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ABSTRACT Pathogenic and sexual development of the
fungus Ustilago maydis, the causal agent of corn smut disease,
is regulated by heterodimerization of two unrelated homeodo-
main proteins bE and bW, both encoded by the multi-allelic b
mating-type locus. This complex can only be formed if the two
proteins are derived from different alleles. The heterodimer is
believed to function as a transcriptional regulator that binds
to target sites upstream of developmentally regulated genes.
We have synthesized a translational fusion in which bE is
tethered to bW by a designed flexible kink region. U. maydis
strains expressing this synthetic b-fusion become pathogenic
for corn illustrating that the single-chain fusion substitutes
for the active bE/bW heterodimer. Synthetic b-fusions in
which bE and bW originate from the same allele as well as
fusions deleted for the dimerization domains were shown to be
active while both homeodomains were required for function.
Such active fusion proteins are expected to be instrumental in
the identification of pathogenicity genes.

The basidiomycete fungus Ustilago maydis is a phytopathogen
causing the formation of large tumors on aerial parts of maize
plants. In the infected tissue the fungus proliferates and
produces a massive amount of black spores (1-4). U. maydis
exists in two morphologically distinct forms: a nonpathogenic
haploid phase that grows yeast-like and a filamentous dikaryon
that is generated after fusion of two compatible haploid cells
and that is pathogenic for corn. Formation of the dikaryon can
be monitored on artificial media containing charcoal (5). For
further proliferation, however, the dikaryon needs to enter the
host plant.

Cell fusion, the dimorphic switch to filamentous growth, and
pathogenic development are genetically controlled by two
unlinked mating-type loci, the biallelic a locus and the multi-
allelic b locus. A stable, infectious dikaryon can only be formed
and maintained if the fusing haploid sporidia carry different
alleles at both loci (6-10). The a locus codes for the compo-
nents of a pheromone and pheromone-receptor-based cell
recognition system. The a locus is responsible for the fusion
event (11, 12) and for maintenance of the filamentous dikaryon
through autocrine stimulation of the pheromone signaling
cascade. The b locus is the master control locus for all further
sexual and pathogenic development (8, 13, 14). The link
between a and b controlled events is provided by Prfl, a high
mobility group domain protein, that is activated through the
pheromone signaling cascade and then provides for high levels
of b gene expression (15).

The b locus codes for two homeodomain proteins bE and
bW that are unrelated in sequence (16, 17) but similar in
organization: a highly polymorphic N-terminal region (vari-
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able domain) is followed by a homeodomain and a conserved
C terminus (see Fig. 1.4). Recent experiments have shown that
bE and bW must dimerize to trigger pathogenic development
and that the variable domains are crucial for dimerization (18).
Heterodimers can only be formed if bE and bW are derived
from different alleles (i.e., in the dikaryon) but not when the
proteins originate from a single allele, which explains why
haploid cells are usually nonpathogenic. However, haploid
strains, genetically engineered to express bE and bW proteins
from different alleles, become pathogenic. The bE/bW het-
erodimer is thought to be the central transcription factor
regulating genes involved in pathogenic development. How-
ever, until now, none of these genes have been identified.
Several approaches to search for potential target genes of the
bE/bW heterodimer have failed presumably because two
distinct proteins are needed which have to dimerize in addi-
tion.

In the present study we have synthesized single-chain fusions
of the bE and bW polypeptides linked via a flexible kink
region. The synthetic b-fusions were scored for activity after
transformation in an U. maydis strain deleted for the b locus.
Such transformants were able to induce tumors in corn, which
indicates that the fusion construct substitutes for an active
bE/bW heterodimer. In addition, we tested the contribution of
the dimerization domains and the homeodomains to the
biological activity of the single-chain fusion polypeptides.

MATERIALS AND METHODS

Plasmid Constructs. ppE1-k-W2. To generate the bE1-k-W2
fusion, a 84-bp DNA fragment coding for the 20-amino acid
kink region (GGSYPYDVPDYASLGGPSGQG) including the
hemagglutinin-tag (HA-tag, shown in boldface letters) (19)
was amplified by PCR from plasmid pHA (A. Klippel, per-
sonal communication) with primers Pyinx (5'-GCTCTAGAC-
CCGGGGGCAGCTATCCTTATGACGTG-3") and Pkink2
(5'-CGGGATCCATATGGCCTCCGGAAGGTCCT-
CCCAGGCT-3"). From this fragment a 74-bp Xbal-BamHI
fragment was cloned in plasmid pBS KS(+) (Stratagene) in
which the Smal site was deleted to yield pBS-KINK. A 2408-bp
Ndel-BamHI fragment from pTEFW?2 containing an intron-
less copy of the bW2 gene was cloned into the corresponding
sites of pBS-KINK to generate pBS-k-W2. In plasmid
pTEFW2 a Notl/Ndel fragment with the promoter of the gene
for the translation elongation factor 2 (TEF) (15) is fused to
the intronless coding region of bW2 on an Ndel-Nhel fragment
in a pCM54 (20) derivative containing a NotI site. The bE]
gene was isolated as a 1274-bp NotI-Sall (blunt) fragment
from plasmid pbc°" (15) and was cloned into the NotI-Xmal
(blunt) sites of pBS-k-W2 to yield pBSbE1-k-W2. This frag-
ment contains the TEF promoter region (15) and a portion of
the bEI gene encoding amino acids 1-332, which have been
shown to be functional in U. maydis (21). As a selection marker
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a 3.2-kb Pvull fragment from pCM54 carrying the hygromycin
resistance gene under the control of the U. maydis hsp70
promoter (20, 22) was modified by the addition of NorI linkers
and inserted in the NotI site to yield pbE1-k-W2.

PbE2-k-W2. To construct the bE2-k-W2 fusion a 491-bp
Ndel-Xhol fragment from pTRVE2 (18) that encompasses the
entire variable domain and the first two helices of the home-
odomain of bE2 was used to replace the corresponding frag-
ment in pbE1-k-W2.

PbEI-k-W2Av. To delete the variable domain of bW2 a
334-bp DNA fragment from pBSbE1-k-W2 encompassing a
deletion corresponding to amino acids 5-149 of bW2 was
amplified by PCR using primers PAvW2 (5'-GAAGATCTT-
TCCTACGAAGGAGCTCCCCTCAAG-3") and PbW2556250
(5'-CCAACACGCCGTATGATTTGC-3"). From this prod-
uct a 244-bp Bglll fragment was isolated and used to exchange
the corresponding fragment in pbE1-k-W2 to yield pbE1-k-
W2Av.

PbEI1Av-k-W2, pbE1Av-k-W2Av. The deletion of the variable
domain of bE1 was accomplished by amplification of a 484-bp
DNA fragment from pbE1-k-W2 that encompasses a deletion
corresponding to amino acids 2-111 of bE1 with primers
PAVE1l (5'-GGCCGGTCACCATATGTGTCGAAATCTT-
TCGGAGGATCTTC-3") and PbElsg9/203 (5'-GGTTTA-
GTTTTGCGCGCTGGAT-3"). From this fragment a 165-bp
BstEIl-Xhol fragment was isolated and used to replace the
corresponding fragments in ppbE1-k-W2 and pbE1-k-W2Av to
generate pbE1Av-k-W2 and pbE1Av-k-W2Av, respectively.

PpbE1-k-W2AHD. To generate the deletion of 10 amino acids
of the bW2 homeodomain a 736-bp Bglll-fragment from
pUBW2,45_57 that contains a 30-bp deletion coding for amino
acids 201-210 of bW2 (R. Schlesinger, R.K., and J.K., unpub-
lished data) was used to replace the corresponding fragment in
pbE1-k-W2.

PbEIAHD-k-W2, ppE1AHD-k-W2AHD. The homeodomain
of bE1 was deleted by exchanging a 392-bp MIuNI-BssHII
fragment from pUBEla4s_57 that contains a 30-bp deletion
coding for amino acids 172-181 of bE1 (R. Schlesinger, R.K,,
and J.K., unpublished data) in pbE1l-k-W2 and pbE1l-k-
W2AHD, respectively.

pBSAS. pBSAS is a pBS KS(+) derivative in which the Smal
site has been deleted. The hygromycin resistance gene was
inserted as a NotI fragment (see above) into the NotI site. This
plasmid was used as a control.

For integrative transformation all plasmids containing the
fusion constructs were linearized with Sspl and ectopically
integrated in the genome.

U. maydis Procedures. Strain RK2176 (a2Ab) is a haploid U.
maydis strain deleted for the bE2 and bW2 genes (15). The
strain was propagated in liquid yeast extract peptone sucrose
(YEPS) medium (20) at 28°C. Yeast-like growth was distin-
guished from the mycelial phenotype (Fuz*) on potato dex-
trose (PD) plates containing 1.5% potato dextrose (Difco), 2%
agar, and 1% activated charcoal (5). Transformation was
performed as described (17, 18).

Pathogenicity Tests. To assay for pathogenicity cultures of
independent transformants containing the fusion constructs
were injected with a syringe into 1-week-old corn seedlings of
the variety Early Golden Bantam. For each transformant eight
plants were infected. Plants were propagated in a 14-h light (at
28°C) and 10-h dark (at 18°C) cycle. Pathogenicity symptoms
such as tumor formation (Tum™) and anthocyanin biosynthesis
(Ac*) were recorded 6-10 days after inoculation. When none
of the eight plants infected by a given strain displayed an Ac™
or Tum™ phenotype, this was recorded as nonpathogenic.
Strong symptoms indicate that at least one of the eight plants
infected developed tumors and some of the others displayed an
Ac™ phenotype. In the experiments recorded here at least four
of the plants infected by a given strain developed tumors. Weak
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symptoms indicate that none of the infected plants developed
tumors but at least two developed an Ac* phenotype.

RESULTS

Single-Chain Fusions of bE and bW Homeodomain Proteins
Are Active in U. maydis. To circumvent the need for het-
erodimer formation of the b proteins and to facilitate the
application of in vitro approaches we constructed a single-chain
fusion bE1-k-W2. In this fusion two homeodomain proteins
bEl and bW2 (Fig. 14) were linked to each other in a
head-to-tail arrangement via a 20-amino acid tether segment
(Fig. 1B). The flexible kink region was designed to include an
hemagglutinin-tag flanked by stretches of small amino acids
commonly found between domains existing in nature (23). The
coding region of bE1-k-W2 was fused to the TEF1 promoter
(15) which drives strong constitutive expression in U. maydis.
After transformation into the haploid strain RK2176 lacking
the b locus (15), hygromycin-resistant transformants, which
must contain ectopic integrations of the transforming DNA,
were selected and assayed for filamentous growth and for
pathogenicity on young maize seedlings. About 20% of all
independent transformants tested were able to induce tumors,
and an additional 20% displayed weak pathogenicity symp-
toms (Fig. 1). This indicates that the synthetic single-chain
fusion bE1-k-W2 is fully functional in vivo. Because activity
depends on the integration of the entire b coding region plus
the region encoding the hygromycin resistance, it is likely that
the nonpathogenic transformants have integrated truncated
fragments of the transforming DNA. For some transformants
this was confirmed by PCR (data not shown). In addition, the
DNA may have become integrated at sites where it is not
expressed due to position effects.

There are three possibilities to rationalize the activity of this
fusion protein: (i) an intramolecular interaction could occur
between the variable domains of the bE and bW, (ii) inter-
molecular interaction could involve parts of the variable
domains of bE and bW of two fusion protein molecules, and
(iii) the fusion protein could be active without contacts be-
tween the dimerization domains. To discriminate between
these possibilities we constructed a second fusion bE2-k-W2 in
which both proteins were derived from the same allele (Fig.
1B). In nature bE2 and bW2 cannot dimerize and are therefore
inactive (17, 18). Interestingly, the bE2-k-W2 fusion also
promoted pathogenic development when introduced into a
haploid strain deleted for the b locus (Fig. 1B). Thus the
requirement for recognition of a compatible partner through
contacts in the variable domains has been bypassed in the
synthetic fusion molecules.

Role of the Dimerization Domains. To investigate whether
the variable domains of the b proteins are required at all in the
fusion protein we constructed single-chain b-fusions in which
the variable domains of bE1, bW2, or both protein moieties
were deleted in their entirety (see bE1Av-k-W2, bE1-k-W2Av,
and bE1Av-k-W2Av in Fig. 1B). The deletion ended 10 and 14
amino acids before the homeodomain motifs in bE and bW,
respectively. All three synthetic fusion constructs were able to
elicit tumor formation after transformation in a haploid b-null
strain (Fig. 1). Notably, the tumors induced by such strains
were significantly larger than tumors induced by strains ex-
pressing the full-length bE1-k-W2 fusion (data not shown).
This supports the view that the variable domains govern
primarily the dimerization process. In addition, they may effect
the activity of the heterodimer by regulating the efficiency of
dimerization. Once the two proteins are tethered as in the
single-chain fusions the variable domains become dispensable
for sexual and pathogenic development.

Role of the Homeodomains in the bE-k-W Fusion. Next we
established whether in the bE1-k-W2 single-chain fusion both
homeodomains are necessary to confer activity. We deleted 10
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FiG. 1. Pathogenicity and filamentous growth induced by single-chain fusions of bE and bW. (4) Schematic organization of the two unrelated
homeodomain proteins bE and bW encoded by the b mating-type locus of U. maydis. Variable domain, homeodomain, and constant region of bE
and bW are shown in different colors as indicated below. (B) Different single-chain fusions of bE and bW were created by linking the two
homeodomain proteins via a flexible kink region of 20 amino acids (shown in yellow). Plasmids encoding the translational fusion proteins shown
are listed. The proteins are drawn to scale; numbers indicate the protein size in amino acids; numbers in parentheses indicate corresponding amino
acid positions of the bE and bW proteins from which the portions were derived. Plasmids carrying the chimeric genes were transformed in the U.
maydis Ab-strain RK2176; expression of the fusion constructs is driven by the constitutive TEF promoter. Independent transformants (numbers
are listed on the left in the table) were scored for inducing pathogenicity symptoms on young maize seedlings. Strong symptoms indicate that
transformants were able to induce tumor formation and anthocyanin synthesis; in the case of weak symptoms transformants caused anthocyanin
synthesis only. The number of transformants that displayed filamentous growth as assayed on charcoal plates (listed on the right in the table) is
indicated. Numbers in parenthesis indicate that these transformants caused pathogenicity symptoms but grew yeast-like on plates. All other
pathogenic transformants showed filamentous growth.

amino acids of helix 3 of the homeodomain motifs in bE1 directly involved in specific DNA binding; alternatively, one of

(bE1AHD-k-W2), bW2 (bE1-k-W2AHD), or both (bE1AHD-
k-W2AHD). The deletion encompasses amino acids from
position 48-57 (WFINARRRSG in bE1 and WFQNRRN-
RKG in bW2) according to the standard nomenclature of the
eukaryotic homeodomain motif (24). The introduction of
respective deletions into wild-type bE and bW genes had
already been shown to interfere with b-dependent develop-
ment (R. Schlesinger, R.K., and J.K., unpublished data). As
can be seen from Table 1 all three types of deletions in the
single-chain fusions rendered transformants nonpathogenic,
indicating a crucial role for both homeodomains in triggering
pathogenicity. This could imply that both homeodomains are

the homeodomains could fulfill a more structural role in
enabling another functional domain to adopt a critical con-
formation.

Pathogenicity and Filamentous Growth. Heterokaryons re-
sulting from cell fusion of two compatible haploid strains are
usually able to induce tumors in corn plants (Tum™ phenotype)
and display filamentous growth on charcoal plates (Fuz™®
phenotype) (4). In contrast, diploid strains carrying different
b alleles but identical a alleles are pathogenic but grow
yeast-like (3). The latter holds true also for haploid strains with
the one a allele and a chimeric b locus consisting of the bE7 and
bW2 gene (25). From recent experiments it is known that
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Table 1. Homeodomain deletions in the bE1-k-W2 fusion

Independent .
transformants Pathogemm*ty
in U. maydis symptoms Filamentous
Plasmid (a2Ab) Strong Weak growtht
pbE1AHD-k-W2 20 0 0 3
pbE1-k-W2AHD 23 0 0 3
pE1AHD-k-W2AHD 15 0 0 2

*Strong and weak pathogenicity symptoms scored as tumor formation
and anthocyanin synthesis, respectively, were assayed as described.
fFilamentous growth was assayed by spotting cultures of the respective

transformant on charcoal plates (see Material and Methods).

filamentous growth requires high expression of the b genes
(15). This is accomplished through an activated pheromone
signaling cascade and the activation of Prfl (ref. 15; also see
the Introduction). Therefore, transformants expressing bio-
logically active single-chain fusion b proteins in the haploid
strain RK2176 were expected either to display a Fuz~/Tum*
or a Fuz*/Tum™ phenotype, depending on the level of trans-
gene expression. In transformants the expression level can be
influenced by the copy number of the integrated plasmid and
by position effects. The majority of those transformants that
were pathogenic displayed the Tum™/Fuz® phenotype, indi-
cating that in most cases the expression driven by the consti-
tutive TEF1 promoter is sufficient to initiate filamentous
growth (Fig. 1). Some transformants showed a Fuz™/Tum™
phenotype; in these cases the expression of the transformed
gene is presumably too low to cause filamentous growth.
Transformants expressing b-fusion proteins with no biological
activity were expected to have a Tum ™~ /Fuz~ phenotype, which
was observed for the majority of these transformants (Fig. 1).
However, in all transformations we obtained nonpathogenic
transformants that grew filamentous on plates (Fig. 1 and
Table 1). In particular, this class of transformants was also
obtained with the control plasmid pBSAS which does not
contain a b gene. This effect is most likely caused by instability
of strain RK2176; even in untransformed cells of this strain
Fuz* colonies appeared spontaneously (data not shown).
Thus, the only reliable test for functionality of the chimeric b
genes in U. maydis is the assay for pathogenicity of respective
transformants.

DISCUSSION

The dimerization of the unrelated homeodomain proteins bE
and bW via their variable domain is the key regulatory event
for sexual and pathogenic development in U. maydis. Here we
present data showing that a single-chain fusion of the two
proteins can substitute for the natural heterodimer. Such
linked dimers have already been described for single-chain
antigen-binding proteins consisting of an antibody variable
light chain sequence tethered to a variable heavy chain se-
quence (26), for enzyme subunits from human superoxide
dismutase (27), and for gene V protein from bacteriophage f1
that binds cooperatively to single-stranded nucleic acids (28).
These linked dimers could all be synthesized in Escherichia coli
and showed nearly normal enzymatic activity and/or specific-
ity.

The variable domains of the bE and bW proteins have been
shown to serve as dimerization domains (18). It was unclear,
however, whether these domains play additional roles essential
for biological activity of the complex. One attractive possibility
was that in the heterodimer the variable domains could induce
the correct spacing of the two homeodomains as has been
described for various homo- or heterodimeric eukaryotic
transcription factors (29, 30). Since in U. maydis both dimer-
ization domains in the synthetic b-fusion polypeptide can be
deleted without affecting biological activity, we consider it
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unlikely that these domains have additional functions besides
dimerization. This situation may be analogous to the one found
for the homeodomain proteins MATal and MATe2 in yeast.
In the MATal/MATa2 heterodimer the coiled—coil dimer-
ization motifs are separated from the homeodomains by a
relative long flexible spacer, suggesting minor effects of the
coiled-coil motifs on the orientation of the homeodomains
(31). Furthermore, in the synthetic bE-k-W fusion proteins
described in this paper the length of the tether segment linking
the bE with the bW homeodomain can be of variable length
(333 amino acids in bE1-k-W2; 183 amino acids in bE1-k-
W2Av and bE1Av-k-W2Av). Two fusion constructs with linkers
of 157 and 132 amino acids, respectively, were also functional
(A. Grandel and T.R., unpublished data). Thus, it is obvious
that no defined distance between the two homeodomains is
needed. This is in line with the assertion that this region does
not have a structural role in homeodomain spacing. It will be
interesting, however, to analyze whether further length reduc-
tions of the spacer between the two homeodomains are
tolerated.

In the b-fusion polypeptide both homeodomains are needed
for function, and this is also true for the native bE1 and bW2
protein (R. Schlesinger, R.K., and J.K., unpublished data).
Multi-allelic homeodomain proteins have been shown to con-
trol development also in other basidiomycetes fungi like
Coprinus cinereus and Schizophyllum commune. In these two
fungi the molecular analysis of the multi-allelic mating-type
loci has revealed that they contain several gene pairs encoding
homeodomain proteins (see ref. 32). All these gene pairs act
independently of each other, and the homeodomain proteins
specified by one allele are unable to interact. In the dikaryon
the formation of one active heterodimer is sufficient for the
initiation of sexual development. As in U. maydis, heterodimer-
ization of two homeodomain proteins occurs via their N-
terminal variable domains (33, 34). In contrast to U. maydis,
however, it has been shown for C. cinereus and S. commune that
in the heterodimeric complex only one of the homeodomains
is required for biological activity (35, 36).

Interestingly, in C. cinereus rare dominant mutations result-
ing in constitutive promotion of sexual development without
mating have been isolated (37). One of these mutations was
analyzed molecularly and was shown to have created a chimeric
homeobox gene through an illegitimate recombination event
(38). In the resulting fusion protein the N-terminal 387 amino
acids of one homeodomain protein (corresponding to the
variable domain, homeodomain, and part of the constant
region of bW in U. maydis) were linked to the C-terminal 394
amino acids of the other (corresponding to the constant region
of bE). This fusion contains only a single homeodomain that
is the one critical for function also in the heterodimer (36).
Furthermore, the chimeric gene fusion in C. cinereus still
triggers sexual development when the single residual N-
terminal dimerization domain is deleted (33), which is com-
parable to the bE1Av-k-W2Av fusion in U. maydis.

In the spontaneously derived chimeric homeodomain gene
of C. cinereus functional domains of two distinct proteins are
newly combined while other domains of the progenitor genes
are deleted. Interestingly, attempts to engineer biologically
active synthetic fusions of the respective two homeodomain
genes were not very successful: from six different fusion
proteins generated only one was found that displayed a very
weak activity while the others were inactive (ref. 36; R. N.
Asante-Owusu and L. A. Casselton, personal communication).
Thus, in C. cinereus the positioning of the fusion point appears
crucial for function. In U. maydis the bE an bW proteins were
linked through a flexible kink region. It is quite likely that this
flexible linker bypasses the requirement for a defined fusion
point between the two proteins, and as long as no functional
domains are deleted, the fusion protein remains biologically
active.
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The single-chain bE-k-W fusion proteins are expected to
provide invaluable tools for the in vivo and in vitro search of
b-target sequences and should enable us to gain new insights
into pathways regulating pathogenic and sexual development
in the large group of basidiomycete fungi. Once such genes
have been isolated the synthetic b-fusions appear ideally suited
to map functional domains and to determine whether these
have a positive or negative effect on transcription.

We thank A. Jamnischek for plasmid constructions, A. Travers for
comments on the manuscript, and K. H. Braun and J. Gorl for
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grants from the Deutsche Forschungsgemeinschaft through SFB 190
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