only phosphorylated in reactions with pheromone-
induced and catalytically active FUS3M.

METHODS. FUS3M (pGA1903), FUS3M-R42 (pGA1905) and FUS3M-A180F182
(pGA1906) were expressed in yeast strain K2314 (STE7 fus3A kss1A
bar1A)?. Where pheromone induction is indicated, cultures were exposed
to 50 nM a-factor for 1 h. Extract preparation, immune affinity purification
of FUS3M (or derivatives) and phosphorylation assays were essentially as
described in Fig. 2.

263

© 1993 Nature Publishing Group



LETTERS TO NATURE

FIG. 4 STE7 reconstitutes activation of the FUS3 kinase. a
a, Phosphorylation assays showing STE7 stimulates FUS3-
dependent phosphorylation of FAR1, STE7M (wt, pNC318)
or STE7TM-R220 (R220, pNC318-R220) was immune
affinity purified from pheromone-treated cuitures of
K2314 (fus3kss1). FUS3M (250 ng) produced and purified
from E. coli was either present (wt) or absent (—) from
the reactions. The target substrate, an N-terminal frag-
ment of FAR1 (250 ng) was present (+) in all assays. The
positions of phosphorylated FAR1 fragment, FUS3M and
STE7M and STE7M are indicated. b, Phosphorylation
assays showing that activated FUS3 phosphorylates STE7.
Purified FUS3M (wt; 250 ng) or FUS3M-R42 (R42; 250 ng)
was added to STE7M (wt) and STE7TM-R220 (R220) iso-
lated as specified in a. ¢, Comparison of STE7M kinase
activity after isolation from FUS3 KSS1 or fus3 kssl
genetic backgrounds. Phosphorylation assays with 250 ng
of purified FUS3M-R42 as substrate and immune affinity-
purified STE7M (wt) or STE7M-R220 (R220) from
pheromone-induced cultures of strain K2180 (lanes 1 and
2) and strain K2314 (lanes 3 and 4).

METHODS. The plasmids pNC318 and pNC318-R220 for
expression of STE7TM and STE7M-R220, respectively, will be described
elsewhere®. Yeast strains K2314 (STE7 fus3A kss14 barlA) and K2180
(STE7 FUS3 KSS1 farlA barlA) are isogenic with strain K2149 (ref. 2).

found in many if not all eukaryotic cells. In yeast, the cascade
consists of the STE11, STE7 and FUS3/KSS1 kinases whose
equivalents in mammals may be the Raf kinase (or perhaps
another kinase equivalent to STE11), a STE7-like MAP kinase
activator and MAP kinase®'*"'3, d
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THE CREM (cyclic AMP-responsive element modulator) gene
encodes multiple regulators of the cAMP-transcriptional response
by alternative splicing’. A developmental switch in CREM
expression occurs during spermatogenesis, whereby CREM func-
tion is converted from an antagonist to an activator (CREMt;
ref. 2) which accumulates to exiremely high levels from the pre-
meiotic spermatocyte stage onwards. To define the physiological
mechanisms controlling the CREM developmental switch, we have
hypophysectomized rats and observed the extinction of CREM~
expression in testis, thereby demonstrating a central role of the
pituitary—hypothalamic axis. We then used the seasonal-dependent
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modulation of spermatogenesis in hamsters to dissect the hormonal
programme controlling this developmental process. By this
approach, combined with direct administration of pituitary-derived
hormones, we have established that follicle-stimulating hormone
(FSH) is responsible for the CREM switch. FSH appears to
regulate CREM expression by alternative polyadenylation, which
results in a dramatic enhancement of transcript stability.

We have shown that the amount of the CREM transcript
increases dramatically from the pachythene spermatocyte stage
onwards and encodes the activator CREM r instead of the antag-
onists®. In mouse the switch occurs between days 13 and 14
(Fig. 1a, lanes 1-5). This functional switch is conserved in other
species at an equivalent stage during spermatogenesis (hamster
and rat, see lanes 6-9). As testicular functions are under the
control of the pituitary-hypothalamic axis>*, we tested whether
surgical removal of the pituitary gland could affect CREM
expression. CREM+ expression is dramatically reduced in the
adult rat one week after surgery (Fig. 1b, lanes 2, 7, 8). Removal
of other endocrine glands has no detectable effect (lanes 1 and
3). To test whether there is a pituitary control of the develop-
mental switch of CREM in testis, we hypophysectomized pre-
pubertal rats. No equivalent switch in CREM expression or
transcript accumulation was detected during subsequent
development (Fig. 1b, lanes 9-11 and 12, 13). Thus a functional
pituitary is necessary for the switch and maintenance of CREM
transcript abundance and spicing. In addition, we analysed
Hox-1.4 expression, which is also developmentally regulated
during spermatogenesis’. Hox-1.4 induction is almost coinciden-
tal with that of CREM~ (Fig. 1a). Hox-1.4 expression was
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