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The ubiquitin-proteasome system plays an important role in metabolic regulation. In a previous study, we reported
that, in Saccharomyces cerevisiae, when glucose is available, the SCFU“! ubiquitin ligase complex targets citrate synthase
2 (Cit2) for proteasomal degradation, thereby suppressing the glyoxylate cycle, an anabolic pathway that replenishes the
TCA cycle with succinate for the activation of gluconeogenesis. However, the roles of Ucc1 in other yeast species remain
unclear. Here, we cloned orthologs of the F-box protein Ucc1 from Zygosaccharomyces bailii, an aggressive food spoilage
microorganism that is the most acetic acid-tolerant yeast species, and Candida glabrata, an emerging fungal pathogen.
These orthologs were expressed in S. cerevisiae, and their activities were tested genetically and biochemically. The results
showed that Z. bailii Ucc1 rescued the ucc1A phenotype, suggesting the existence of a similar mechanism regulating the
glyoxylate cycle in Z. bailii. By contrast, C. glabrata Ucc1 did not complement the ucc1A phenotype or exhibit a dominant
negative effect on Uccl. These results suggest the importance of analysing the regulatory mechanisms of glyoxylate cycle

in a broad range of yeast species.
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The ubiquitin-proteasome system has a critical function in many
cellular processes including metabolic regulation. Ubiquitination is
achieved through the action of three enzymes: ubiquitin-activating
enzymes (E1s), ubiquitin-conjugating enzymes (E2s) and ubiquitin
ligases (E3s) (1,2). Among these enzymes, E3 ubiquitin ligases are
the largest group of proteins and facilitate substrate-specific
ubiquitination by binding to both E2s and substrates. Approxi-
mately 60—100 putative E3s are encoded in the genome of
Saccharomyces cerevisiae (1). To elucidate the physiological func-
tions of the ubiquitin-proteasome system, it is essential to identify
the specific substrates of each ubiquitin ligase.

One type of cullin-RING E3 ligase (CRL), the SCF complex, con-
sists of Skp1, Cdc53/Cull, the F-box protein and the RING-finger
domain-containing protein Rbx1/Roc1/Hrt1 (3,4). Cdc53/Cull acts
as scaffold and its carboxy-terminus binds to Rbx1, which associ-
ates with the E2 enzyme (e.g., Cdc34). The amino-terminus of
Cdc53/Cull binds to Skp1, which is an adaptor protein that medi-
ates the interaction between Cdc53/Cull and F-box proteins that
recruit substrates for ubiquitination and degradation (5).
S. cerevisiae encodes approximately 20 F-box proteins (6,7).
Although many substrates have been identified for several F-box
proteins (e.g., Cdc4 and Grr1) in S. cerevisiae, only a few degradation
substrates have been identified for most of the remaining F-box
proteins. Therefore, it is essential to identify the substrates of each
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F-box protein to elucidate the physiological functions of SCF com-
plexes (3,8).

In a previous study, we reported that the SC ubiquitin ligase
complex targets citrate synthase 2 (Cit2) for proteasomal degra-
dation in glucose-grown cells, thereby suppressing the glyoxylate
cycle, an anabolic pathway that replenishes the TCA cycle with
succinate for the activation of gluconeogenesis (9). Although the
important role of Ucc1 in the regulation of metabolic pathways in
S. cerevisiae is known, its function in other yeast species remains
unclear. In the present study, we cloned Uccl orthologs from
Zygosaccharomyces bailii, a common spoilage yeast, and Candida
glabrata, an emerging fungal pathogen, and analysed their activities
in S. cerevisiae. Z. bailii Uccl could rescue the ucc1A phenotype,
suggesting the existence of a similar mechanism regulating the
glyoxylate cycle in Z. bailii. By contrast, C. glabrata Ucc1 did not
complement the uccl1A phenotype or exhibit a dominant negative
effect on Uccl in S. cerevisiae. These results suggest the importance
of analysing the mechanism by which the glyoxylate cycle is
regulated in a broad range of yeast species.

FUccl

MATERIALS AND METHODS

Strains, plasmids and culturing conditions  The yeast strains (S. cerevisiae)
and plasmids used in the study are listed in Supplementary Tables S1 and S2,
respectively. Standard genetic techniques were used to construct the strains and
plasmids. Cells were grown in YPD-rich medium (1% yeast extract, 1% peptone
and 2% glucose) or SD medium (0.67% yeast nitrogen base with 2% glucose and
lacking the appropriate amino acids). Serial dilution analysis of yeasts was
performed on SD minimal plates (0.67% yeast nitrogen base without amino acids,
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2% glucose, 0.01% adenine hydrochloride, 0.01% L-methionine, 0.01% L-tryptophan,
0.01% r-histidine, 0.01% r-leucine and 2% agar) and SAce minimal plates (0.67%
yeast nitrogen base without amino acids, 2% sodium acetate, 0.01% adenine
hydrochloride, 0.01% r-methionine, 0.01% L-tryptophan, 0.01% L-histidine, 0.01% -
leucine and 2% agar).

The integrating plasmids encoding S. cerevisiaze UCC1 were constructed as fol-
lows: the promoter region (~ 1000 bp) and the open reading frame of UCCI (Pycci-
UCC1) were amplified by PCR using OKN1099 (GCG GAG CTC AAATGG TTATTG CTT
ATG ATG CTC ACC GAA) and OKN870 (GCG CTC GAG TCATCT TCG AAG ATA AGG GGT
ATT CC) from pKN248, which is marked with LEU2 and encodes Pycc;-UCCI-Tyccr.
Tuccy represents the 3/ untranslated region (terminator) of the UCC1 gene. The open
reading frame of UCC1 was amplified by PCR using OKN869 (GCG TCT AGA ATG AAT
CAG AGC GAT AGC AGC TT) and OKN870 from pKN248. The resultant Pycc;-UCC1
fragment and UCC1 fragment were digested with Sacl/Xhol and Xbal/Xhol, respec-
tively, and inserted into the same sites of p416ADH (10) to generate pKN330 and
pKN331. To construct the integrating plasmids, pKN330 and pKN331 were digested
with Sacl/Kpnl. The resultant Pycci-UCCI-Teycr fragment and Pappi-UCCI-Teycr
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fragment were inserted into the same site of pRS306 to generate pKN333 and
PKN334, respectively.

The integrating plasmids encoding C. glabrata UCC1 were constructed as fol-
lows: the C. glabrata UCC1 gene (CAGLOC01155g) was amplified by PCR using
OKN1366 (GCG ACT AGT ATG AAT CTC CCA ATA GAA ATT ACA CTG CG) and
OKN1367 (GCG CTC GAG CTA ATC CAA ATC TIT TGT AGG TCT CCG T) from
C. glabrata genomic DNA (a gift from Chibana H., Chiba University). The amplicon
was digested with Spel/Xhol and cloned into the same sites of p416ADH to generate
pKN323. The promoter region of S. cerevisiae UCC1 was amplified by PCR using
OKN1099 and OKN1379 (ATG CAC TAG TCT CTT GTT TGC ACA CTC TGT CTT C) from
pKN248. The resultant fragment (Pycc;) was digested with Sacl/Spel and inserted
into the same sites of pKN323 to generate pKN342. pKN323 was digested with Sacl/
Kpnl, and the resultant fragment (Papy;-C. glabrata UCC1-Tcycr) was inserted into
the same sites of pRS306 to generate pKN343.

The integrating plasmids encoding Z. bailii UCC1 were constructed as follows:
Z. bailii (NBRC 1098) was purchased from National Institute of Technology and
Evaluation Biological Resource Centre, Japan. Z bailii UCCI (locus tag:

(B)

S. cerevisiae. Uccl MNQSDSSLMDLPLE IHLSLLEYVPNELRAVNKYFYVLHNHSYKEKSLAWIAEDN-YIWAV ~ S. cerevisiae Uccl MNQSDSSLMDLPLE IHLSLLEYVPNELRAVNKYFYVLHNHSYKEKSLAWIAEDNY [WAVV
Z. bailii Ugel —— MKLDDFPIEILWKLLAECPRELRSVNRRFYHLHNELYKEHVMQSVEANDERFWIE ~ C. glabrata  Uccl ———————-MNLPIEITLRIIDQYPCQIRTLNTYYHRLVNDIYYSKCEPYLVRLSY——ET
Lk kIikIkk | kk kol kok L kk kkk kekk ] ] N o ik kodkk kk kD T L I S T T U R
S. cerevisiae Uccl VKHSLCLYVKSLDPLRQHARE I IQETKEPGFNVPLCMTKY IADSWYIVYNALQYPGKIIN  S. cerevisiae Uccl KHSLCLYVKSLDPLRQHARE I IQETKEPGFNVPLCMTKY TADSWY IVYNALQYPGK I INM
Z. bailii Ucel VGPRISSYVKSLDFLRKDSRL IVNG———-———————AQEYISDSWYITYNALSYPLKCWN  C. glabrata Uccl KNALISYVRSMDSWRKESRKLLATDR————~ LPLGNHEYLNDSWFITYNILICG-———
* LLokekkskokk okl Tk kD DRk Dokskokok Ddokkok | kk k% kiik o ckkIkik, okl Ikl N Lkk kD kkek Dk dkk sk
S. cerevisiae Uccl MGWDKYTKSQDSNGSDSTSNFNSRPKERTLMQSLTALPVNFWS——-RRKDEPTPVNVWF  S. cerevisiae Uccl GWDKYTKSQDSNGSDSTSNFNSRPKERTLMQSL TALPVNFWSRRKDEPTPVNVWFYVKNA
Z. bailii Uccl N-——— PALCERDSLDYQKPI1YSGKCVVPVTCRDGI IRTKTGTHISLNAWF ~ C. glabrata  Uccl ———IVKPVNYCIASSGSIQL I SPLSHKLSLSVAAILPG————————- SYTVYAYFKIRGR
Dotk i ikk Tk kk ook LD olok Lt okx R
S. cerevisiae Uccl YVKNAHVARYIPKIITEIGICNYGPKQIVASAGY INELITSEGIYCVNLGHLPRLYDEQI ~ S. cerevisiae Uccl HVARYIPKIITEIGICNYGPKQIVASAGY INELITSEGIYCVNLGHLPRLYDEQIFEGTG
Z. bailii Uccl YIESSFAATKIPGLVTEVRQSQYGSYKKRSTQGNVADFVKERGVYCFHLGTLPDIYLGDQ  C. glabrata  Uccl TSLRYIPKVCTAIDKN-———-] HTLSAPINIHELIYSDYGDEVNGIFLVRLGQHKVSELDT
KUk skk Dkekl sk, D 10k DDl oskisok Dok skk Tk sokokk T Kk, co K dokk K sk ok bk D0 ok
S. cerevisiae Uccl FEGTGTTHLPLELKAIDR—TDSDVCINGDLVLLGYDFIPYQISKPWLLFRIEPWNSIEA ~ S. cerevisiae Uccl TTHLPLELKAIDRTDSDVCINGDLVLLGYDF IPYQISKPHLLFRIEPVNSTEATFNYSEC
Z bailii Ucel ELTNGSFLOPFELRLVEVGNAPPHYFENSG I TFLGYDFNSYGCSDAWINFRIDPEFVSST . glabrata  Uccl PAT 1LESYFEDTHLQNK L ENKE1E L GYKL CLFKHGS-GLL ARKVCLSEEMIPFNYWEQ
R R R KL Dkwkkk ok ok kD Dbokk K A T IR - A Hk Kk sk K
S. cerevisiae Uccl IFNYSECSFSYQFAWSLACLQSEEKISFPRDTI IGHGLPYKPSK-LIRIFVYKHPEQKQD ~ S. cerevisiae Uccl SFSYQFAWSLACLQSE-EKISFPRDTIIGHGLPYKPSKLIRIFVYKHPEQKQDLGQE AL
Z. bailii Uccl FNPYESYLASCLAQYTGAFPFSNVECPSHEDSEGT IKPYYDPKKRATRKFTYRYPRIRAD ~ C. glabrata  Uccl TYCLSLMRKRLQNESHRDHISYEYNKEVLSVLRKRLRCGVYGISFTERRPTKDLD———~
Dok ok Dk kK KKKk K KITE Rk N SR ko T
S. cerevisiae Uccl LGQEIALPNWNTPYLRR S. cerevisiae Uccl PNWNTPYLRR
Z. bailii Uccl WEKEQRAADWRAPHLIT C. glabrata Uccl e
kLR DKk
Z. bailii Uccl MKLDDFPIEILWKLLAECPRELRSVNRRFYHLHNELYKEHVMQSVEANDERFWIEVGPRI
C. glabrata Uccl ——MNLPIEITLRIIDQYPCQIRTLNTYYHRLVNDIYYS———-KCEPYLVRLSYETKNAL L.
Z. bailii Uccl SSYVKSLDFLRKDSRL I VN-————- GAQEY ISDSWY I TYNALSYPLKCWNNPALCERDSL
C. glabrata Uccl ISYVRSMDSWRKESRKLLATDRLPLGNHEYLNDSWF I TYNILICGIVKPVNYCIASSGSI
sokok kD ko Aok 1 K DRk bkk Rk ko * 0.k Z ballll (CLIB 213) CDF877771
Z. bailii Uccl DYQKPIYSGKCVVPVTCRDGI IRTKTGTHISLNAWFY IESSFAATKIPGLVTEVRQSQYG
C. glabrata Uccl QL ISPLSHKLSLS——————- VAAILPGSYTVYAYFKIRQRTSLRY IPKVCTAIDKNHTL
A C. glabrata CAGL0CO01155¢g
Z. bailii Uccl SYKKRSTQGNVADFVKER-GVYCFHLGTLPDIYLGDQELTNGSFLCPFELRLVEVGMAPP
C. glabrata Uccl SAPINITHELIYSDYGDEVNGIFLVRLGQHKVSELDTPATILESYFEDTHLON-——————~
KDkl ok kDD kk T
Z. bailii Ucel MYFENSGITFLGYDFNSYGCSDAWIMFRIDPEFVSSIFNPYESYLASCLAQYTGAFPFSN
C. glabrata Uccl KILENKEIEILGYKLCLFKHGSGLLARKVCLSEEMIPFNYWEQIYCLSLMRKR——————
ek K Dhkk DL ol Wk Kk
Z. bailii Uccl VECPSHEDSEGT IKPYYDPKKRATRKFTYRYPRIRQDWEKEQRAADWRAPHLIT
C. glabrata Uccl LQNESHRDH-—-1SYEYNKEVLSVLRKRLRCGVYGISFTERRPTKDLD-———~
k%, % *, k. 0 P * R
S. cerevisiae  Ucc1 VS Z. bailii CDF87777.1 :28.5 %
. . . 0
S. cerevisiae  Ucc1 VS C. glabrata CAGLO0CO01155g :20.7 %
Z. bailii CDF87777.1 VS C.glabrata CAGL0CO01155g :19.2%

FIG. 1. Protein sequence analysis of S. cerevisiae Ucc1, Z. bailii Ucc1 and C. glabrata Ucc1. (A—E) The amino acid sequences of S. cerevisiae Ucc1 (YIr224w), Z. bailii Ucc1 (CDF87777.1)
and C. glabrata Ucc1 (CAGLOC01155g) were aligned with each other, and the rooted phylogenetic tree was generated by ClustalW. The sequence identity values were calculated with

Clustal Omega.
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FIG. 2. S. cerevisiae Ucc1 induces the degradation of Cit2 in a dose-dependent manner. Typically, the indicated cells were grown in SD medium lacking appropriate amino acids
overnight. Next morning, the cell culture was diluted and grown to log-phase. After addition of cycloheximide at a final concentration of 100 ug mL™", cells were collected at the
indicated time points. Lysates were prepared and subjected to immunoblotting with anti-GFP antibody and anti-Ucc1 antibodies. Proteins on the immunoblot membrane were
stained with Coomassie Brilliant Blue (CBB) and used as a loading control. Strains used in this assay were KNY415, KNY416, KNY417, KNY418, KNY419 and KNY420.

BN860_14246g; Protein ID: CDF87777.1; other names: ZYBA0S01-14246g, S6EZAG)
was amplified by PCR using OKN1356 (GCG TCT AGA ATG AAATTA GAT GAC TTC CCC
ATT GAG A) and OKN1357 (GCG GTC GAC TCA GGT TAT TAG GTG CGG TGC C) from
Z. bailii genomic DNA. The amplicon was digested with Xbal/Sall and cloned into the
same sites of p416ADH. The resultant plasmid was digested with Xbal/Kpnl and
cloned into the same sites of pKN334 to generate pKN412.

The integrating plasmids were linearised with Ncol and integrated at the ura3-1
locus of KNY346 or KNY347. Correct integration was confirmed by PCR using
OKN1426 (GGC AAC GGT TCATCATCT CAT GG) and OKN1428 (ATG GTT CAC GTA GTG
GGC CAT C).

Sequence analysis  Protein sequences were analysed by ClustalW (https://
www.genome.jp/tools-bin/clustalw), Clustal Omega (https://www.uniprot.org/
align/) and PhylomeDB (http://phylomedb.org/) (11,12). The probability of a

(A)
Cit2-GFP __ - +

mitochondrial pre-sequence in each citrate synthase was calculated with
MitoFates (http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi) (13).

Antibodies and immunoblotting  Mouse monoclonal antibody against GFP
was purchased from Nacalai Tesque (Kyoto, Japan). The rabbit polyclonal anti-Cdc48
antibodies were described in our previous study (14). The polyclonal anti-Uccl
antibodies were generated in rabbits against recombinant Uccl. I note that the
resultant anti-Uccl antibodies weakly detected endogenous Uccl, whereas they
detected overexpressed Uccl. Anti-mouse IgG-HRP (Sigma—Aldrich Japan, Tokyo,
Japan) and anti-rabbit IgG-HRP (Sigma—Aldrich Japan) were used as secondary
antibodies. Proteins were dissolved in sodium dodecyl sulphate—polyacrylamide
gel electrophoresis (SDS—PAGE) sample buffer (80 mM Tris—Cl pH 7.5, 8 mM
EDTA, 0.2 M DTT, 4% SDS, 8 M Urea, 15% glycerol, 0.08% Tris-base, 0.01% BPB),
separated by SDS—PAGE, transferred to Immobilon-P membranes (Merck, Tokyo,
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FIG. 3. The defect of Cit2 degradation in uccIA S. cerevisiae can be complemented by Z. bailii Ucc1 but not by C. glabrata Ucc1. (A) Typically, the indicated cells were grown in SD
medium lacking appropriate amino acids overnight. Next morning, the cell culture was diluted and grown to log-phase. After addition of cycloheximide at a final concentration of
100 pg mL~", cells were collected at the indicated time points. Lysates were prepared and subjected to immunoblotting with anti-GFP antibody. Cdc48 served as a loading control.
Proteins on the immunoblot membrane were stained with CBB, which was used as a loading control. Strains used in this assay were TKY2586 transformed with p416ADH, KNY415,
KNY418, KNY420, KNY457 and KNY424. Lanes 1—4 demonstrate the specificity of the anti-GFP antibody used in this study. (B) The cycloheximide chase experiment was performed
as in panel A. Proteins on the immunoblot membrane were stained with CBB, which was used as a loading control. Strains used in this assay were KNY418, KNY419, KNY420,

KNY421, KNY423 and KNY424.
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Japan), and subjected to western blotting. Signals were detected using Chemi-Lumi
One (Nacalai Tesque).

Protein degradation assay = The cycloheximide chase protein degradation
assay was performed as described previously (9,15). Typically, yeast cells were
grown to log-phase (30—40 mL, ODggp = 0.4—0.8) and cycloheximide was added
to the medium at the final concentration of 100 pg mL . At the indicated time
points, 5 mL of cultured cells were transferred to a conical tube and mixed with
30 mM azide on ice. Cells were collected by centrifugation at 3000 rpm for 2 min
at 4 °C, and the resultant pellet was stored at —80 °C until use. Cells were then
disrupted by vortexing in presence of 300 pL of 20% trichloroacetic acid (TCA) and
acid-washed glass beads (Yasui Kikai, Osaka, Japan) for 30 s, followed by
incubation on ice for another 30 s. This procedure was repeated 8 times. Next,
600 pL of 5% TCA was added, and 650 pL of suspension was transferred to a new
eppendorf tube. Glass beads were added to 400 pL of 5% TCA, and 450 pL of the
suspension was pooled with the preserved cell suspension. Proteins were
precipitated by centrifugation at 20,000 xg for 10 min at 4 °C, rinsed with 900 puL
of ice-cold acetone, and dissolved in SDS—PAGE sample buffer.

RESULTS

Cloning of S. cerevisiae UCC1 orthologs from Z. bailii and
C. glabrata Although many orthologs of well-characterized F-
box proteins such as Cdc4 and Met30 have been identified in
other fungal species (approximately 45 and 65 orthologs for Cdc4
and Met30, respectively), the number of Ucc1 orthologs is limited
(approximately 11 orthologs) (PhylomeDB) (11,12). To determine
the extent to which the function of Ucc1 is conserved among the
limited species, Uccl orthologs were cloned from Z bailii
(CDF87777.1) and C. glabrata (CAGLOC01155g) (Fig. 1A—C). Z. bailii
was selected for this study since it is an important yeast species
from the aspect of food preservation; it is an aggressive food
spoilage microorganism and is the most acetic acid-tolerant yeast
species. C. glabrata was also selected considering it an emerging
fungal pathogen. The corresponding proteins have been referred
to as Z. bailii Ucc1 and C. glabrata Ucc1 in the present study. The
N-terminal F-box domain was relatively conserved between the
species, whereas others were less conserved. Overall, S. cerevisiae
Uccl found to share 28.5% and 20.7% identity with Z bailii Uccl
and C. glabrata Uccl, respectively, whereas Z. bailii Uccl and
C. glabrata Ucc1 share 19.2% identity (Fig. 1D and E).

Z. bailii Uccl but not C. glabrata Uccl can restore Cit2
degradation in ucclA cells In a previous study, we demon-
strated that, when S. cerevisiae is grown in glucose-containing
medium, Cit2 is degraded by the proteasome in a SCFU¢!
ubiquitin ligase-dependent manner (9). In addition, we showed
that the Cit2-GFP-SKL fusion protein, in which EGFP was inserted
just upstream of the C-terminal peroxisome targeting signal
(serine-lysine-leucine), was fully functional and degraded in a
manner similar to the original Cit2 (9). To determine whether the
exogenously expressed S. cerevisiae Uccl could complement the
ucclA phenotype, a cycloheximide chase experiment was
performed, and the half-life of the Cit2-GFP-SKL fusion protein
(hereafter described as Cit2-GFP) expressed from the CIT2 locus
was analysed. Consistent with the results of the previous study,
Cit2-GFP was degraded with a half-life of approximately 60 min
(Fig. 2, lanes 1—4), whereas it was almost completely stabilised in
the absence of Uccl (Fig. 2, lanes 13—16). Expression of
S. cerevisiae Uccl under the control of its endogenous promoter
or the relatively strong ADH1 promoter (10) from the URA3 locus
restored Cit2-GFP degradation (Fig. 2, lanes 17—20 and 21-24).
An increase in the amount of Ucc1 (compare the level of Uccl in
Fig. 2, lanes 17—20 and 21—24) correlated with a decrease in Cit2-
GFP, suggesting that Cit2-GFP degradation was facilitated by Ucc1
in a dose-dependent manner. Endogenous Uccl was almost
undetectable using the anti-Uccl antibody (Fig. 2, lanes 1—4),
whereas Uccl expressed under the control of its own promoter
from the URA3 locus was easily detected (Fig. 2, lanes 17—20),
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suggesting that the level of exogenously expressed Uccl was
slightly higher than the endogenous level.

We next tested whether Z. bailii Ucc1 and C. glabrata Ucc1 could
complement the ucclA phenotype when expressed in S. cerevisiae.
To this end, Cit2-GFP degradation was assessed using the cyclo-
heximide chase experiment in cells expressing Z. bailii Ucc1l and
C. glabrata Ucc1 under the control of the ADH1 promoter from the
URA3 locus. As shown in Fig. 3A, Z. bailii Ucc1 could restore Cit2-GFP
degradation to the same extent as S. cerevisiae Uccl (compare
Fig. 3A, lanes 17—20 and 13—16), whereas C. glabrata Ucc1 could not
restore the degradation (Fig. 3A, lanes 21—24).

Overexpression of a ubiquitin ligase does not always facilitate
degradation, whereas it sometimes stabilises the substrate. This is
probably because the ligase tightly captures the substrate, which
cannot be released for a subsequent step (our unpublished obser-
vation). We therefore hypothesised that ligase overexpression may
have caused the unsuccessful complementation of the ucclA
phenotype by C. glabrata Uccl. To test this possibility, C. glabrata
Uccl was expressed under the control of the S. cerevisiae UCC1
promoter from the URA3 locus. As shown in Fig. 3B, C. glabrata Ucc1
was unable to complement the depletion of Uccl (Fig. 3B, lanes
17—-20). The expression of C. glabrata Ucc1 under the control of the
ADH1 promoter did not suppress Cit2 degradation in wild-type cells
(Fig. 3B, lanes 13—16), suggesting that C. glabrata Ucc1 does not
cause a dominant negative effect on the endogenous S. cerevisiae
Uccl.

Overexpression of Z. bailii Ucc1 but not C. glabrata Uccl
causes a growth defect of S. cerevisine on acetate
medium Cells lacking Cit2 show a significant growth defect on
medium containing acetate as the sole carbon source (Fig. 4,
compare lines 1 and 2) (9). This is likely because Cit2 depletion
causes a defect in the glyoxylate cycle, which is essential for
growth on acetate medium. In the previous study, we
demonstrated that overexpression of S. cerevisiae Uccl results in
severe growth defect on acetate medium because it decreases the
level of Cit2 (Fig. 4, line 3) (9). Here, it should be noted that the
endogenously expressed Cit2-GFP, in which GFP is tagged at the
C-terminus of Cit2, was functional (Fig. 4, line 7). In addition, cells
lacking Uccl grew normally on acetate medium, suggesting that
the accumulation of Cit2-GFP does not affect the yeast growth on
acetate medium (Fig. 4, line 6). To further examine the function
of Z. bailii Uccl and C. glabrata Uccl, the growth of S. cerevisiae
overexpressing Z bailii Uccl and C. glabrata Uccl on acetate
medium was tested. Overexpression of Z. bailii Uccl suppressed
growth, whereas C. glabrata Ucc1 had no significant effect (Fig. 4,
lines 4 and 5). This was consistent with the above observation

SAce

WT

Cit2A

CIT2-GFP, ucc1A, P, S wreisie Ucc
CIT2-GFP, ucc1A, P, -Z baili Ucc
CIT2-GFP, uccia, P,,,;

CIT2-GFP ucc1A
CIT2-GFP UCC1

~C. glabrata Ucc

FIG. 4. Growth analysis of S. cerevisiae strains overexpressing S. cerevisiae Uccl, Z. bailii
Uccl or C. glabrata Uccl. The indicated cells were grown to log-phase and spotted onto
synthetic minimal medium plates containing glucose (SD) or sodium acetate (SAce).
S. cerevisiae Uccl, Z. bailii Ucc1 or C. glabrata Ucc1 was overexpressed under the control
of the ADH promoter from the URA3 locus in the genome. Plates were incubated at
30 °C for 6 days. Strains used in this assay were TKY2586 transformed with p416ADH,
TKY1751 transformed with p416ADH, KNY420, KNY457, KNY424, KNY418 and KNY415.
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(A)

S. cerevisiae. Skpl ——MVTSNVVLVSGEGERFTVDKKIAERSLLLKNYLNDMHDSNLQNNSDSESDSDSETNHK
Z. bailii Skp1 ——MPESQVVLVSGEGERF TVERRTAERSLLLKNYLNDMHDSVLE:
C. glabrata Skp1 MDKKGKYVVLVSGEGEKF TVEKK TAQRSLLLKNYLNDMHESSLDDEDEEQ-—

hokok D Dok EE
S. cerevisiae  Skpl SKDNNNGDDDDEDDDE I VMPVPNVRSSVLQKV IEWAEHHRDSNFPDEDDDDSRKSAPVDS
Z. bailii Skp1 —-——DSDEEEDVVMPIPNVRSSVLQKV I EWAEHHRDSTFPDEDDDDSRKSAPMDS

C. glabrata Skp1 ——DEDEDEDDE [ VMPVPNVRSSVLQKV IEWAEHHRDSNFPDEDDDDSRKSAPVDA

E SR Tk
S. cerevisiae  Skpl WDREFLKVDQEMLYEITLAANYLNIKPLLDAGCKVVAEMIRGRSPEE IRRTFNIVNDFTP
Z. bailii Skp1 WDREFLKVDQEMLYEITQAANYLNIKPLLDAGCKVVAEMIRGRSAEE IRRTFNIVNDFTP
C. glabrata Skp1 WDREFLKVDQEMLYETILAANYLNIKPLLDAGCKVVAEMIRGRSPEE IRRTFNIVNDFTP
S. cerevisiae  Skpl EEEAATRRENEWAEDR
Z. bailii Skp1 EEEAAIRRENEWAEDR
C. glabrata Skp1 EEEAAIRRENEWAEDR

sololokolokkklolokokok

(B)

S. cerevisiae Skp1 VS Z. bailii CDF88787.1 :75.9 %
S. cerevisiae Skp1 VS C. glabrata CAGLOMO01364g :79.2%
Z. bailii CDF88787.1 vs C. glabrata CAGLOMO01364g :81.6 %

(C) (D)

Probablllty of S. cerevisiae Cit2 MTVPYLNSNRNVASYLOSNSSOEKTLKERFSEIYPIHAQDVRQFVKEHGKTKISDVLLEO
C. glabrata CAGLOB03663g MPNLSHQWESVSLKEAYARNLPAQAERLKRFKSEFGSTVIGEVTVEQ

mitochondrial Z bailii CDH09695 —-MRRAFHCTKSASSSSVGLKQVLADL I PERKHDILELKKNYGNVKIGDITIGS
presequence XL Rk * Lok kDo
: S. cerevisiae Cit2 VYGGMRGIPGSVWEGSVLDPEDGIRFRGRT IAD]QKDLPK——-AKGSSQPLPEALFWLL
Z. bailii (CLIB 213) CDF90966.1 High (0.956) ¢ [0l 6™  Gaclonosssse  ALGGHRGVTGLVIEGSVLDPEEGIKFRGLT IDEVRVSLG——VAGEREPGPEALFHLL
Z bailii CDH09695 VIGGHRGNASHFYOGTSLDPYEGIKFQGKT I SDCORLLPKSPKDSNGKGNFLPESHLULL
Z. bailii (|8A1307) CDH11628.1 ngh (0956) L okkkrk kUKD kkk DRkIRDK Rk Dk K1 kDD Dkkk
S. cerevisiae Cit2 LTGEVPTQAGVENLSADLUSRS-ELPSHVVQLLDNLPKDLHPMAQFSIAVTALESESKFA
. ) ) C. glabrata  CAGLOBO3663g LTGOIPNEDGVAQGLSRELAARG-ELPGHVETLLDTLPRDLHPMAQLSIAVTALEGESHFA
S. cerevisiae Cit1 High (0.996) 7 pailii CDHO9695 NTGEVPSAEQALHLSAELAARGROLPDYTDKLNSNLPSGNHPHTQLAI GLASHNKGSEFA
Dkok DIk, k. Ikk Ik Ik TRk D kI, kk | DdokkIkI Ik IIIID ok kk
C. glabrata CAGLOH03993g High (0.993) S. cerevisiae Cit2 KAYAQG-1SKODYWSYTFEDSLDLLGKLPVAAKI YRNVFKDGKNG—————— EVDPN
C. glabrata  CAGLOBO3663g RAYLAG-VPRGELWEHTYEDALNL I AKLPAIAGR I YHNVFGGAQGAQGQGTQGAFVLDPQ
_ i 7 bailii CDH09695 RKYEKGDI GKNEYNEYVFDDAINL I AALPOLTGKI YSNIVAGGKPLG—————OFRED
IS cerevisiae Cit2 Low (0011) I Dokook Dok DL DIRIIDRD Rk DD DRk kD
S. cerevisiae Cit2 ADYAKNLVNLIGSKD—— EDFVDLMRLYLT IHSDHEGGNVSAHTSHLVG
['C. glabrata CAGL0OB03663g Low (0.209) | ¢ glabrata  CAGLOBO3663¢ ADYSENLCRALGVQPDG— ——ETEDFHNLMRLYLT IHADHEGGNVSAHTTHLVG
Z bailii CDH09695 RDWSYNICSLLGMTSGDSCNRQNLGGKGSEDFVNLNRLYTGIHVDHEGGNVSAHTTHLVG
X k11K Ik dokk Rklokk Rk kekkiololilolokok | okiok
Z. bailii (CLIB 213) CDF90932.1 High (0.857)
i S. cerevisiae Cit2 SALSSPYLSLASGLNGLAGPLHGRANQEVLEWLFALKEEVN-——-DDYSKDT IEKYLWDT
C. glabrata  CAGLOBO3663g SALSSPYLSFAAGLDGLAGPLHGRANQEVLEWLLVLKGELVREGKTVTDREAIRQYLWRT
Z. bailii (ISA1307) CDH13960.1 High (0.856) 7. bailii CDHO9695 SALSDPYLSYSSGINGLAGPLHGLAAGEVVRFLTENNALS———SPOSGREIEQYLWKL
. . sokokok skokokk Ik skkkkkokkk ok dokk D Dk o N . *, kokk
S. cerevisiae Cit2 LNSGRVIPGYGHAVLRKTDPRYMAGRKFANDH-——FPDYELFKLVSSI YEVAPGVLTEHG
1Z. bailii 1ISA1307) CDH09695.1 Low (0.017) | C. glabrata  CAGLOBO3663g LNSGKVVPGYGHAVLRKTDPRFLAGREF GRTR-—-FPGDELYGLVSTVYEVAPQVLKEHG
7 bailii CDH09695 LSCKRVIPGYGHAVLRKADPRF I AHLDF AKARPEEF AEDNNV ILHEKLSE I APKVLKEHG
S. cerevisiae Git3 ngh (0925) k. kDlokkolokkiolok lokk Dk k. D k. D kDD kIkk Rk Rk
S. cerevisiae Cit2 KTKNPWPNVDAHSGVLLQYYGLKESSFYTVLFGVSRAFGILAGLITDRAIGAS IERPKSY
. C. glabrata  CAGLOBO3663g KTRNPYPNVDAHSGVLLTHYGLDGPSFYTVLFGISRCFGVMAQL 1 TDRALGAP IERPKSL
C. glabrata CAGLOL09086g High (0.944) 7. bailii CDHO9695 KTKNPYPNVDSASGILFYHYGVTELLFFTVIFGCSRSHGPLTOLVWDRALGLP IERPKSL
sok Dfok Dfokokok D ok Ik Dkl D kkok Ddok ok, Tk D Dok skokok k| skokokokokok
S. cerevisiae Git2 STEKYKELVKNIESKL
C. glabrata  CAGLOBO3663g STORY IELATRHHNKL
(E) 7 bailii CDH09695 DLKSLGALCR———
N *
.. . A . o
S. cerevisiae Cit2 VS Z. bailii CDH09695.1 :44.0 %

S. cerevisiae Cit2 VS C. glabrata CAGL0B03663g :57.4 %
Z. bailii CDH09695.1 VS C. glabrata CAGL0B03663g :43.4 %

FIG. 5. Protein sequence analysis of Skp1 and citrate synthase in S. cerevisiae, Z. bailii, and C. glabrata. (A, B) The amino acid sequences of S. cerevisiae Skp1 (YDR328c), Z. bailii Skp1
(CDF88787.1) and C. glabrata Skp1 (CAGLOMO01364g) were aligned with each other by ClustalW. The sequence identity values were calculated with Clustal Omega. (C) The rooted
phylogenetic tree was generated by ClustalW for the protein sequences of three citrate synthases from S. cerevisiae (Cit1, Cit2 and Cit3), two citrate synthases from Z. bailii (CLIB 213)
(CDF90966.1 and CDF90932.1), three citrate synthases from Z. bailii (ISA 1307) (CDH11628.1, CDH13960.1 and CDH09695.1) and three citrate synthases from C. glabrata
(CAGLOH03993g, CAGLOB03663g and CAGLOL09086g). The probability of a mitochondrial pre-sequence in each citrate synthase was calculated with MitoFates. (D, E) The amino acid
sequences of S. cerevisiae Cit2, Z. bailii CDH09695.1 and C. glabrata CAGLOB03663g were aligned with each other by ClustalW. The sequence identity values were calculated with
Clustal Omega.
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that Z bailii Uccl, but not C. glabrata Uccl, supports Cit2
degradation in S. cerevisiae.

DISCUSSION

In the present study, we demonstrated that Z. bailii Ucc1 rescues
the ucclA phenotype in S. cerevisiae, thereby suggesting that the
proteolytic regulation of glyoxylate cycle is not limited to
S. cerevisiae, rather is basically conserved across the yeast species.
Interestingly, however, C. glabrata Ucc1 could not complement the
ucclA phenotype in S. cerevisiae or exhibit a dominant negative
effect on Uccl.

Since C. glabrata Ucc1 could not rescue the ucc1A phenotype in
S. cerevisiae, we analysed the sequence of Skp1, an adaptor that
connects F-box proteins to Cull (Cdc53 in S. cerevisiae). In contrast
to Ucc1, which shares only 20—30% identity with S. cerevisiae Ucc1,
Z. bailii Ucc1 and C. glabrata Ucc1 (Fig. 1), Skp1 is highly conserved
in the three yeast species, sharing 75—81% identity (Fig. 5A and B).
In addition, we extracted the sequences of citrate synthases from
these organisms (Fig. 5C—E). S. cerevisiae had three citrate syn-
thases, and Cit1 and Cit3 were mitochondrial isoforms. Both Cit1
and Cit3 had a high probability of mitochondrial pre-sequence. A
citrate synthase with a lower probability of a mitochondrial pre-
sequence was not identified in the Z bailii (CLIB213) strain,
whereas one (CDH09695.1) was identified in the Z. bailii (ISA1307)
strain and one (CAGLOB03663g) in C. glabrata. The underlying
reason for the intra-species difference between Z. bailii (CLIB213)
strain and Z bailii (ISA1307) strain remains unknown. Although
further study is recommended to fully elucidate the roles of these
citrate synthase orthologs, the lack of a clear mitochondrial tar-
geting sequence suggests these citrate synthases (ISA1307 and
CAGLOB03663g) to be able to function in a manner similar to
S. cerevisiae Cit2 in the glyoxylate cycle.

To answer, why C. glabrata Uccl could not complement the
ucclA phenotype in S. cerevisiae or exhibit a dominant negative
effect on Uccl, a simple explanation would be that C. glabrata Ucc1
interacts with S. cerevisiae Skp1 andjor S. cerevisiae Cit2 in
S. cerevisiae, since Uccl is less conserved in C. glabrata than in
Z. bailii. Another possible explanation could be that other proteo-
lytic machineries regulate the glyoxylate cycle in C. glabrata. In this
regard, it would be important to analyse the role of the Gid com-
plex, which is known to regulate the glyoxylate cycle and gluco-
neogenic pathway in S. cerevisiae (16) in C. glabrata. Finally, it is also
possible that the glyoxylate cycle in C. glabrata is transcriptionally
regulated, and proteolytic regulation was not be the main regula-
tory mechanism. Similar differences can be found for ergosterol
synthesis pathway in S. cerevisiae and Schizosaccharomyces pombe;
ergosterol synthesis pathway may be regulated by endoplasmic
reticulum-associated degradation (ERAD) of several enzymes in
S. cerevisiae, while the same pathway may be regulated by their
synthesis rate in S. pombe (17).

In a broader sense, since the glyoxylate cycle and gluconeogenic
pathways are crucial for the virulence of pathogenic yeast (18), it is
important to further analyse their regulatory mechanisms in
pathogenic yeast species. In addition, from the engineering point of
view, overexpression of Ucc1 has been shown to confer n-butanol
tolerance in S. cerevisiae (9,19). Genetic engineering of alcohol-
tolerant yeast strain is therefore crucial for overcoming the
toxicity that offers the upper limit to product titers. However, ge-
netic analysis of minor yeast species is sometimes difficult due to
the limitation of molecular biology tools. Complementation assay,
using a mutant of S. cerevisiae, would be the starting point to
analyse gene function in minor yeast species.

ANALYSIS OF ORTHOLOGS OF F-BOX PROTEIN Ucc1 IN YEAST 709

Supplementary data to this article can be found online at doi:
https://doi.org/10.1016/j.jbiosc.2019.06.003.
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