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(Bacl(ground: Saccharomyces cerevisiae and Candida albicans use different transcription factors to regulate ribosomal

Results: The Ifh1-Fhll heteromer interacts with Tbfl through the Fhll protein and Rap1 through Ifh1.
Conclusion: Despite the rewiring of the DNA-binding module, the protein-protein interactions reconfigure to maintain the

Significance: Studying the rewiring of transcription regulation will help understand the laws underlying evolutionary variation.
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The genes encoding the ribosomal proteins of fungi form a
regulon whose expression is enhanced under good growth con-
ditions and down-regulated under starvation conditions. The
fungal pathogen Candida albicans contains an evolutionarily
ancient control circuit for this regulon where a heteromer made
up of the transcription regulators Ifh1 (interacts with Forkhead
1) and Fhll (Forkhead-like 1) is targeted to the ribosomal pro-
tein genes by the DNA binding factor Tbf1. In the more recently
evolved circuit in the model yeast Saccharomyces cerevisiae (Sc),
the generalist repressor-activator protein Rap1l now directs the
Ith1-Fhll module to the ribosomal protein genes. Even though
overall sequence similarity is low for the respective Fhll and
Ifh1 subunits, in both species, the Ifh1 protein links to the Fork-
head-associated domain of Fhll through its FHB domain.
Intriguingly, correlated with the transition to the Rapl-regu-
lated circuit, the Sc-Ifh1 contains a Rap1 binding domain that is
not present in the C. albicans protein. Because no extensive
common sequences are found in Tbfl and Rapl, it appears that
these targeting proteins must connect to the Ifh1-Fhll module
in distinct ways. Two-hybrid and co-immunoprecipitation anal-
ysis has been used to show that in C. albicans Tbf1 is linked to
the heterodimer through direct association with Fhll. By con-
trast, in S. cerevisiae, the linkage of the heteromer to Rapl
occurs through Ifhl. Thus, in the ascomycetes, the Ifh1-Fhll
heterodimer has reconfigured its protein associations to remain
connected to the ribosomal protein regulon despite rewiring of
the targeting transcription factor from Tbf1 to Rapl.
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Proteins represent a key component of the biomass of cells,
and so an actively growing cell invests a great deal of effort in
making ribosomes, the machinery necessary to produce these
proteins. For a Saccharomyces cerevisiae cell growing in log
phase, this process involves coordination of the three RNA
polymerases in making proper amounts of the four ribosomal
RNAs and the transcripts for around 80 ribosomal proteins. Up
to 50% of RNA polymerase II transcription initiations are for
ribosomal proteins, and 80% of all nucleic acid in the cell com-
prises rRNA (1, 2), so this represents a major cellular endeavor.
Overall, the formation of ribosomes involves two main ele-
ments: the transcription of the ribosomal proteins and the tran-
scription and processing of the ribosomal DNA. The regulatory
pathways controlling the expression of these components are
conserved across a wide variety of fungi and plants (3, 4).

Recent work has shown that the transcription of ribosomal
proteins in Candida albicans and in the majority of Hemiasco-
mycota is controlled by a complex of proteins, including the
specialist activators Ifh1? and Fhll and the DNA-binding pro-
tein Tbf1 (3, 5). Intriguingly, in S. cerevisiae and its close rela-
tives, this critical circuit has been rewired to replace the DNA-
binding protein Tbfl with the general repressor-activator
protein Rapl1 (3, 5, 6). This rewiring has required the complete
restructuring of the promoters of the ribosomal protein genes
to replace the palindromic Tbfl binding site with the Rapl
binding site. However, other elements of the complex involved
in the control of RP transcription, in particular Ifh1 and Fhl1,
appear to function in the pathways of both the Rap1- and Tbf1-
specified regulons (5-9). Because the transcription of RP-en-
coding genes in a growing cell must remain responsive to an

2The abbreviations used are: Ifh1, interacts with Forkhead 1; RP, ribosomal
protein; aa, amino acid(s); Fhl1, Forkhead-like 1; Ca, C. albicans; Sc, S. cerevi-
siae; FHA, Forkhead-associated; FHB, FHA binding; SD, synthetic dextrose;
SAM, sterile a motif; TRB, telomere repeat binding; BRCT, breast cancer
susceptibility protein C terminus.
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array of nutritional and external environment signals for the
cells to modulate the production of ribosomes (10-12), it
appears essential that any rewiring event not disconnect the
gene expression control from the upstream pathways commu-
nicating the environmental signals. Thus, switching from using
Tbf1 to regulate RP gene expression to using Rap1 presents the
cell with the engineering challenge not just of reconfiguring the
promoters of a large regulon but also of maintaining the con-
nectivity to the environmental sensing circuits while the switch
is made.

Overall, evolutionary changes in complexes controlling basic
transcriptional networks can involve changes in cis-regulatory
DNA sequences and trans-acting protein factors either
together or separately (13). Examples of cis changes could
involve the appearance or disappearance of a binding motif in
the promoter of a target gene, whereas examples of traus
changes can be the modifications in the interaction capabilities
of a transcription factor. Both of these changes could be
expected to be powerful drivers of evolutionary change. Most
DNA-binding regulatory proteins recognize relatively short
sequence motifs, so a limited number of nucleotide changes in a
promoter region would be sufficient to include or exclude a
particular gene from a regulon (13-17). Although modifica-
tions at the protein level can require more sophisticated
changes, the modular nature of transcription regulators (18)
means that a specific DNA binding domain could be hooked up
to a variety of regulatory domains, and this would allow a cell to
sample the evolutionary consequences of linking different
upstream regulatory circuits to any given transcriptional unit.

Although it is relatively easy to visualize evolution testing out
new regulatory circuitry for non-essential cellular processes, it
is less clear how dramatic changes could occur in the regulation
of central metabolic processes. In the case of the ribosomal
protein regulon of the ascomycetes, the need to reconfigure the
cis-acting sites to accommodate the DNA binding specificity of
the Rapl protein together with the need to maintain the con-
nection to the environmental sensing circuitry puts severe con-
straints on how this exchange could be accomplished. Here we
show that connection to the sensing circuitry was maintained
by conserving the Ith1-Fhl1 dimer in both the Rap1- and Tbf1-
mediated regulons. However, the switch from linking the Ifh1-
Fhll heterodimer to Rap1 rather than Tbf1 involved a dramatic
reconfiguring of the protein-protein associations among the
complexes. Rather than linking to the DNA-binding protein
through the Fhll subunit as in the Tbfl-mediated circuit, a new
interaction surface on Ifthl allows this subunit to connect to
Rapl directly.

EXPERIMENTAL PROCEDURES

Strains, Media, and Plasmids—Cell growth, transformation,
and DNA preparation were carried out using standard proce-
dures (19, 20). Experiments were conducted in the SN148 strain
background (21), and all C-terminally tagged strains were gen-
erated by using the plasmids pFA-Myc-HIS1, pFA-Myc-URA3,
pFA-Myc-ARG4, pFA-HA-URA3, and pFA-HA-ARG4 as
templates (22). Depending on the starting strain, promoter
switches were constructed using the plasmid pFA-URA3-
MET3p or pFA-HIS1-MET3p as a template (20) to create a
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strain with a full-length Tbfl protein under the Met3p pro-
moter. Briefly, suitable PCR products were amplified contain-
ing 100—-120-base pair overhangs of the region just upstream
and downstream of the termination codon or the starting
codon of the gene being changed, and the PCR product was
used to transform the C. albicans SN148 strain or a derivative.
Transformants were selected on either —Ura, —His, —Arg, or
double selective plates lacking two nutritional supplements
(0.67% yeast nitrogen base, 2% glucose, amino acid dropout).
Correct integrants were identified by diagnostic PCR and then
grown until midlog phase either in non-selective liquid medium
YPD (1% yeast extract, 2% peptone, 2% dextrose) in the C-ter-
minal tagging experiments or in SD-Met"Cys™ or SD-
Met Cys ™ medium in the promoter switch experiments, and
immunoblotting was done to test for actual expression of
the tagged protein. All the strains thus generated are listed in
Table 1.

Yeast Two-hybrid Analysis—To map protein-protein inter-
actions among domains of the ribosomal protein transcription
pathway components, we used a S. cerevisiae two-hybrid sys-
tem recently developed for the detection of protein-protein
interactions in the cytoplasm. Briefly, this yeast two-hybrid sys-
tem is based on the interaction of Ste11(MEKK) and Ste50 that
is required for high osmolarity glycerol pathway activation and
osmoadaptation, which is critical for the survival of yeast cells
under hyperosmotic stress in the absence of the two-compo-
nent osmosensing branch (23). The interaction of Stell and
Ste50 through their respective SAM domains required to acti-
vate the high osmolarity glycerol pathway can be replaced by
association of other protein-interacting modules (24). This
behavior offers a unique potential to analyze bait-prey interac-
tions by substituting them for the respective SAM domains and
using the activation of the high osmolarity glycerol pathway as
a reporter (23).

Plasmid pYL40 contains the fragment of STEII encoding
Stell lacking its SAM domain (amino acids (aa) 110-717)
inserted at the Sall site of pGREG506 (22) and a HIS3 stuffer
marker inserted at the Smal site in front of the Ste11ASAM
module. Similarly, pYL45 contains the fragment of STESO
encoding Ste50 without its SAM domain (aa 115-346) at the
Sall site of pGREG503 (22) and a L/RA3 stuffer marker inserted
at the Smal site in front of the Ste50ASAM. All candidate ORFs
or their fragments were PCR-amplified and cloned into the vec-
tor plasmids pYL40 and pYL45 at their Smal sites through in
vivo recombination in S. cerevisiae strains YCW1476 and
YCW1477. All the primers used for the PCR amplification reac-
tions contain gene-specific sequences and common sequences
used for inm vivo recombination in a layout as follows:
5'-ATTCTAGAGCGGCC GCACTAGTGGATCCCCCGGG-
gene-specific sequence (starting with ATG)-3' for the forward
orientation and 5'-TCGATAAGCTTGATATCGAATTCCT-
GCAGCCCGGG-gene-specific sequence (delete the stop
codon)-3’ for the reverse orientation. To query the bait-prey
interaction, in vivo recombination positive clones (stuffer
marker-negative with correct inserts) of the baits in one of the
two yeast strains were crossed to the in vivo recombination
positive clones of the preys in the other yeast strain, mating
products were selected, and their ability to activate the high
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FIGURE 1. Alignment of Ifh1 protein sequences across the ascomycetes species highlighting the conserved and partially conserved regions. The FHB
domainis the only extended stretch to show conservation across all species, whereas a smaller region is seen to be conserved across those Ifh 1 proteins binding
with Rap1; this region is missing in those species where Tbf1 is responsible for ribosomal protein transcriptional control in place of Rap1. Darker color indicates
greater conservation. RB, Rap1 binding region; C.alb, C. albicans; S.cer, S. cerevisiae; S.par, Saccharomyces paradoxus; C.gla, Candida glabrata; S.cas, Saccharo-
myces castellii; A.gos, Ashbya gossypii; K.lac, Kluyveromyces lactis; K.wal, Kluyveromyces waltii; L.elo, Lodderomyces elongisporus; C.par, Candida parapsilosis;
D.han, Debaryomyces hansenii; C.lus, Candida lusitaniae; C.gui, Candida guilliermondii; C.tro, Candida tropicalis; Y.lip, Yarrowia lipolytica; S.klu, Saccharomyces
kluyveri.

TABLE 1
Strain lists for C. albicans and S. cerevisiae
Name of strain Description Parental strain Ref./Source
C. albicans
SN148 arg4/arg4 hisl/hisl ura3/ura3 leu2/leu2 SC76 21
CA-JDM001 SN148 Ith1-(FL)Myc-His1/IFH1;Fhl1-(FL)HA-Arg4/FHL1 SN148 This work
CA-JDM002 SN148 Ith1(1-700 aa)Myc-His1/IFH1;Fhl1-(FL)HA-Arg4/FHL1 SN148 This work
CA-JDM003 SN148 Ifth1(1-600 aa)Myc-His1/Ifh1;Fhl1-(FL)HA-Arg4/FHL1 SN148 This work
CA-JDM004 SN148 Ith1(1-500 aa)Myc-His1/IFH1;Fhl1-(FL)HA-Arg4/FHL1 SN148 This work
CA-JDM005 SN148 Ith1(1-400 aa)Myc-His1/IFH1;Fhl1-(FL)HA-Arg4/FHL1 SN148 This work
CA-JDM006 SN148 Fhl1-(FL)Myc-His1/FHL1 Ifh1-(FL)HA-Ura3/IFH1 SN148 This work
CA-JDM007 SN148 Fhl1(1-900 aa)Myc-His1/FHL1;Ifh1-(FL)HA-Ura3/IFH1 SN148 This work
CA-JDM008 SN148 Fhl1(1-700 aa)Myc-His1/FHL1;Ith1-(FL)HA-Ura3/IFH1 SN148 This work
CA-JDM009 SN148 Fhl1(1-160 aa)Myc-His1/FHL1;Ifh1-(FL)HA-Ura3/IFH1 SN148 This work
CA-JDM010 SN148 Tbfl-(FL)Myc-Ura3/Tbf1-(FL)HA-Arg4 SN148 This work
CA-JDMO011 SN148 Tbf1(1-700 aa)Myc-His1/Tbfl-(FL)HA-Arg4 SN148 This work
CA-JDMO012 SN148 Tbf1(1-600 aa)Myc-His1/Tbfl-(FL)HA-Arg4 SN148 This work
CA-JDM013 SN148 Tbf1(1-500 aa)Myc-His1/Tbfl-(FL)HA-Arg4 SN148 This work
CA-JDMO014 SN148 Tbf1(1-400 aa)Myc-His1/Tbfl-(FL)HA-Arg4 SN148 This work
CA-JDMO015 SN148 Tbf1(1-300 aa)Myc-His1/Tbfl-(FL)HA-Arg4 SN148 This work
CA-JDMO16 SN148 Tbfl-(FL)Myc-His1/TBF1 Ifh1-(FL)HA-Ura3/IFH1 SN148 This work
CA-JDM017 SN148 Tbf1-(1-700 aa)Myc-His1/TBF1 Ifh1-(FL)HA-Ura3/IFH1 SN148 This work
CA-JDM018 SN148 Tbfl-(1-600 aa)Myc-His1/TBF1 Ifh1-(FL)HA-Ura3/IFH1 SN148 This work
CA-JDMO019 SN148 Tbf1-(1-500 aa)Myc-His1/TBF1 Ifh1-(FL)HA-Ura3/IFH1 SN148 This work
CA-JDM020 SN148 Tbf1-(1-400 aa)Myc-His1/TBF1 Ifh1-(FL)HA-Ura3/IFH1 SN148 This work
CA-JDM021 SN148 Fhl1-(FL)Myc-His1/FHL1 Tbfl-(FL)HA-Arg4/Tbfl SN148 This work
CA-JDM022 SN148 Tbf1-(1-700 aa)Myc-His1/TBF1 Fhll-(FL)HA-Arg4/Fhll SN148 This work
CA-JDM023 SN148 Tbf1-(1-600 aa)Myc-His1/TBF1 Fhl1-(FL)HA-Arg4/Fhll SN148 This work
CA-JDM024 SN148 Tbf1-(1-500 aa)Myc-His1/TBF1 Fhll-(FL)HA-Arg4/Fhll SN148 This work
CA-JDMO025 SN148 His1-Met3p-Tbfl-(FL)Myc-Ura3/Tbfl-(FL)HA-Arg4 SN148 This work
CA-JDMO026 SN148 Tbf1(1-700 aa)Myc-His1/Ura3-Met3p-Tbf1-(FL)HA-Arg4 SN148 This work
CA-JDM027 SN148 Tbf1(1-500 aa)Myc-His1/Ura3-Met3p-Tbfl-(FL)HA-Arg4 SN148 This work
BWP17 ura3:imm434/ura3::imm434 hisl:hisG/hisl:hisG argd:hisG arg4:hisG 47
HLC 15 BWP17 Fhl1-HA-His1, Tbf1-Myc-Arg4 BWP17 This work
S. cerevisiae
W303 a/a MAT al o ade2-1 leu2-3,112 ura3-1 his3-11,15 trp1-1 canl-100 ssd1-1 25
SC-JD 001 W303 a/a Ith1-(FL)FLAG-G418/IFH1 W303 a/a This work
SC-JD 002 W303 a/a Ifh1-(FL)FLAG-G418/IFH1, Gal-HA-N-ter-Rap1-(FL)-His3/RAP1 W303 a/a This work
SC-JD 003 W303 a/a Ifh1-(FL)FLAG-G418/IFH1, Gal-HA-N-ter-Rap1-(330-827)-His3/RAP1 W303 a/a This work
SC-JD 004 W303 a/a Ifh1-(FL)FLAG-G418/IFH1, Gal-HA-N-ter-Rap1-(410-827)-His3/RAP1 W303 a/a This work
SC-JD 005 W303 a/a Ifh1-(FL)FLAG-G418/IFH1, Gal-HA-N-ter-Rap1-(600—827)-His3/RAP1 W303 a/a This work
YZ154 W303 a/a Ifth1-(FL)Myc-His3/IFH1 W303 a/a J. R. Warner
YZ155 W303 a/a Ith1-(1-800)Myc-His3/IFH1, Fhl1-(FL)HA-G418 W303 a/a J. R. Warner
YZ156 W303 a/« Ifh1-(1-650)Myc-His3/IFH1, Fhl1-(FL)HA-G418 W303 a/a J. R. Warner
YZ157 W303 a/a Ifth1-(1-500)Myc-His3/IFH1, Fhl1-(FL)HA-G418 W303 a/a J. R. Warner
YZ158 W303 a/a Ith1-(1-350)Myc-His3/IFH1, Fhl1-(FL)HA-G418 W303 a/a J. R. Warner
YZ159 W303 a/a Ifh1-(1-200)Myc-His3/IFH1, Fhl1-(FL)HA-G418 W303 a/a J. R. Warner
= —
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osmolarity glycerol pathway was measured by the ability to cerevisiae Ithl1-Myc tagged strains (Table 1) (21, 25) were grown
grow on hyperosmolarity medium (23). to midlog phase in YPD/YP-Gal. Cells at a final A, ,,,,, of 1.0—

Immunoblotting and Co-Immunoprecipitations—C. albicans 1.5 were harvested by centrifugation and lysed by bead beating
Fhl1-HA, Ifth1-Myc, and the other double tagged strains or S.  in IP150 buffer (50 mm Tris-HCl (pH 7.4), 150 mm NaCl, 2 mm

17510 JOURNAL OF BIOLOGICAL CHEMISTRY YASBMB\  VOLUME 288-NUMBER 24-JUNE 14, 2013



MgCl,, 0.1% Nonidet P-40) supplemented with Complete Mini
protease inhibitor mixture tablet (Roche Applied Science) and
1 mM phenylmethylsulfonyl fluoride (PMSF). The lysates were
then cleared by centrifugation, and protein concentration was
estimated using the Bradford assay. One milligram of total pro-
tein was added to 40-50 ul of monoclonal mouse anti-Myc
(9E10), anti-HA (12CA5) (Roche Applied Science), or anti-
FLAG (Sigma)-conjugated beads; anti-Nhp2 rabbit polyclonal
antibody coupled with protein A-agarose beads (Pierce); or
anti-Rap1 antibody (a kind gift from J. Warner) and incubated
at4 °C with end-over-end mixing overnight. The next morning,
beads were centrifuged at 2000 rpm at 4 °C, washed three times
with IP150 buffer, boiled with SDS-PAGE loading buffer, and
resolved by 4-20% gradient SDS-PAGE. Proteins were trans-
ferred onto a nitrocellulose membrane and analyzed by West-
ern blotting using rabbit anti-Myc (1:1000) (Santa Cruz
Biotechnology), anti-HA (1:2500) (Roche Applied Science),
anti-FLAG (1:5000) (Sigma), anti-Nhpl, or anti-Rapl poly-
clonal antibodies wherever applicable.

Bioinformatics Analysis—Multiple sequence alignments
were performed with MAFFT (26) and viewed with Jalview
(Version 2) (27). The protein sequences of the different yeast
species were downloaded from the Fungal Orthogroups Repos-
itory hosted by the Broad Institute, Massachusetts Institute of
Technology. Phylogenetic trees were drawn using the protein
sequences with the help of the online programs available either
at the MAFFT website, which uses the neighbor-joining
method for building the tree and a map viewer known as
Archaeopteryx (28, 29), or at the Phylogeny.fr website using
their online programming for tree building using the “One
Click” option for the default procedure (30, 31).

RESULTS

Ifh1 and Fhll Have an Evolutionarily Conserved Interaction—
In the ascomycetes, Ith1 and Fhll represent specialist transcrip-
tion regulators that function in the control of ribosomal protein
gene expression (5-9). Alignments of each protein among the
fungi show that the family members contain only limited blocks
of strong sequence similarity, although where investigated, they
function in identical processes. All the Ithl proteins share a
common FHB domain, which represents the only extended
region of sequence similarity within the protein that was found
across all the fungal species. However, there is also a region
between amino acid residues 550 and 650 in the Ith1 of S. cerevi-
siae that is conserved in closely related species of Saccharomy-
cotina (Fig. 1, green rectangle) but is missing in the other fungi
(Fig. 1). Similarly, multiple alignments of the Fhll protein
sequences identify only two clear blocks of conserved similarity
that are found throughout the fungi: the Forkhead-associated
(FHA) domain and the Forkhead domain. The FHA domain
represents the most highly conserved region of Fhll, whereas
the Forkhead domain shows comparatively less conservation,
suggesting that the FHA domain may be involved in functions
that have been most strongly conserved evolutionarily. In the
yeast S. cerevisiae, the function of the FHA domain of Fhl1 is to
direct the association of Fhll with Ifh1 by binding to the Ith1l
FHB domain (6-9, 32). We used two independent protein
association assays to test whether similar Fhl1-Ifh1l binding
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FIGURE 2. Ifh1 and Fhl1 co-immunoprecipitate only if the FHB domain of
Ifh1 and the FHA domain of Fhi1 are intact. A, co-immunoprecipitations
from lysates of the different C. albicans strains with full-length (FL) and C-ter-
minally deleted Myc-tagged versions of Ifh1 and the full-length Fhl1 C-ter-
minally tagged with HA are shown (details of strains used are found in
Table 1). B, co-immunoprecipitations from lysates of the different C. albi-
cans strains with full-length (FL) and C-terminally deleted Myc-tagged ver-
sions of Fhl1 and the full-length Ifh1 C-terminally tagged with HA are
shown (details of strains used are found in Table 1). C, the interaction
between the FHB and FHA domains of Ifh1 and Fhi1 as observed in the
yeast two-hybrid system. /P, immunoprecipitation; Ab, antibody; FH, Fork-
head domain; —ve, negative.
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FIGURE 3. Tbf1 immunoprecipitates itself only if the TRB domain is intact. A, co-immunoprecipitations from lysates of the different C. albicans strains where
one copy of Tbf1 is either full-length (FL) or C-terminally deleted with a Myc tag and the other copy of Tbf1 is full-length and C-terminally tagged with HA
(details of strains used are shown in Table 1). B, the interaction of the TRB domain of Thf1 with itself as observed in the yeast two-hybrid system. IP,

immunoprecipitation; Ab, antibody; —ve, negative.

occurred in the human pathogen C. albicans. The first method
involved co-immunoprecipitation of tagged proteins and pro-
tein fragments, whereas the second involved a cytoplasmic
yeast two-hybrid system (23). In both cases, the FHA domain of
Fhll and the FHB region of Ifh1 were shown to be required for
the interaction between these proteins in C. albicans.

The in vivo association of Ithl and Fhll was investigated
through co-immunoprecipitation. C-terminally Myc-tagged
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versions of full-length and truncated proteins along with the
C-terminally HA-tagged versions of a potentially interacting
protein were generated, and the interactions were monitored
by co-immunoprecipitation. A series of strains was constructed
in which different C-terminally deleted Myc-tagged Ifh1 con-
structs were expressed along with HA-tagged full-length Fhl1.
The details of the tagged Ifh1 fragments and the tagged Fhll
protein with which they were immunoprecipitated are given in
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Fig. 2A. The co-immunoprecipitation results show that Ifh1 is
not pulled down with the full-length HA-tagged Fhll in the
absence of an intact FHB domain (amino acids 617-683),
implying that Ifth1 needs the FHB domain for binding Fhl1 (Fig.
2A). The reciprocal is also true; when a Myc-tagged fragment of
Fhl1 is expressed without the FHA domain, it is not co-immu-
noprecipitated with full-length HA-tagged Ifh1. However, the
full-length or smaller fragments of Fhll with an intact FHA
domain can be pulled down with Ifh1 (Fig. 2B).

To refine the in vivo data, a collection of protein fusion frag-
ments was generated covering the entire length of the C. albi-
cans Ifh1- and Fhll-interacting domains and screened for their
interactions using the two-hybrid assay. Different fragments
tested along with whether they interacted or not are shown in
Fig. 2C. Somewhat surprisingly, the full-length Ifh1 and the first
600-amino acid fragment of Fhll did not give a signal (data not
shown), although smaller fragments of each protein generated a
positive response. This could be because the larger proteins
were able to fold to prevent interactions (33), but it also appears
that the yeast two-hybrid system used here has a limitation on
the maximum length of the fragments that can be tested.
Sequence alignments of Fhll proteins showed that the FHA
domain of the C. albicans protein extends from residues 150 to
255. When this region of Fhll (amino acids 151-259) was used
as bait, it showed a clear interaction with Ifhl. In fact, all the
fragments of Fhll containing the intact domain (with the
exception of the first 600-aa fragment) tested were seen to
interact with Ifhl. The interaction was abolished when this
domain was even partially deleted. Similarly, multiple sequence
alignments of Ith1 identified the FHB domain in the C. albicans
protein as extending from amino acid residues 617 to 683, and
it was this region that was shown to interact with the FHA
region of Fhll. When this region was partially or completely
deleted, no interaction was detected. Furthermore, a PCR-gen-
erated point mutant (G221W) was identified within the Fhll
FHA domain that disrupted the interaction between Fhll and
Ith1, showing that specific residues in this interface are critical
for the association (data not shown). Overall, the co-immuno-
precipitation experiments and the S. cerevisiae two-hybrid sys-
tem data support the model that the interaction between Ifh1l
and Fhll in C. albicans occurs through the same domains as in
S. cerevisiae, consistent with a conserved Ifh1-Fhll heteromer
being a common feature of ribosomal expression control in the
ascomycetes.

Interaction of Tbf1 with the Ifh1-Fhil Pair in C. albicans—
Our previous work (5) suggested that the Ifh1-Fhll pair inter-
acts directly with Tbfl in C. albicans in its function as a tran-
scription factor controlling expression of ribosomal protein
genes. Tbfl in C. albicans is an 886-amino acid protein with two
bioinformatically predicted domains, a telomere repeat binding
(TRB) domain and a Myb domain (34, 35). Alignments of the
Tbf1 protein sequences from various hemiascomycetes shows
that in the C. albicans protein the TRB domain lies between aa
residues 309 and 586, and the Myb domain is found between aa
residues 652 and 728. ChIP-CHIP (chromatin immunoprecipi-
tation followed by whole genome microarray) profiles of Tbfl
binding at RP promoters shows that along with a major peak,
which coincides with the binding of Ifh1 and Fhll, there is an
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FIGURE 4. Interactions among Fhl1, Ifh1, and Tbf1. A, co-immunoprecipi-
tations from lysates of the different C. albicans strains with full-length (FL) and
C-terminally deleted Myc-tagged versions of Tbf1 and a full-length Fhi1 C-ter-
minally tagged with HA (details of strains used are shown in Table 1). B, co-
immunoprecipitations from lysates of different C. albicans strains with full-
length (FL) and C-terminally deleted Myc-tagged versions of Tbf1 and the
full-length Ifh1 C-terminally tagged with HA (details of strains used are shown
in Table 1). C, the interaction of the FHA domain of Fhil1 with TRB domain in
Tbf1 as observed in the yeast two-hybrid system. IP, immunoprecipitation;
Ab, antibody; FH, Forkhead domain; —ve, negative.
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extended shoulder of Tbfl binding at most ribosomal protein
promoters (5). Because the binding sites for Tbfl are typically
direct or inverted repeats of the binding motifs, it is possible
that these shoulders result from binding of a dimerized Tbf1.
To test for possible dimerization of Tbfl in vivo, strains of C.
albicans were constructed that express a C-terminally Myc-
tagged full-length or deleted version of Tbf1 along with an HA-
tagged full-length Tbfl. Co-immunoprecipitation experiments
with anti-HA antibody followed by immunoblots probed with
antibodies against the Myc and HA tags confirmed the
dimerization of Tbfl and suggested that Thfl subunits bind
each other through their TRB domains (Fig. 34). To confirm
this observation, the intact and truncated TRB domain of Tbf1
was assayed for association with itself using the cytoplasmic S.
cerevisiae two-hybrid system. The different fragments of Tbfl
tested are shown in Fig. 3B where it is seen that the assay detects
interaction between constructs that both carry the intact 290 —
600-aa region.

Next, to determine in vivo the interaction surfaces between
Tbfl and the Ith1-Fhll heteromer, full-length or C-terminally
deleted versions of Myc-tagged Tbfl were expressed along with
the full-length HA-tagged Fhll and co-immunoprecipitated.
We observed that along with the full-length Tbfl only those
versions of Tbfl possessing an intact TRB domain are pulled
down with full-length Fhll, implying that the TRB domain is
necessary for the binding of Tbfl with Fhl1 (Fig. 44). When the
full-length HA-tagged Ifh1 is expressed along with C-termi-
nally deleted fragments of Myc-tagged Tbf1, both the 700- and
the 600-aa fragments of Tbfl are pulled down with Ifhl,
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whereas the smaller fragment is not, suggesting that the region
of Tbfl responsible for its interaction with Ifthl is within the
first 600 amino acids (Fig. 4B). This result is consistent with the
TRB domain, which is found between amino acids 309 and 586,
the region involved in the interaction. It is not possible from
these two co-immunoprecipitation experiments to establish
whether the observed interaction between either Ifh1 or Fhll
and Tbfl is direct; to ascertain this, we used the cytoplasmic
yeast-two hybrid assay to examine the direct interaction
between Tbfl and Ifth1-Fhll. Because Tbfl also interacts with
itself through the TRB domain, it is possible that a dimer of
Tbf1 binds Fhll or Ifhl.

To identity the member of the Ith1-Fhll heteromer interact-
ing directly with Tbfl, fragments of Tbfl were used in the cyto-
plasmic S. cerevisiae two-hybrid system to probe for interac-
tions with the different components of the dimer. No direct
interaction was observed between Tbfl constructs and any of
the fragments of Ifh1 tested (fragments of Ifhl covering the
whole protein have been used to test for potential interaction
against fragments covering the whole of Tbfl) (data not
shown). However, testing the interaction of Fhll with Tbfl
demonstrated that Fhll constructs containing the region
between amino acids 100 and 296 (containing an intact FHA
domain) interacted with the TRB domain of Tbfl (Fig. 4C).
These interactions were abolished if either of these domains
was partially deleted. These results suggest that Fhll, but not
Ifh1, has a direct interaction with Tbfl and that Fhll requires a
region that includes the FHA domain for this association,
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whereas Tbfl requires an intact TRB domain for interaction
with Fhll.

The interaction between Fhll and Tbfl did not change in
response to nutrient limitation or other stresses. When full-
length tagged Tbf1 and Fhll were co-immunoprecipitated dur-
ing rapamycin treatment and other stress conditions, we
observed (Fig. 5A4) that the interaction is not disrupted. This is
in contrast to the Ith1-Fhll association as the interaction
between these proteins was observed to be reduced in response
to rapamycin treatment and other similar kinds of stresses (see
Fig. S13 of Ref. 5). Furthermore, it was observed that the Ith1-
Tbfl interaction is subject to modification during nutritional
and other kinds of stresses. When full-length tagged Tbf1 and
Ifth1 were co-immunoprecipitated during rapamycin treatment
and other stress conditions, we observed (Fig. 5B) that the inter-
action is disrupted, implying that the Tbfl-Ifthl interaction is
subject to nutritional conditions, osmotic stress, and heat.
Overall, it appears that in C. albicans the binding of the Ifh1-
Fhl1 heteromer with Tbfl occurs through Fhll associating with
the TRB domain of Tbf1 and that this association is not respon-
sive to the environment. Because both the Ifth1-Fhll and Tbfl-
Ifh1 associations are subject to environmental stresses, it is the
Ifh1 protein that seems to be responsible for disassociating
from the Tbf1-Fhl1-Ifthl complex when the cells face difficult
conditions and have to stop growth.

Disruption of the Tbfl TRB Domain of Interaction Severely
Compromises Cell Viability—We investigated whether specific
domains defined by the interaction assays as being involved in
the association of the transcription regulators were important
for cellular function. We replaced the promoter of the full-
length allele of Tbfl with the inducible Met3p promoter in a
strain where the other allele of Tbf1 had a C-terminal trunca-
tion (Fig. 6A). When the truncation extended into the TRB
domain and the strain was incubated under repressing condi-
tions to block expression of the full-length protein, cell growth
was inhibited. This shutoff strain was also more sensitive to
other conditions like heat and osmotic stress (Fig. 6B). How-
ever, when the truncation did not extend into the TRB domain,
inhibition of the full-length protein did not compromise
growth (Fig. 6B). The results shown in Fig. 6B have been sum-
marized in Fig. 6C.

Ifhl1 Proteins That Link to Rap1 Contain a Distinct Domain—
Although both Rapl (in S. cerevisiae) and Tbf1 (in C. albicans)
are capable of directing the Ifth1-Fhll heteromer to the promot-
ers of the ribosomal protein genes, outside of the Myb domains,
the Tbfl and Rapl1 proteins (36, 37) have very little similarity,
and even these Myb domains are quite divergent. Therefore, we
examined how the Ifh1-Fhll module interacted in S. cerevisiae
with Rapl. Multiple sequence alignment analysis of the two
branches of Ifh1 proteins (the Rap1-interacting group members
and the Tbfl-interacting group members) showed that the
Rapl-interacting proteins were generally larger and contained
a conserved region that was missing in all the Tbfl-interacting
group members (Fig. 1).

When C-terminally deleted Myc-tagged Ith1 is expressed in
S. cerevisiae and Rapl is used as the bait for a co-immunopre-
cipitation, the smallest fragment of Ifh1 that is efficiently pulled
down contains amino acids 1- 650, whereas deletion to residue
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FIGURE 6. A, immunoblot of different C. albicans strains with one copy of a
Myc-tagged Tbf1, either full length (FL) or C-terminally deleted, and with the
other full-length copy of Tbfl tagged with HA and expressed under
the Met3p promoter (details of strains used are in Table 1). The strains were
grown in the presence or absence of methionine and cysteine. The presence
of methionine and cysteine suppresses the expression of the HA-tagged full-
length copy of Tbf1. B, the growth assay shows that in the absence of full-
length Tbf1 the growth of the strains is severely compromised both in the
absence and presence of stress-inducing factors. C shows the result of Bin a
tabular form. /P, immunoprecipitation; Ab, antibody; —ve, negative; ver.,
version.
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500 blocks the interaction, establishing that the region in Ifh1l
needed to bind Rapl is within this stretch (Fig. 7A). The region
that is uniquely conserved within those Ith1 proteins that inter-
act with Rapl lies between amino acids 550 and 650, and thus,
this domain appears to be required for efficient binding of Ith1
to Rapl.

The region of Rap1 required for this interaction with Ifth1 was
identified by constructing a series of strains expressing N-ter-
minally deleted HA-tagged versions of Rapl under the GALI
promoter and expressing Ifthl with the FLAG tag. When co-
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Rap1 binding region.

immunoprecipitations were performed with anti-FLAG and
anti-HA antibodies followed by Western blots (Fig. 7B), only
the full-length Rap1 co-immunoprecipitated Ith1, and only full-
length Ifh1 co-immunoprecipitated Rap1. All versions of Rapl
lacking the breast cancer susceptibility protein C terminus
(BRCT) domain fail to co-immunoprecipitate Ith1 or fail to be
co-immunoprecipitated by Ifhl, suggesting that the BRCT
domain of Rap1 is critical for the association with Ifh1.
Overall, in S. cerevisiae, Rapl appears to interact with the
Ifh1-Fhll heteromer through a domain of Ifh1 ~100 amino
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FIGURE 8. Proposed model of restructuring of the protein-protein interactions within the RP regulon of C. albicans and S. cerevisiae alongside a scaled
and unrooted phylogenetic tree whose branch lengths are proportional to the differences between pairs of neighboring species. C.alb, C. albicans;
S.cer, S. cerevisiae; Spar, S. paradoxus; Cgla, C. glabrata; Scas, S. castellii; Agos, A. gossypii; Klac, K. lactis; Kwal, K. waltii; Lelo, L. elongisporus; Cpar, C. parapsilosis;
Dhan, D. hansenii; Clus, C. lusitaniae; Cgui, C. guilliermondii; Ctro, C. tropicalis; Ylip, Y. lipolytica; Sklu, S. kluyveri.

acids long (Fig. 7A) that is missing in the Ith1 family members
that associate with Tbfl (Fig. 1). Previous work has suggested
that Fhll can bind an IFHL motif in the DNA (38) and that these
IFHL sites are found in RP promoters adjacent to Rap1 binding
sites. In addition, Ifh1 (but not Fhll) is found to dissociate from
RP promoters upon suppression of RP transcription by rapa-
mycin treatment (6). These combined observations are consis-
tent with a model wherein S. cerevisiae Ifl1 serves to bridge the
two DNA-binding proteins, Rap1 and Fhl1, and that disruption
of the Ifh1-Rap1 link serves to down-regulate RP gene expres-
sion. The way the Ifth1-Fhl1 pair interacts with Rap1in S. cerevi-
siae is thus very different from the way the pair interacts with
Tbfl in C. albicans, demonstrating that these protein linkages
have changed in concert with the genetic rewiring of the RP
regulon from Tbfl control to Rap1 control.

DISCUSSION

The human pathogenic fungus C. albicans and the bakers’
yeast S. cerevisiae have very different ecological niches, but they
have very similar responses to many environmental stresses,
including that of starvation. In both organisms, poor growth
conditions lead to a suppression of the entire regulon of genes
encoding ribosomal proteins, whereas good conditions lead to
rapid transcription of this group of genes (5, 39). This response
is controlled by modulating gene expression in part through the
control of a protein complex comprising Tbfl-Ifth1-Fhll in C.
albicans and Rap1-Ith1-Fhll in S. cerevisiae. The heterodimer
Ifh1-Fhll of the complex responds to the same signal transduc-
tion pathways in both organisms, receiving the environmental
and nutritional conditions through pathways such as those
mediated by Tor and cAMP and directing whether the RP regu-
lon is switched on or off (5, 10, 40). However, given the central
importance of this circuit in the physiology of the fungi, it is
remarkable that the DNA binding partner has changed from
Tbfl in C. albicans (3) to Rapl in S. cerevisiae (6 -9).

The process of rewiring this circuit has involved a fundamen-
tal change in the association of the regulatory proteins. Overall,
the linking of the Ith1 and Fhl1 proteins has remained the same
in the different fungi with the FHB domain of Ifh1 binding to
the FHA domain of Fhll. However, the way this heterodimer
connects to the DNA-binding specificity element appears quite
different in the two classes of circuits. When the DNA-binding
protein is Tbfl as in C. albicans, the dimer is linked through the
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Fhl1 protein binding to the TRB domain of Tbhfl. However, the
shift to the Rapl-regulated circuit involved the transfer of
the connection of the heterodimer with the DNA-binding pro-
tein to Ifh1 using a new domain specific to those Ith1 proteins
required to bind Rapl. In this configuration, Ifh1 binds to the
BRCT domain of Rapl. This Rapl-mediated circuit arose in
conjunction with the appearance of a new cis-acting DNA motif
termed the IFHL element (9, 41). This suggests that in addition
to reconfiguring the association among the proteins the new
Rapl-mediated circuit involves a DNA binding capacity of the
Ifh1-Fhll dimer that was not found in the Tbfl-mediated cir-
cuit. It is possible that this protein-DNA connection helps to
stabilize the new association of the Ith1-Fhll dimer with Rap1.
This rewiring model is represented schematically in Fig. 8.

A comparison of C. albicans and S. cerevisiae shows that
transcription factor substitutions and reconfiguration occur in
many other cellular pathways. For example, to control the
expression of genes involved in glucose utilization, C. albicans
uses Gal4 and Tye7 (42), whereas in S. cerevisiae, this circuit has
been replaced by the transcription factors Gerl and Ger2 (42,
43).In addition, in S. cerevisiae, the role of the Ino2/4 transcrip-
tion factor is limited just to the control of lipid biosynthesis
genes, whereas in C. albicans, it also regulates genes implicated
in the B-oxidation process. Similarly, in S. cerevisiae, Gcnd
function is limited to regulation of amino acid biosynthesis
genes, whereas it also includes control of genes for tRNA ami-
noacylation in C. albicans (44).

The broadening or narrowing of regulons such as those con-
trolled by Gen4: or Ino2/4 can occur through minor modifica-
tions in cis-acting DNA motifs that serve as the targets for
DNA-binding transcription regulators (44, 45). The switching
of the trans-acting transcription factor over an entire regulon is
more of an evolutionary challenge, but in the case of control of
glycolytic gene expression, the distinct carbohydrate metabo-
lism in S. cerevisiae and C. albicans provides a framework that
could direct the circuits in different directions (42). However,
given the apparent similarity in the stress and nutritional
responses of the ribosomal regulons in both S. cerevisiae and C.
albicans, it appears that the pressure to replace the Tbfl regu-
latory circuit with a Rap1l-controlled process is not simply due
to the requirements for distinct nutritional stress responses in
the two species. Overall, there has been a steady shift in the
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ascomycetes from the use of Tbfl as a DNA-binding regulator
to the use of Rapl: first in the case of telomeres and later in the
case of RP expression regulation (5, 44). Intriguingly, in S.
cerevisiae, Tbfl acts as a transcriptional regulator for small
nucleolar RNA expression (46). This may represent the final
component remaining in bakers’ yeast of an evolutionarily
ancient ribosome production regulon, still intact in C. albicans,
consisting of the RP, rDNA, and small nucleolar RNA genes
under the control of Tbfl. Overall, the switch in S. cerevisiae has
been to put highly expressed genes such as the genes for glyco-
lytic enzymes as well as those for ribosomal proteins under
Rap1 regulation. Coordination of highly expressed genes may
thus provide a selective advantage that can drive the rewiring
process.

Currently, high throughput sequencing platforms are pro-
viding the genome sequences of a growing number of ascomy-
cete fungi. Because many of these organisms are amenable to
molecular manipulation, we are in a position to investigate the
way these fungal genomes are expressed and regulated. Con-
tinuing investigations on how similar processes are differen-
tially controlled should provide valuable insights into the way
evolution rewires regulatory circuits to fit organisms to their
ecological niches.
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