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Physical and Genetic Interaction between Ammonium Transporters
and the Signaling Protein Rhol in the Plant Pathogen Ustilago maydis
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Dimorphic transitions between yeast-like and filamentous forms occur in many fungi and are often associated with pathogene-
sis. One of the cues for such a dimorphic switch is the availability of nutrients. Under conditions of nitrogen limitation, fungal
cells (such as those of Saccharomyces cerevisiae and Ustilago maydis) switch from budding to pseudohyphal or filamentous
growth. Ammonium transporters (AMTs) are responsible for uptake and, in some cases, for sensing the availability of ammo-
nium, a preferred nitrogen source. Homodimer and/or heterodimer formation may be required for regulating the activity of the
AMTs. To investigate the potential interactions of Ump1 and Ump2, the AMTs of the maize pathogen U. maydis, we first used
the split-ubiquitin system, followed by a modified split-YFP (yellow fluorescent protein) system, to validate the interactions in
vivo. This analysis showed the formation of homo- and hetero-oligomers by Ump1 and Ump2. We also demonstrated the inter-
action of the high-affinity ammonium transporter, Ump2, with the Rhol GTPase, a central protein in signaling, with roles in
controlling polarized growth. This is the first demonstration in eukaryotes of the physical interaction in vivo of an ammonium
transporter with the signaling protein Rhol. Moreover, the Ump proteins interact with Rhol during the growth of cells in low
ammonium concentrations, a condition required for the expression of the Umps. Based on these results and the genetic evidence
for the interaction of Ump2 with both Rhol and Racl, another small GTPase, we propose a model for the role of these interac-
tions in controlling filamentation, a fundamental aspect of development and pathogenesis in U. maydis.

I n many fungi, the transition from the yeast-like budding form to
a filamentous form is important for growth under different con-
ditions and, importantly, serves as an essential strategy associated
with causing disease in hosts. The transition has been demon-
strated to be under the control of the two main signal transduction
pathways, the mitogen-activated protein kinase (MAPK) and cy-
clic AMP (cAMP)-dependent protein kinase A (PKA) pathways
(1-6), and is often associated with nitrogen availability. Studies
with the plant pathogens Colletotrichum lindemuthianum and
Magnaporthe grisea have also shown reductions in pathogenicity
and in the level of expression of the pathogenesis genes, respec-
tively, due to mutations in genes controlling nitrogen metabolism
(7, 8).

An important component linking fungal dimorphism to nitro-
gen availability is a subset of members of the ammonium trans-
porter (AMT) family of membrane proteins. Such components
are essential for sensing and transporting ammonium, a preferred
nitrogen source in all organisms. Ammonium transporter pro-
teins have been identified in the major kingdoms of living organ-
isms; representatives are found in eubacteria, archaea, fungi, nem-
atodes, insects, fish, plants, and even humans (9, 10). Like other
transporters, ammonium transporters are important components
of metabolic processes for cell growth and development.

Regulation of metabolic functions at the membranes is impor-
tant, because the transporters contained there often help catalyze
the first step in a pathway. Transporters are required for mem-
brane stability and are often linked to the signal transduction
components, which help the cells communicate with their envi-
ronment. Multimerization of these membrane proteins might
provide a mechanism for specific regulation and membrane struc-
ture stability (11, 12).

A variety of studies lend support to the idea that AMTs, too,
function as multimers. Paralogous copies of the amt gene are
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found in the genomes of many organisms. Biochemical studies
show that the AMTs in Escherichia coli form trimers, whereas both
biochemical and genetic studies reveal that the different Saccha-
romyces cerevisiae Mep transporters could interact directly; more-
over, the Mep2 monomer could interact with itself to form a tri-
meric complex (4, 13-15). Genetic studies similar to those done
with S. cerevisiae, conducted with Aspergillus nidulans, Arabidop-
sis, and tomato, all indicate interaction among the ammonium
transporters (16-18).

Ammonium transporters are also important in the life cycle of
the biotrophic phytopathogenic fungus Ustilago maydis. In order
to complete its life cycle, U. maydis, the pathogen of maize, re-
quires a switch to dikaryotic hyphae after the successful mating of
haploid yeast-like cells (19). In addition, yeast-like cells of U. may-
dis become elongated and/or filamentous when starved for nitro-
gen (20, 21). The relevance of nitrogen/nutrient acquisition and
sensing for the pathogenicity of U. maydis and its control has been
suggested in several studies (22-24). The U. maydis genome en-
codes two membrane-bound proteins associated with the
transport of ammonium, characterized as high- and low-affin-
ity ammonium transporters (20). The high-affinity ammonium
transporter, Ump2, in addition to transporting ammonium, also
plays a role in sensing the availability of low ammonium levels in

Received 26 June 2014 Accepted 11 August 2014
Published ahead of print 15 August 2014
Address correspondence to Michael H. Perlin, michael.perlin@louisville.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/EC.00150-14.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/EC.00150-14

October 2014 Volume 13 Number 10


http://dx.doi.org/10.1128/EC.00150-14
http://dx.doi.org/10.1128/EC.00150-14
http://dx.doi.org/10.1128/EC.00150-14
http://ec.asm.org

TABLE 1 U. maydis strains used in this study

Fungal AMT Interactions with Rho1 G Protein

Strain Genotype Reference
B WT albl 40
Aump?2 al albl ump2:hygt This study
rhol“¢ al albl rhol:P,,-rhol-cbx™ 26
rhol“"$ Aump2 al albl rhol:P,,-rhol-cbx® ump2:hyg" This study
1A pUM albl/pUM 26
% pUM-Rhol albl/pUM-rhol 26
ump2°' albl P, ~ump2-cbx" This study
ump2° pUM-Rhol albl P, -ump2-cbx® pUM Rhol This study
rac1® P, racl-cbx® 31
Aump2 racl® albl ump2:hyg" P, -racl-cbx® This study
Aump?2 rac1® pCM-Ump2 albl ump2:hyg® P, racl-cbx® pCM-ump2-G418% This study
rhol rac1® al albl rhol:P,,-rhol-hyg" P, racl-cbx" 26

the surrounding environment and is required for a filamentous
response to low ammonium levels (20). Thus, it would take on the
role of “transceptor” attributed to a subset of the AMT family (4,
6,9, 25).

We were interested in determining the interacting partners of
the U. maydis AMTs that would regulate or affect the functionality
of these proteins. Our investigation of the U. maydis ammonium
permeases provides evidence of homo- as well as heterodimer for-
mation. In the present study, we also present in vivo support for
interactions of Ump2 with the signaling protein Rhol, which be-
longs to the conserved family of Rho/Rac GTPase proteins. We
had found preliminary evidence (26) of this interaction via yeast
two-hybrid experiments to determine the interacting partners of
the U. maydis Rhol proteins; these experiments identified the
high-affinity ammonium transporter Ump2 from a cDNA library.
This interaction between Rhol and Ump2 was also confirmed
using yeast-based expression and coimmunoprecipitation (26).
To explore this potentially novel mechanism of AMT interaction
with a protein involved in cellular morphogenesis, we examined in
vivo interactions in U. maydis, as well as genetic connections be-
tween the proteins. Our study confirms these findings and pro-
vides, along with genetic evidence, the first in vivo evidence for the
physical interaction of ammonium transporters with a Rhol ho-
mologue, an important signaling component in eukaryotes.

MATERIALS AND METHODS

Strains and growth conditions. The yeast reporter strain utilized in
this study is S. cerevisiee NMY32 [MATa his3A200 trp1-901 leu2-3,
112 ade2 LYS2:(lexAop),-HIS3 URA3:(lexAop)g-lacZ ade2:(lexAop)g-
ADE2 GAL4; a gift from J. Heitman, Duke University] provided in the
DUALmembrane kit (Dualsystems Biotech, Zurich, Switzerland). The U.
maydis strains used in this study are listed in Table 1. E. coli strains DH5a
(Bethesda Research Laboratories) and TOP10 (Invitrogen, Carlsbad, CA)
were employed for cloning and open reading frame (ORF) amplification
requirements.

U. maydis cells were grown at 25 to 28°C in YEPS medium (1% yeast
extract, 2% each of peptone and sucrose, with or without 1.5% agar) and
synthetic low-ammonium dextrose (SLAD) medium [0.17% yeast nitro-
gen base (YNB) without amino acids, 2% dextrose, 50 uM (NH,),SO,] as
described previously (20). In general, YP medium (1% yeast extract and
2% peptone) or synthetic low ammonium (SLA) medium (0.17% YNB
and ammonium sulfate adjusted to a final concentration of 50 uM) were
used, with additional supplementations as follows. The P, promoter
was induced by supplementation of the YP or SLA medium with 2%
arabinose (i.e., YPA or SLAA) or was suppressed by supplementation with
2% dextrose (YPD or SLAD). For the split-ubiquitin assay, the yeast cells
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were grown on SD medium (0.17% YNB and 1X amino acid dropout
solution) supplemented with dextrose. The yeast cells were kept at 30°C
for 3 to 4 days. Strain NMY32 was maintained on YPAD plates (1% yeast
extract, 2% peptone, 2% dextrose, 0.004% adenine sulfate, and 2% agar).

DUALmembrane screen for the split-ubiquitin assay. The
DUALmembrane screen was performed according to the DUALmem-
brane kit user manual (Dualsystems Biotech, Zurich, Switzerland).
pCCW-STE, which is recommended for use with integral membrane pro-
teins that lack a leader sequence, was used as the bait vector. For each
known target protein, the respective cDNA was cloned between the two
Sfil sites in the multiple cloning site, in frame with the upstream STE
sequence (provided to help increase the expression of bait in yeast) and
the downstream Cub-LexA-VP16 cassette. The pDL2xN-STE prey vector
was chosen for the study, and each target protein cDNA was cloned be-
tween the two Sfil sites in the multiple cloning site. The bait was specifi-
cally selected to test for interaction with a particular prey in a directed
split-ubiquitin assay. This method was utilized in order to specifically look
at the interactions of U. maydis ammonium permeases with themselves
and each other and also to confirm the interaction with Rhol detected by
Pham etal. (26). Specifically, ump1, ump2, and rhol genes from U. maydis
were each cloned into the bait and the prey vector at the Sfil sites
following the cloning of the cDNA fragments into the pCR 2.1 TOPO
vector (Invitrogen, Carlsbad, CA).

For the directed two-hybrid assay, bait and prey plasmids were intro-
duced into S. cerevisiae strain NMY32 (Dualsystems Biotech) by cotrans-
formation onto double-dropout (DDO) medium (SD without Trp and
Leu). Growth was assessed for as long as 5 days on triple-dropout (TDO)
medium (SD without Trp, Leu, and His) and quadruple-dropout (QDO)
medium (SD without Trp, Leu, His, and Ade; supplemented with 25 mM
3-amino-1,2,4-triazole [3-AT]) to determine the strength of the interac-
tions. Strains bearing each vector alone, both vectors without inserts (not
shown), or, for example, the bait plasmid together with an empty prey
plasmid, and vice versa, failed to yield growth on QDO plates (see Fig. 1,
QDO, plates i to n). Additionally, strains bearing each gene in the bait
vector and a “mock” prey, AI-Alg5, also failed to grow on QDO plates (not
shown). The strength of the interaction was further assessed by spotting
cells onto plates containing 5-bromo-4-chloro-3-indolyl-B-p-galactopy-
ranoside (X-gal; 20 wg/ml) and disrupting cells on the plate in order to test
for the expression of the (-galactosidase reporter that is dependent on
interactions in this system. Yeast cells expressing B-galactosidase turned
blue within hours, depending on the strength of the interaction.

Vector construction for the bimolecular fluorescence complemen-
tation (BiFC) assay. Genetic manipulations involving switching the en-
dogenous copy of the gene with the copy of the gene fused to yellow
fluorescent protein (YFP), or the gene fused to the N terminus or C ter-
minus of YFP in U. maydis, were accomplished through homologous
recombination as described previously (27). The complete or partial YFP
sequence was fused, following fusion PCR and cloning into the pCR 2.1
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TOPO vector (Invitrogen), to one of the three genes of interest (umpl,
ump?2, and rhol). Another fragment, of approximately 1 kb, from down-
stream (down flank) of the gene of interest was amplified and cloned into
PCR 2.1 TOPO. This down flank was digested and was cloned into the
vector containing the gene of interest with the YFP fusion (up flank). The
3" end of the up flank and the 5" end of the down flank are complementary
to the 5" and 3’ regions of the carboxin and hygromycin resistance cas-
settes, respectively. The replacement constructs were amplified using
high-fidelity Phusion DNA polymerase (Finnzymes, Lafayette, CO), pu-
rified, and used to transform U. maydis protoplasts (27). Transformants
with the desired replacements were identified and confirmed by PCR and
were verified by DNA sequencing in all cases.

The YFP plasmid obtained from the Fungal Genetics Stock Center
(Kansas City, MO) was used in an earlier study conducted with Neuro-
spora crassa (28). This version of YFP had not been codon optimized for
U. maydis. Thus, to ensure expression of the YFP in U. maydis, the intact
YFP was fused to the Umpl or Ump2 protein, and its expression was
detected in cells carrying the respective fusion protein when they were
grown under low-ammonium conditions (see Fig. S1D and H in the sup-
plemental material). No fluorescence was detected for these strains on
rich medium (see Fig. S1Cand G in the supplemental material). Addition-
ally, the cells carrying only one-half of the YFP were scanned in order to
detect any background florescence. In cases where we could detect back-
ground florescence, it was set at zero, and florescence above this was
considered positive for interaction (see Fig. S2 in the supplemental mate-
rial).

Microscopy. Images of cells carrying the complete and partial YFP
fusions were acquired using an Olympus FluoView FV1000 confocal scan-
ner coupled to an Olympus IX81 inverted microscope, a PlanApo N 60X
objective, and FV10-ASW software, version 2.1.

Imaging protocol. A single-channel scanning configuration with line
scanning was set up for the acquisition of complete or partial YFP-tagged
proteins of interest, using the 488-nm line of an argon laser. A transmitted
light image was acquired during scanning for visualization of the cell
outline in the plane of scanning, by grouping of the transmitted detector
with the argon laser. The optimal brightness setting for each channel was
configured by determining the high-voltage (HV) setting that yielded
maximal intensity without saturation. Each of the settings was tested
against samples with cells that did not express tagged proteins in order to
ensure the exclusion of nonspecific emission from cells.

RESULTS
Ump1 and Ump2 form homo- and heteromers. The interaction
between the two U. maydis ammonium transporters was first
tested using a directed split-ubiquitin two-hybrid screen in the
heterologous system in which the screen was developed, S. cerevi-
siae. Unlike the traditional yeast two-hybrid assay, this modified
assay tests for interactions among membrane proteins. The split-
ubiquitin assay showed that Umpl interacts with itself, as does
Ump?2. This assay also confirmed the hypothesis that the two am-
monium transporters in U. maydis would form hetero-oligomers.
All three interactions tested were strong, as indicated by growth on
the most stringent medium, QDO medium, and also by the acti-
vation of transcription of the lacZ reporter gene (Fig. 1, bottom).
The interaction between Ump1 and Ump2 was also confirmed by
switching the bait and prey for the respective protein (Fig. 1).
Control experiments using vectors alone, or using one of the genes
of interest expressed from the bait or prey vector and cotransfor-
mation with the corresponding empty prey or bait vector, respec-
tively, all gave negative results under these conditions (Fig. 1,
QDO and DDO Xgal).

To examine the interactions of these proteins in vivo in U.
maydis, we used the bimolecular fluorescence complementation
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FIG 1 Interactions of U. maydis AMTs as determined by a split-ubiquitin
assay. Cells (10 pl) of each strain were spotted onto a medium (DDO, QDO, or
DDO with X-gal), and the plates were incubated for 24 h at 30°C. (a) Ump1
bait—-Ump] prey; (b) Ump2 bait—-Ump2 prey; (c) Umpl bait—-Ump?2 prey; (d)
Ump2 bait-Umpl prey; (e) Ump1 prey—Rhol bait; (f) Ump2 prey—Rhol bait;
(g) Umpl1 bait—Rhol prey; (h) Ump2 bait—Rhol prey; (i) Umpl prey—Dbait
vector alone; (j) Umpl bait—prey vector alone; (k) Ump2 prey—Dbait vector
alone; (1) Ump2 bait—prey vector alone; (m) Rhol prey—bait vector alone; (n)
Rhol bait—prey vector alone. In each panel, the images are from samples grown
on the same plate for the same amount of time. Interactions were measured by
growth on QDO medium supplemented with 25 mM 3-AT. (DDO) Strains
spotted onto DDO medium, which allows strains bearing both plasmids to
grow. (QDO) Growth only of strains in which both plasmids express interact-
ing proteins. (DDO Xgal) Interactions among ammonium transporters and
between ammonium transporters and Rhol, observed by a color change indi-
cating B-galactosidase expression (a through h). Yeast strain NMY32 contain-
ing a prey vector with an “empty” bait vector (or a bait vector with an “empty”
prey vector) was able to grow on DDO medium, showing the presence of
plasmids; in contrast, QDO medium did not allow the growth of any mock
combinations.

(BiFC) assay. In this assay, the Umpl and Ump2 proteins were
fused to the N and C termini of YFP, respectively, and cells carry-
ing the fusion protein were examined for fluorescence under both
nutrient-rich and low-ammonium conditions. The N and C ter-
mini of YFP were swapped between Umpl and Ump2 to ensure
that the fluorescence observed was consistent with a true interac-
tion (Fig. 2A and B). Fluorescence from the reconstituted YFP
could be detected only when cells carrying the fusion protein were
grown under low-ammonium conditions, not under nutrient-
rich conditions (Fig. 2C and D). The fluorescence confirmed the
localization of the ammonium transporters to the membrane, also
suggesting that fusion of the Ump proteins with YFP did not in-
terfere with their localization. Finally, the homomerization by
Ump1 and by Ump2 that was observed by the split-ubiquitin assay
was confirmed by the BiFC assay (Fig. 2E and F). The cells carrying
the fusion proteins also grew like wild-type cells, filamentously, on
SLAD agar (i.e., on agar under low-ammonium conditions), sig-
nifying no loss of function as a result of the fusion.

Umpl and Ump?2 interact with Rhol GTPase protein. The
putative interaction between Ump2 and Rhol was first identified
by yeast two-hybrid screens for interacting partners of Rhol (26).
A directed split-ubiquitin assay was used to confirm this interac-
tion and also to test the interaction of the low-affinity ammonium
transporter, Ump1, with Rhol. The interaction of Ump1 or Ump2
with Rhol was indicated by the growth of yeast cells expressing
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FIG 2 Interaction between Umpl and Ump2 under low-ammonium conditions. (A and B) Cells expressing Ump] fused to the N terminus of YFP and Ump2
fused to the C terminus of YFP (A) or Umpl fused to the C terminus of YFP and Ump2 fused to the N terminus of YFP (B) were grown for 24 h in liquid SLAD
medium. (Top) Differential interference contrast images; (bottom) fluorescent images. (C and D) No fluorescence was detected for growth of the cells shown in
panels A and B, respectively, on rich YEPS medium. (E and F) Differential interference contrast (left) and fluorescent (right) images of cells in which both the bait
and the prey were either Ump1 (E) or Ump2 (F), grown on SLAD medium. Bars, 20 pm. For fluorescence results (and differential interference contrast images)
for U. maydis strains in the %2 WT genetic background (40) expressing Ump1 or Ump?2 fused to the N or C terminus of YFP, grown in SLAD medium, see Fig.

S2 in the supplemental material (note the absence of fluorescence in each case).

these proteins on stringent QDO medium, and the strength of the
interaction was also confirmed by B-galactosidase activity (Fig. 1,
bottom). To assess this interaction in the more biologically rele-
vant context of U. maydis, we used BiFC. When U. maydis was
tested in vivo for interaction between Rhol and Ump1 or Ump2,
fluorescence due to reconstitution of the YFP was detected only
for cells grown under low-ammonium conditions (Fig. 3A and B),
likely due to the very low levels of transcription for either trans-
porter under these conditions (29) (see Fig. SIC and G in the
supplemental material). Fluorescence resulting from an interac-
tion between Ump2 and Rhol was detected at the membrane,
whereas fluorescence was mostly dispersed throughout the cell
when Ump1 and Rhol were tested for interaction (Fig. 3A). This
suggests that although Umpl and Rhol appear to interact under
these conditions, the resulting complex is rapidly moved to the
cytoplasm for degradation in vacuoles or by the proteosome. No
interaction was observable in rich medium (Fig. 3C), again likely
because the low levels of expression of Umpl and Ump2 under
such conditions prevented any physical interactions, if present,
from being visualized (29). On the other hand, the lack of fluores-
cence in negative-control cells bearing fusions of the respective
proteins with only half-portions of YFP (see Fig. S2 in the supple-
mental material) reduces the likelihood that the interactions we
observed are false-positive results.

Evidence of genetic interaction between rhol and ump?2.
Since BiFC established that Ump2 and Rhol interact physically
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under low-ammonium conditions, we wanted to explore further
the implications of such interactions at the genetic level. On solid
low-ammonium media (e.g., SLAD), wild-type U. maydis cells
exhibit extensive filamentation after 3 to 4 days at room temper-
ature (Fig. 4A). We next examined the effects of Rhol overexpres-
sion on filamentation. In one strain, rhol was placed under the
control of the crgl promoter. In this strain, the expression level of
rhol depends on the growth condition, specifically the carbon
source used for growing the cells (i.e., rhol is induced and over-
expressed with arabinose and is repressed with glucose [19, 30]).
Additionally, rhol was placed under the control of the strong con-
stitutive gapd promoter in a plasmid-borne construct (26). In ei-
ther case, rhol overexpression led to levels of filamentation on
SLAD medium lower than those for the wild type (compare Fig.
4A with 4B and Fig. 4C with Fig. 4D).

Overexpression of Ump?2 leads to a hyperfilamentous response
on low-ammonium medium (Fig. 4E and 5) but leads to filamen-
tation even on rich medium (Fig. 5). As was seen in wild-type cells,
overexpression of Rhol in cells in which Ump2 was concomi-
tantly overexpressed reduced filamentation (Fig. 4F). An alterna-
tive way of looking at these results is to compare cells overexpress-
ing rhol (expressed from a plasmid) with cells overexpressing
both rhol and ump2: overexpression of ump2 improved the fila-
mentation ability of the rhol-overexpressing cells under low-am-
monium conditions.

Interestingly, it has been shown that overexpression of another
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Ump1YFPC/Rho1YFPN

SLAD (i.e., low ammonium)

SLAD (i.e., low ammonium)

Ump2YFPC/Rho1YFPN

YEPS (carbon/nitrogen replete)

FIG 3 Interaction between Umpl or Ump2 and Rhol. (A and B) Cells expressing Rho1 fused to the N terminus of YFP and either Ump1 (A) or Ump2 (B) fused
to the C terminus of YFP were grown for 24 h in liquid SLAD medium. (Top) Differential interference contrast; (bottom) fluorescence. (C) Differential
interference contrast (top) and fluorescence (bottom) images for growth of cells expressing Ump2 and Rho1 on rich YEPS medium. No fluorescence was detected
on YEPS medium. Testing of Ump1 and Rhol on YEPS medium yielded similar results (not shown). Bars, 20 pm. For fluorescence results for U. maydis strains
in the ¥2 WT genetic background (40) expressing Rhol fused to the N or C terminus of YFP, grown in SLAD medium, see Fig. S2 in the supplemental material

(note the absence of fluorescence in each case).

>

small G protein, Racl, a “master controller” of polarized cell
growth (31), leads to constitutive filamentation on rich medium
(see Fig. S3A in the supplemental material) or to hyperfilamenta-
tion on SLAD medium (Fig. 6C). Furthermore, since Rhol acts
upstream of Racl (GTPase) (26), we tested a model (see Fig. 7)
whereby the interaction between Ump2 and Rho1 could sequester
the latter protein, interfering with its role in downregulating Rac1.
We did this by examining the effect of changes in either rhol or
ump2 expression on the racl overexpression phenotype. As we
saw above with both wild-type cells and cells overexpressing
Ump2, overexpression of Rhol reduced filamentation associated
with Racl overexpression on rich medium (see Fig. S3B in the
supplemental material) or on a low-ammonium agar (SLAA)
(compare Fig. S3C and D in the supplemental material).

Ump?2 is required for filamentation on low-ammonium me-
dium, independently of Rho1 or Racl expression levels. Since all
three proteins (Ump2, Rhol, and Racl) appear to affect filamen-
tation as a response to ammonium availability, we wanted to see
whether Ump2 expression would be a prerequisite for the fila-
mentation associated with Racl expression. Otherwise wild-type
cells in which the ump2 gene is deleted are unable to form fila-
ments on SLAD medium (20). In the current studies, the ump2
gene was also deleted from haploid U. maydis strains where rhol
was overexpressed. Like otherwise wild-type cells, cells in which
ump2 was deleted and rhol was overexpressed failed to display
filamentation on low-ammonium medium. This suggests either
epistatic or pleiotropic effects of the ump2 deletion on filamenta-
tion on solid low-ammonium medium. Similarly, as with the
wild-type and Rhol overexpression strains in which ump2 was
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deleted (Fig. 6A and B), deletion of ump2 abolished the filamen-
tation associated with racl overexpression (compare Fig. 6C and
D). This effect was also apparent on rich medium, where deletion
of ump2 abolished the filamentation associated with racl overex-
pression (compare Fig. 6E and F) (also, see reference 31 for racl
overexpression on rich media). As a control, the strain comple-
mented with ump2 on a plasmid displayed filamentation (Fig. 6G)
similar to that of the original Racl overexpression strain. These
results, along with previous observations (26), indicate that the
ability of Racl to affect filamentation may be controlled by the
interaction of Rhol with Ump2.

DISCUSSION

Two lines of evidence suggest interaction between and among the
two ammonium transporters identified in U. maydis. First, the
split-ubiquitin assay suggested the interaction between the two
ammonium transporters: it demonstrated that Umpl and Ump2
each interact with themselves to form homo-oligomers and also
that they interact with each other to form hetero-oligomers. These
findings are consistent with a large number of studies suggesting
physical and genetic interactions among AMTs and between
AMTs and highly conserved signaling pathways (4-6, 9, 14,17, 18,
25,32). For example, support for interactions between S. cerevisiae
Mep proteins comes from trans-dominant point mutants of Mep1
or Mep3 that interfere with the function of the wild-type versions
of the respective putative partners (4, 6). Similarly, homo-oli-
gomerization of AMTs is suggested by the fact that coexpression of
a mutant and a wild-type form of LeAMT1;1 from tomato in Xe-
nopus oocytes inhibits ammonium transport in a dominant neg-
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D

F

FIG 4 Overexpression of rhol reduces filamentation due to low-ammonium conditions. (A and B) Haploid cells were grown on SLAA medium, and colony
morphology was observed after 4 days. (A) Wild-type strain; (B) strain overexpressing rhol under the control of the crgl promoter. (C through E) Additional
strains were grown on SLAD medium, and colony morphology was observed after 4 days. (C) Wild type with empty vector (pUM); (D) rhol overexpression
vector (pUM-rhol) with rhol under the control of the constitutive gapd promoter; (E) ump2 overexpression vector; (F) rhol overexpression vector (pUM-rhol)
in an ump2 overexpression background. Magnification, X4. Colony edges for the strains depicted in panels C through F are shown at X 10 magnification in Fig.
$4 in the supplemental material. For each strain, the ratio of the filamentation area, extended from the edge of a colony, to the colony area is given as the
mean = standard deviation for a minimum of 12 independent measurements.

ative fashion; this interaction was further confirmed by the split-
ubiquitin system (17). Moreover, several AMTs have now been
crystallized (33-35), and these studies have provided convincing
evidence for the trimeric organization of these members of the
AMT family (33-35). Similarly, the role of heteromerization of
AMTs in Arabidopsis (36) was recently shown, in that oligomer-
ization of plant AMTs in the heterologous yeast system is critical
for allosteric regulation of transport activity, in which the con-
served cytosolic C terminus functions as a trans-activator. Fur-
ther, the Arabidopsis thaliana transporters examined, AMT1;1 and
AMT1;3, form functional homo- and heterotrimers in yeast and

Aump2  ump2°tet  Wild type

YEPS

SLAD

FIG 5 Wild-type haploid cells or haploid cells with ump2 disruption (Aump2)
or ump2 overexpression (ump2°") were grown either on YEPS medium (yeast
extract-peptone-dextrose; a carbon/nitrogen-replete medium) or on SLAD
(synthetic low-ammonium dextrose) medium for 4 h. Haploid cells overex-
pressing ump2 showed filamentous growth, even in nitrogen- and carbon-
replete medium. Wild-type cells (insets and right panels) were grown under
the same conditions as the mutants.
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plant roots; additionally, AMT1;3 carrying a phosphomimetic res-
idue in its C terminus regulated both homo- and heterotrimers in
a dominant negative fashion in vivo. In the current study, the
physical interaction between Umpl and Ump2 was validated in
vivo in U. maydis by using the bimolecular fluorescence assay.
Expression data obtained via transcriptome sequencing (RNA-
Seq) (M. Perlin, unpublished data) suggest that ump2 is approxi-
mately 10-fold more highly transcribed under low-ammonium
conditions than is ump1. This suggests that the most of the Ump2
protein may be more involved in homomerization than in hetero-
mer formation with Ump1. Although the functional importance
of the interaction between Umpl and Ump2 is not evident at
present, the interaction is not essential for the transport of ammo-
nium across the membrane in U. maydis, since mutants missing
either protein grow on low-ammonium media (20); in addition,
there is no obvious phenotype for loss of the Ump1 protein alone.
No evidence of allosteric regulation between the two ammonium
transporters has yet been identified in U. maydis, in contrast to
what has been observed in other fungi, such as S. cerevisiae and A.
nidulans (14, 18) and, more recently, Arabidopsis thaliana (36).
However, this does not rule out the possibility that such interac-
tions provide a mechanism for regulating the responses of these
proteins and the cell to the changing availability of external am-
monium.

Additional genetic evidence in S. cerevisiae and Candida albi-
cans points to interaction between the putative transceptor pro-
teins (i.e., the respective Mep2 proteins) and specific signaling
pathways (3, 4, 32). Overexpression of Mep2 in S. cerevisiae in-
duces a transcriptional profile consistent with activation of the
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FIG 6 Deletion of ump2 eliminates filamentation when either rhol or racl is overexpressed. (A and B) Haploid cells with ump2 deleted in the 2 WT (A) or P,
rhol (B) background were grown on SLAA, and colony morphology was observed after 4 days. While rhol overexpression strains exhibit reduced filamentation,
ump?2 deletion completely eliminates filamentation in all backgrounds examined. (C through F) Strains with racl overexpression (C and E) or ump2 deletion in
the racl overexpression background (D and F) were grown on SLAD (C and D) or YEPS (E and F) medium, and colony morphology was observed after 4 days.
ump?2 deletion abolishes the filamentation of the racl overexpression strains. (G) The racl overexpression strain with the ump2 deletion, complemented with a
plasmid-borne ump2 gene, displayed an intermediate level of filamentation on SLAD medium, comparable to that seen in the 2 WT strain alone (Fig. 4A) or with
an empty vector (Fig. 4C). Magnification, X4. Colony edges for the strains depicted in panels C, D, and G are shown at X 10 magnification in Fig. $4 in the
supplemental material. For each strain, the ratio of the filamentation area, extended from the edge of a colony, to the colony area is given as the mean * standard

deviation for a minimum of 12 independent measurements.

MAPK pathway, and epistasis analysis further supports the link-
age of Mep2 to the MAPK pathway in pseudohyphal growth (4).
In C. albicans, Mep2 activates the MAPK pathway and, in a Ras1-
dependent fashion, the cAMP-dependent PKA pathway (3). The
split-ubiquitin assay has also been a valuable tool in assessing
membrane protein interactions. A recent study (25) supported the
effectiveness of this technique in identifying proteins interacting
with membrane proteins. In particular, the interacting partners
for yeast Mep2 and Gapl, transceptors involved in both transport
and signaling functions, were identified (25).

Our study confirms and provides the first evidence of a physi-
cal interaction in vivo between an ammonium transporter and the
signaling protein Rhol. In U. maydis, Rhol is the only member of
its family of proteins required for cell viability. Rhol is involved in
controlling cytokinesis and cell polarity. Although overexpression
of Rhol led to reduced filament production in U. maydis cells,
cells depleted of Rhol showed nonpolarized growth followed by
cell death, suggesting a role for Rhol in the dimorphic transition
(26). Pham et al. (26) have shown that the lethality of the rhol
deletion strain can be rescued when another gene, racl, is deleted
in this background. Racl is another GTPase protein and has been
shown to be the master regulator controlling filamentation in U.
maydis. A constitutively active allele of Racl causes isotropic de-
localized cell extension and, eventually, cell death (31). Epistasis
analyses suggest that Rhol acts upstream and negatively regulates
Racl to control cytokinesis and cell polarity. According to the
model suggested by Pham et al. (26), Rhol could be interfering
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with the localization of Racl at the polar tips, thereby preventing
polar growth. Alternatively, it could be sequestering the effector of
Racl, Cla4 (a p21-activated kinase), or utilizing the common gua-
nine-nucleotide exchange factor (GEF) of Rhol and Racl
(Cdc24), to prevent polar growth.

We demonstrate here the interaction of Rhol with the ammo-
nium transporters Umpl and Ump2. The interaction of Rhol
with Ump2 is clear and appears to be localized to the cytoplasmic
membrane (Fig. 3B). On the other hand, unlike wild-type Ump1-
YEP, the interaction of Ump1 with Rhol does not localize to the
membrane, and what we see (Fig. 3A) may reflect an interaction
that is rapidly removed and sent to the proteasome. It is known
that an interaction between N-terminal green fluorescent protein
(GFP) and C-terminal GFP in the BiFC assay can stabilize other-
wise transient protein interactions (37). This might explain the
differentlocalizations of Ump1-YFP in the wild type (see Fig. S1 in
the supplemental material) and Ump1 fused to the C terminus of
YFP in the strain expressing Rhol fused to the N terminus of YFP
and may indicate that only a small proportion of Ump1 molecules
interact with Rhol and then move into the cytoplasm. In any case,
the Ump1-Rhol interaction is unexpected, and its role remains
unresolved.

While we do not have direct evidence, we suspect that, at least
for Ump2, the interaction with Rho1 is likely relevant for signaling
and may be occurring at the C terminus. Mutations in the C-ter-
minal portions of putative transceptors have been able to separate
the transporter from the signaling portions (3, 4, 38). The Rasl-
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FIG 7 Model for Ump?2 interaction with Rhol signaling. Previous work pro-
vided evidence for the role of Rhol in negatively affecting Racl and thereby
blocking filamentation (26). Conditions of ammonium limitation are sensed
by Ump2, which relays the signal to downstream effectors to help decide the
fate of the cells under such nutrient limiting conditions. Under such condi-
tions, when Ump?2 is expressed, it interacts with Rhol and sequesters it away
from its competition with Racl, thereby allowing/causing filamentation. Spe-
cifically, since Cdc24 is the GEF for both Rhol and Racl, the model posits that
Ump2 sequestration of Rhol allows Cdc24 to activate Racl preferentially un-
der conditions of ammonium limitation.

dependent activation of the PKA pathway in C. albicans depends
on the cytoplasmic C-terminal tail of Mep2 (3); moreover, a
G349C mutation in the protein, also in its C-terminal portion,
renders it independent of Npr1 kinase for ammonium transport
(38). The interactions we observed (Fig. 3) occur under low-am-
monium conditions, as evidenced by the detection of fluorescence
only under ammonium-limiting conditions (compare Fig. 3B and
C), although we recognize the possibility that the expression of
Ump! and Ump2 under nutrient-rich conditions is so low (29) as
to limit our ability to detect such interactions under these condi-
tions. In our model (Fig. 7), we hypothesize that this interaction
would be functionally relevant because the interaction of Rhol
with the ammonium transporters under low-ammonium condi-
tions could inhibit Rhol from negatively regulating Racl, thereby
causing filamentation under low-nutrient conditions. When
ump2 was deleted, the filamentation associated with low-ammo-
nium conditions was completely lacking (Fig. 6A, B, and D), re-
gardless of the background examined. This is likely because, ab-
sent Ump2, Rhol is completely free to block Racl, probably by
competing for its GEF, Cdc24 (39). Of course, this could also be
due to some other pleiotropic effect of deletion of the ump2 gene.
The reduced filamentation observed when Rhol is overexpressed
(Fig. 4B and D) could be due to the altered stoichiometry of the
Rhol protein; in this case, interaction with Ump2 is not adequate
to avoid inhibition of Racl, thereby reducing filamentation. Over-
expression of Ump2 at least partially alleviated this phenotype
(Fig. 4F). This is consistent with a better balance of stoichiometry
of these two proteins, relieving the negative effect of Rhol on
Racl. Furthermore, although the expression levels of Rhol under
nutrient-rich and nutrient-limiting conditions are similar (29),
the expression of ammonium transporters is much reduced under
nutrient-rich conditions (29) (see also Fig. S1 in the supplemental
material), and thus, we cannot detect interaction of Umps with
Rhol. Under such conditions, Rhol is also likely free and inhibits
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the activity of Racl, thereby blocking filamentation. Interestingly,
this could also explain the filamentation phenotype observed un-
der nutrient-rich conditions when Ump?2 is overexpressed (Fig.
5). Under these conditions, Ump2 would scavenge all available
Rhol, leaving the Cdc24 pool high, thus relieving the normal re-
pression on Racl, resulting in filamentation. In fact, the filamen-
tation associated with Racl overexpression is abolished in the ab-
sence of Ump2 (Fig. 6D). Consistent with all these results is a
model where interaction of Rhol with Ump2 sequesters Rhol,
allowing Cdc24 to activate Racl, thereby positively affecting fila-
mentation. In situations where ump2 is not expressed, i.e., growth
under nutrient-rich conditions or deletion of ump2, Rhol would
be free to interact with Cdc24, thereby blocking the activation of
Racl and suppressing filamentous growth. To summarize, we
propose that Rhol interacts with the ammonium transporter pro-
tein Ump2 and coordinates with Racl to block filaments under
conditions of abundant ammonium, suggesting that ammonium
transporter proteins add a fundamental layer to this signaling
pathway to affect downstream effectors and control of the fila-
mentous growth response.
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