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ABSTRACT Candida albicans is the most common human fungal pathogen, caus-
ing diseases ranging from mucosal to systemic infections for both immunocompe-
tent and immunocompromised individuals. Lysine 2-hydroxyisobutyrylation is a
highly conserved posttranslational modification found in a wide variety of organ-
isms. In this study, we surveyed the biological impact of 2-hydroxyisobutyrylation
on lysine residuals (Khib) in C. albicans. Using an antibody enrichment approach
along with the traditional liquid chromatography-tandem mass spectrometry (LC-
MS/MS) method, we analyzed the pattern of Khib-modified proteins and sites in
one wild-type strain of C. albicans. We identified 1,438 Khib-modified proteins
with 6,659 modified sites in this strain, and a more detailed bioinformatics analysis
indicated that the Khib-modified proteins are involved in a wide range of cellular
functions with diverse subcellular locations. Functional enrichment analysis fea-
tured several prominent functional pathways, including ribosome, biosynthesis of
antibiotics, biosynthesis of secondary metabolites, biosynthesis of amino acids and
carbon metabolism, of which the ribosome pathway is the most affected pathway.
Even compared with the reported numbers of lysine acetylation (Kac) and succiny-
lation (Ksuc) sites, the numbers of Khib-modified sites on ribosomal proteins
remained the highest for C. albicans. These bioinformatic results suggest that 2-
hydroxyisobutyrylation may play an indispensable role in the regulation of the ri-
bosomal biogenesis and protein translation. Findings in this study may provide
new insights for studying posttranslational modification (PTM)-associated mecha-
nisms in fungal development and pathogenicity.

IMPORTANCE C. albicans is one of the most commonly reported fungal pathogens in
mucosal and systemic infections. A better understanding of its growth habits and
metabolic processes in the host should help improve defense strategies. The newly
discovered protein posttranslational modification (PTM) on histones is one epigenetic
mechanism which has been linked to many pathogenic events, including cancers.
The types of PTM and their pathogenic roles in C. albicans are still somewhat poorly
understood, even though studies of C. albicans based on acetylation inhibitors have
shed some light on their function, and it seems that PTMs regulate pathogenic adhe-
sion factors. Here, we quantified and analyzed the occurrence of lysine 2-hydroxyiso-
butyrylation (Khib) in C. albicans. The Khib-modified proteins are enriched with
respect to carbon metabolism, ribosomal biogenesis, and protein translation in C.
albicans.
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C andida albicans is the most common human fungal pathogen and causes diseases
ranging from mucosal inflammations to systemic infections. It often appears

asymptomatically, colonizing mucosal surfaces in healthy hosts as a commensal; how-
ever, any disruption of the host immune system promotes its proliferation and invasion
of virtually any site of the body (1). For life-threatening systemic and bloodstream
infections such as are often found in immunocompromised hosts, the mortality rate
can be as high as 50%. Today, candidiasis is also a common cause of nosocomial infec-
tions in clinical settings. Currently, effective drugs of choice against C. albicans remain
limited, and some are quite cytotoxic. The emergence of resistance to azoles and echi-
nocandins further complicates antifungal treatment (2). Therefore, novel drug targets
are essential but require an understanding of fungal biology.

The genome of C. albicans is ;16Mb, encoding more than 14,000 proteins, of
which about 7,600 proteins are expected to be functionally (3) expressed at different
stages of development in various quantities. In order to respond to environmental
changes, living organisms need to gain the ability to adapt to and survive in unfavora-
ble environments. During this adaptation, certain new proteins must be synthesized in
certain amounts; however, protein posttranslational modification (PTM)—a dynamic
and reversible process—may occur much faster than the protein synthesis, which
allows a faster response to environmental challenges. In recent years, the roles of PTM
of histone lysine residues in metabolic regulation, protein interaction, cell signaling,
and other biological processes have become increasingly evident (4, 5). PTM is a pro-
cess in which a chemical moiety is covalently added to certain amino acid groups after
a protein is translated from its mRNA template (6). The common types of PTM include
glycosylation, ubiquitination, nitrosylation, methylation, phosphorylation, lipidation,
acetylation, succinylation, and crotonylation, all of which play important roles in cell
biology and pathogenesis (5, 7–13).

2-Hydroxyisobutyrylation is a newly discovered PTM type, and the addition of ele-
mental composition (C4H7O2) gives a mass shift of 186.0368Da (or a multiple thereof)
under mass spectrometry analysis. The 2-hydroxyisobutyrylation of lysine (Khib) was
first reported in active histone in 2014 (14) and was later found not only in HeLa cells
but also in mouse embryonic fibroblast cells, Drosophila S2 cells, and cells of the yeast
Saccharomyces cerevisiae. These findings proved that Khib is an evolutionarily con-
served and dynamic marker in eukaryotic cells (14–18). However, systematic proteome
analysis of Khib in other species has also proven its existence in plants (19, 20) and in
bacteria (21). In previous studies, the observations that CobB can catalyze Khib in pro-
karyotes in vivo and P300 can catalyze Khib in mammalian cells were confirmed (22,
23). From a biochemical point of view, this modification on the genome-associated his-
tones would neutralize the positive charge of the lysine on the histones and a hydroxyl
group would enable the modified lysine to form hydrogen bonds with other mole-
cules. Indeed, this hydroxyl group is known to be important for the regulatory roles of
certain protein. For example, it has been associated with hypoxia-inducible factor a
subunit (HIFa) (24), which is a key transcription factor in the mammalian response to
oxygen deficiency. The wide distribution of Khib in histones has been proven to affect
starch biosynthesis, glycolysis/gluconeogenesis, lipid metabolism, the tricarboxylic
acid (TCA) cycle, protein biosynthesis, and protein processing in the cells. The dysfunc-
tion of Khib has also been associated with pathogenesis of some diseases such as blad-
der cancer (25).

The pathogenetic effects of posttranslational modifications in C. albicans have
not been widely studied apart from limited surveys of activities such as phosphoryl-
ation, acetylation, and succinylation (26–28). To better understand the mechanisms
of PTMs and their impact on cell function in C. albicans, we performed a large-scale
analysis of lysine 2-hydroxyisobutyrylation on C. albicans using an enrichment of
Khib-modified peptides and the liquid chromatography-tandem mass spectrometry
(LC-MS/MS) method.
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RESULTS
Khib is highly abundant in C. albicans histones. In this study, the analysis of all 2-

hydroxyisobutyrylated proteins of C. albicans was carried out after enrichment with 2-
hydroxyisobutyrylation-specific antibody. We observed a large number of protein
bands occupying a wide protein mass range within the LC-MS/MS spectrum (Fig. 1a).
When mass errors were quantified, the distribution was near zero, with most of them
having values of ,10 ppm, indicating that the data were of good quality. The distribu-
tion of modified sites indicated that 482 proteins contained only 1 site of Khib modifi-
cation; however, a very low percentage contained more than 20 Khib sites (Fig. 1b).
Since trypsin was used to digest the protein samples, 8,484 of the identified peptides
exhibited lengths between 8 and 20 amino acids (aa), with a peak length of 11 aa
(Fig. 1c). These peptides were traceable to only 1,438 proteins with a total of 6,659

FIG 1 QC validation of MS data. (a) Mass error distribution of all identified peptides. (b) Number of
modification sites per protein. (c) Peptide length distribution.
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Khib sites (see Data Set S1 in the supplemental material), which accounted for 9.8% of
the total proteins of C. albicans (1,438/1,4633) (3). To understand the overall distribu-
tion of 2-hydroxybutyrylation in C. albicans, we compared the number of 2-hydroxybu-
tyrylated proteins that were identified in this study with those reported for other pro-
karyotes and for eukaryotes such as budding yeast (S. cerevisiae), the nonseed plant
Physcomitrella patens, human cervical cancer (HeLa) cells, and rice (Oryza sativa) seeds.
The results shown in Table 1 reveal significant degrees of 2-hydroxybutyrylation among
species with regard to both numbers of modified sites and proteins modified. Whereas
the average number of 2-hydroxybutyrylation sites for each protein reaches 4.6 in C. albi-
cans, it reaches 3.9 in S. cerevisiae (as measured over 365 proteins), 3.99 in P. patens (over
3,000 proteins), 3.7 in human cells (over 1,681 proteins), and 3.9 in R. seeds (over 2,498
proteins) (29). Apparently, C. albicans possesses the highest level of 2-hydroxybutyryla-
tion per protein of all these species.

Motif analysis of the identified modified peptides. In order to characterize the
nature of the 2-hydroxybutyrylation process in C. albicans, the sequence motifs of 2-
hydroxybutyrylated lysine in all of the 2-hydroxybutyrylated sites were analyzed using
the program motif-x, a software tool that was designed to extract overrepresented pat-
terns in any given set of sequences. Of all identified Khib peptides, 4,601 were found
to include the desired amino acid sequence from the 10 amino acids on either side of
the 2-hydroxybutyrylated lysine. The analysis of 2-hydroxybutyrylated sites in these
peptides resulted in seven motifs with different abundances: GK2-hy, K2-hy*A, A**K2-hy,
K2-hy*********A, A*****K2-hy, A********K2-hy, and K2-hyG (Fig. 2a), where K2-hy marks the 2-
hydroxybutyrylated lysine and each asterisk indicates a single amino acid residue.
Among these motifs, GK2-hy in Fig. 2b is strikingly abundant, covering approximately
18% of all the 2-hydroxybutyrylated peptides we identified, which may suggest its sus-
ceptibility to 2-hydroxybutyrylation in C. albicans. In addition, the amino acids around
Lys (K) in these motifs seem to prominently feature hydrophobic alanine (A) (66.33%)
and neutral glycine (G) (Fig. 2b). In contrast, Lys (K) with positively charged amino acids
and hydrophobic Leu (L) predominates in other species (S. cerevisiae, P. patens, human
HeLa cells, and O. sativa seeds) (29).

Functional classification of Khib-modified proteins. All 2-hydroxyisobutyrylation-
associated proteins that we identified from C. albicans were annotated via Gene
Ontology (GO) functional classification. The annotation indicated that Khib-modified
proteins predominantly participate in metabolism (29%), cellular processes (27%), and
single-organism processes (19%) in the biological process category (Fig. 3a).
Furthermore, in terms of the GO cellular component category, the majority of modified
proteins are distributed in cells (37%), organelles (25%), and the macromolecular com-
plex (18%) (Fig. 3b). With regard to the GO molecular function category, proteins modi-
fied by Khib are mainly enriched in two respects: binding (43%) and catalytic activity
(42%) (Fig. 3c). The subcellular localization prediction using WoLF PSORT software
showed a generally wide distribution of Khib-modified proteins, in which nuclear pro-
teins contain the largest portion of Khib-modified proteins (37%), followed by the cyto-
plasm (27%) and finally mitochondria (21%) (Fig. 3d). Functional characterization of

TABLE 1 Comparison of 2-hydroxyisobutyrylation sites and 2-hydroxyisobutyrylated
proteins in C. albicans and other organisms

Species

No. of:

ReferenceSites Proteins
C. albicans 6,659 1,438 This study
S. cerevisiae 1,449 365 29
P. patens 11,970 3,000 29
Homo sapiens (HeLa cells) 6,231 1,681 29
O. sativa (rice seeds) 9,818 2,498 29
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these modified proteins suggested that they commonly regulate pathways involved in
translation, ribosomal structure, and biogenesis in C. albicans.

Functional enrichment analysis of Khib proteins. Through GO enrichment analy-
sis, functional predication revealed that 2-hydroxyisobutyrylation in C. albicans was sig-
nificantly enriched in ribosome biogenesis and in cytoplasm by referring to the struc-
tural constituents of ribosome, oxidoreductase activity in organonitrogen compound
metabolic processes, organonitrogen compound biosynthetic processes, and small-
molecule metabolic processes (Fig. 4a). In KEGG pathway enrichment analysis, a total
of five significantly enriched pathways were revealed in modified proteins, specifically

FIG 2 Sequence properties of the 2-hydroxybutyrylated peptides. (a) 2-Hydroxybutyrylation motifs
identified by motif-x. The height of each letter corresponds to the frequency of that amino acid
residue in that position. The central K refers to the 2-hydroxybutyrylated lysine. (b) Number of
identified peptides containing 2-hydroxybutyrylated lysine in each motif.

FIG 3 GO functional classification and subcellular location of Khib-modified proteins. Functional
classification of 2-hydroxybutyrylated proteins according to GO annotation information were divided
into biological processes (a), cellular components (b), molecular functions (c), and subcellular
localization of Khib proteins (d) according to WoLF PSORT software.
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ribosomal biogenesis, biosynthesis of antibiotics, biosynthesis of secondary metabo-
lites, biosynthesis of amino acids, and carbon metabolism (Fig. 4b). Obviously, the ribo-
some pathway was the most enriched pathway in these modified proteins.

Overlap of lysine 2-hydroxyisobutyrylation with other lysine modifications.
PTM data such as phosphorylation, malonylation, acetylation, crotonylation and succi-
nylation, etc., are all good bases for our understanding of the biological functions of
PTMs in prokaryotes and eukaryotes. Currently, 469 quantitative proteomics of PTMs
have been stored in the UniProt database, of which 326 are from eukaryotes (9) and
which even include a few sets from C. albicans (26–28). With the availability of the
phosphoproteome, acetylateome, and succinylateome of C. albicans, we have made a
preliminary comparative analysis among acetylation, succinylation, and 2-hydroxyiso-
butyrylation in C. albicans due to the occurrence of all three PTMs on lysine residuals.
Notably, the number of proteins with any single site of modification (whether acetyla-
tion, succinylation, or 2-hydroxyisobutyrylation) is much lower than that of proteins
showing up under multiple sites of one modification, indicating a complex of integra-
tion of these PTMs on a certain biological process in this organism.

Further, an overlap analysis of all three types of PTM was carried out, and the results
are shown in Data Sets S2 and S3. Generally, the modification level of lysine 2-hydroxyi-
sobutyrylation was significantly higher than that of acetylation or succinylation in C.

FIG 4 Enrichment analysis of the 2-hydroxybutyrylated proteins in C. albicans. (a) Enrichment
analysis of the 2-hydroxybutyrylated proteins based on the classification of GO annotation in terms
of biological process, cellular component, and molecular function. (b) KEGG pathway enrichment
analysis.
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albicans (Fig. 5). When the results are viewed from the standpoint of the Khib-modified
sites (and not the proteins), there are 287 lysine sites showing all three types of modifi-
cation at these sites (Fig. 5a). Also, the overlap of 2-hydroxyisobutyrylation with succi-
nylation seems to be more common than the overlap of 2-hydroxyisobutyrylation with
acetylation, but this is probably related to the much smaller number of modification
sites in acetylation. From the standpoint of Khib-modified proteins, a total of 184 pro-
teins were able to undergo all three modifications simultaneously (Fig. 5b). On the
other hand, 2-hydroxyisobutyrylation alone seems to be found in more proteins
(1,134) than either succinylation (59 proteins) or acetylation (131 proteins).

2-Hydroxyisobutyrylation of ribosome proteins in C. albicans. The ribosome
substrates aminoacyl tRNAs and mRNAs interact with rRNA to produce polypeptides
(30). As shown in the KEGG enrichment analysis, a total of 707 Khib sites in ribosomal
proteins were identified in C. albicans, a much higher number than the number of ly-
sine modification sites with succinylation (247) or acetylation (117) (Data Set S4).

Elongation factor Tu (EF-Tu) and SelB are translational GTPases that deliver amino-
acyl-tRNAs (aa-tRNAs) to the ribosome. In each canonical round of elongation during
translation, aa-tRNA, assisted by EF-Tu, decodes mRNA codons and brings the respec-
tive amino acid to the growing peptide chain (31). We found that proteins in the EF-Tu
protein family are highly modified by 2-hydroxyisobutyrylation. For example, five pro-
teins exhibit more than 15 modified sites, and three proteins have more than 20 modi-
fied sites (Fig. 6). A similar phenomenon was also shown in L7/L12 stalk proteins. The
dimers of L7/L12 consist of the 1030–1124 region of the 23S rRNA ribosomal proteins
L10 and L11. L7 has the same sequence as L12 with the addition of an N-terminal acet-
ylation (32). The L7/L12 stalk is associated with translation initiation, elongation, and
termination in bacterial ribosomes (the 70S ribosome) and is a general morphological
feature of the large subunits of representative prokaryotes (33). Also, the GTPase activ-
ity of EF-G requires the presence of L7/L12, which is critical for ribosomal translocation
(32). In this study, we identified a total of 53 Khib-modified sites on L10, L11, and L7/
L12. These data suggest that the function of the L7/L12 stalk and EF-Tu are largely
regulated by lysine 2-hydroxyisobutyrylation in C. albicans.

DISCUSSION

The newly discovered protein posttranslational modification lysine 2-hydroxyisobu-
tyrylation is one protein PTM that has been found to occur in a wide variety of organ-
isms. Recently, studies on PTMs have been extended from histone to nonhistone pro-
teins in a variety of organisms, including humans and plants (14, 21, 34). In this study,
we use quantitative proteomics to characterize this lysine in C. albicans. A total of
1,438 proteins featuring a total of 6,659 Khib sites were found, and the Khib modifica-
tion appears to be most pronounced in this organism in the areas of metabolic regula-
tion, ribosomal biogenesis, and various biological processes.

The impact of Khib modification on the regulation of cellular processes is well
known, but the mechanisms of individual Khib modifications remain undiscovered in

FIG 5 Venn diagrams showing the overlap of 2-hydroxybutyrylation, acetylation, and succinylation
based on modification sites (a) and modified proteins (b).
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C. albicans. However, one may hope that some preliminary studies on other organisms
might provide a good reference to understand Khib regulation in C. albicans. For exam-
ple, the concentration of H4K8hib was found to fluctuate in response to the availability
of carbon in S. cerevisiae, with low-glucose conditions leading conversely to diminished
H4K8hib (16). Protein expression at different levels with different modification patterns
(including Khib) are also associated with parasitic phenotypes of Toxoplasma gondii
(35). A study on prokaryotes has dissected a Khib-mediated molecular mechanism for
the regulation of bacterial growth as well as the activity of metabolic enzymes (22).
Functional annotation analysis of Oryza sativa has suggested that a wide variety of vital
biological processes are preferably regulated by Khib, including carbon metabolism,
lipid metabolism, and protein biosynthesis (19). Khib modification has even been asso-
ciated with some diseases. In a comparative survey of Khib proteomics between
lesional psoriasis and healthy skin, the authors found that 94 sites in 72 proteins found
in lesional skin tissues were upregulated, while another 51 sites from 44 proteins were
downregulated (18). Among the differentially expressed proteins, the phosphatidylino-
sitol 3-kinase (PI3K)-Akt signaling pathway was prominent in psoriatic skin, suggesting
that Khib plays a role in psoriatic pathogenesis. Based on the functional annotation

FIG 6 The 2-hydroxyisobutyrylated ribosomal proteins in C. albicans. The identified 2-hydroxyisobutyrylated proteins are colored.
Different markers represent different numbers of modification sites. Khib, lysine 2-hydroxyisobutyrylation.
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analysis, we find that the data for C. albicans in this study seem quite similar to the
data for certain other organisms studied elsewhere by similar techniques, suggesting
that Khib modification plays a role in carbon metabolism and ribosomal biogenesis in
C. albicans.

Furthermore, an overlap analysis of acetylation, succinylation, and 2-hydroxyisobu-
tyrylation was carried out, and there are 287 lysine sites and 184 proteins that undergo
all three modifications. The results suggested that there is some correlation between
these three modifications. The presence of the P300 may explain some of this. P300, a
well-studied transcription coactivator, has emerged as the most promiscuous acyl-
transferase to date. Beyond its originally described acetyltransferase activity, p300 can
also catalyze histone propionylation, butyrylation, 2-hydroxyisobutyrylation, succinyla-
tion, and crotonylation (23, 36, 37).

Ribosomes are molecular machines that are highly regulated during biochemical
processes. In eukaryotic cells, 80S ribosome consists of a large 60S subunit and a small
40S subunit (38). Obviously, the function of protein translation is so important for path-
ogenic-organism growth in a host that it is often favored as a target for antibiotic dis-
covery. Also, the relatively small ribosome in bacteria further promotes the efficacy of
these antibiotics (39). We found a total of 707 Khib-modified sites among the constitu-
ents of the ribosomal structure and in EF-Tu for protein translation, indicating that this
modification is a major regulatory mechanism in C. albicans ribosome biogenesis.
Whether the regulatory function of the Khib-modified proteins can be directed to inhi-
bition of ribosomal biogenesis in C. albicans or its growth in the host remains to be
studied.

In conclusion, we completed the first analysis of 2-hydroxyisobutyrylation in the
human pathogen C. albicans using a series of highly sensitive proteomic methods. Our
findings broaden the current perception of the involvement of 2-hydroxyisobutyryla-
tion in protein modification and illustrate the possible functions and regulatory mecha-
nisms of this newly identified PTM in C. albicans. The results provide new insights for
studying PTM-associated mechanisms in fungal development and pathogenicity.

MATERIALS ANDMETHODS
Strains and culture. C. albicans strain SC5314 was grown at 28°C on a rotary shaker (220 rpm) over-

night in yeast extract-peptone-dextrose (YPD) medium and used as stock cultures. Ten milliliters of stock
culture was inoculated into flasks containing 100ml of fresh YPD medium and cultured with shaking
(220 rpm) at 28°C for 4 h until the optical density at 600 nm (OD600) reached 0.8.

Protein extraction and digestion. The cultured cells were harvested by centrifugation at 6,000 rpm
and 4°C for 10min and were then washed twice with 4°C phosphate-buffered saline (PBS). Then sample
was ground in liquid nitrogen into powder and then transferred to a 5-ml centrifuge tube. Four volumes
of lysis buffer (8 M urea, 1% Triton-100, 10mM dithiothreitol, 1% protease inhibitor cocktail [100mM
AEBSF {4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride}, 1.5mM E-64, protease inhibitor, 2mM
pepstatin A, and 100mM EDTA {Calbiochem}], 3mM trichostatin A [TSA; Sigma], 50mM nicotinamide
[NAM; Sigma], and 2mM EDTA) was added to the cell powder, followed by sonication three times on ice
using a high-intensity ultrasonic processor (Scientz). The remaining debris was removed by centrifuga-
tion at 20,000 � g at 4°C for 10min. Finally, the protein was precipitated with cold 20% trichloroacetic
acid for 2 h at 4°C. After centrifugation at 12,000 � g and 4°C for 3min, the supernatant was discarded.
The remaining precipitate was washed with cold acetone three times. The protein was redissolved in 8
M urea and the protein concentration was determined with a bicinchoninic acid (BCA) assay kit
(Beyotime) according to the manufacturer’s instructions. For digestion, the protein solution was reduced
with 5mM dithiothreitol for 30min at 56°C and alkylated with 11mM iodoacetamide for 15min at room
temperature in dark. The protein sample was then diluted by adding 100mM NH4HCO3 until the urea
concentration dropped below 2 M. Finally, trypsin was added at 1:50 (trypsin-to-protein mass ratio) for
the first digestion overnight and 1:100 (trypsin-to-protein mass ratio) for a second 4-h digestion.

Enrichment of lysine 2-hydroxyisobutyrylated peptides. To enrich Khib-modified peptides, tryptic
peptides dissolved in NETN buffer (100mM NaCl, 1mM EDTA, 50mM Tris-HCl, 0.5% NP-40 [pH 8.0]) were
incubated with prewashed antibody beads (lot number PTM-804; PTM Bio) at 4°C overnight with gentle
shaking. Then the beads were washed four times with NETN buffer and twice with H2O. The bound pep-
tides were eluted from the beads with 0.1% trifluoroacetic acid. Finally, six eluates were combined and
vacuum dried. For LC-MS/MS analysis, the resulting peptides were desalted with Ziptips C18 resin pipette
tips (Millipore) according to the manufacturer’s instructions.

Qualitative proteomic analysis by LC-MS/MS. The tryptic peptides were dissolved in 0.1% formic
acid (solvent A), directly loaded onto an in-house-made reversed-phase analytical column (15-cm length,
75-mm inner diameter). The gradient comprised an increase from 6% to 23% solvent B (0.1% formic acid
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in 98% acetonitrile) over 36min, an increase from 23% to 35% over 8min, and an increase to 80% over
3min, followed by holding at 80% for the last 3min, all at a constant flow rate of 700 nl/min on an
EASY-nLC 1000 ultraperformance liquid chromatography (UPLC) system.

The peptides were subjected to nanospray ionization (NSI) followed by tandem mass spectrometry
(MS/MS) in Q Exactive Plus (Thermo) coupled online to the UPLC. The electrospray voltage applied was
2.0 kV. The m/z scan range was 350 to 1,600 for a full scan, and intact peptides were detected in an
Orbitrap instrument at a resolution of 60,000. Peptides were then selected for MS/MS using the normal-
ized collision energy (NCE) setting 28, and the fragments were detected in the Orbitrap at a resolution
of 15,000. The data-dependent procedure alternated between one MS scan and 20 MS/MS scans with
15.0 s dynamic exclusion. The automatic gain control (AGC) was set at 1E5.

Database search. MaxQuant integrated with the Andromeda search engine (v.1.5.2.8) was used to
process the MS/MS data (40). The tandem mass spectra were searched against the UniProt C. albicans
strain_SC5314 database (2018.05 version) concatenated with the reverse decoy database. Trypsin/P was
designated a lyase, and up to 4 missing cuts were allowed. The precursor ion mass errors in First search
and Main search were set to 20 ppm and 5 ppm, respectively, and the secondary fragment ion mass error
was set to 0.02Da. Carbamidomethylation on cysteine was specified as the fixed modification, and 2-
hydroxyisobutyrylation on lysine, acetylation on protein N-term, and oxidation on Met were specified as
variable modifications. The false discovery rate (FDR) thresholds for proteins, peptides, and Khib sites
were set to 1%.

GO annotation. Gene Ontology (GO) is a major bioinformatics initiative to unify the representation
of gene and gene product attributes across all species. The proteome of GO annotation was derived
from the UniProt Gene Ontology Annotation (GOA) database (http://www.ebi.ac.uk/GOA/). All identified
proteins were first to converted to UniProt ID and then mapped under GOA IDs. When identified pro-
teins were not annotated by the UniProt-GOA database, InterProScan software was used to annotate
functions of proteins based on protein sequence alignment method. Gene Ontology annotation analysis
was based on three categories: biological process, cellular component, and molecular function.

KEGG pathway annotation. The Kyoto Encyclopedia of Genes and Genomes (KEGG) connects
known information on molecular interaction networks, including pathways and complexes (the pathway
database), genome projects (including the gene database), and biochemical compounds and reactions
(including compound and reaction databases). The KEGG database was used to annotate protein path-
ways found in this study using KEGG online service tools, i.e., the KEGG Automatic Annotation Server
(KAAS) KEGG mapper.

KOG annotation. The Eukaryotic Orthologous Groups (KOG) annotation of the proteome was
derived from the NCBI-COG database (https://www.ncbi.nlm.nih.gov/COG/). The sequences of differ-
entially modified proteins were searched in Basic Local Alignment Search Tool (BLAST) version
2.2.28 to obtain protein KOG annotation.

Subcellular localization. The eukaryotic cells are elaborately subdivided into functionally distinct
membrane-bound compartments. Major constituents of these compartments are extracellular space,
cytoplasm, nucleus, mitochondria, Golgi apparatus, endoplasmic reticulum (ER), peroxisome, vacuoles,
cytoskeleton, nucleoplasm, nucleolus, nuclear matrix, and ribosomes. WoLF PSORT is an updated version
of PSORT/PSORT II for the prediction of eukaryotic sequences (41). We used this software to predicate
subcellular localizations of identified proteins.

Motif analysis. The software motif-x was used to identify the context sequences of amino acids
around 2-hydroxyisobutyrylated lysine residues (10 amino acids upstream and downstream of the site)
in all protein sequences (42). The database search for these protein sequences used default parameters
in each database. When the number of peptides in a certain characteristic sequence form is greater than
20 and P is less than 0.000001, the sequence is considered a motif of the modified peptide.

Functional enrichment and statistic analysis. For each category of GO annotation, a two-tailed
Fisher’s exact test was employed to test the enrichment of the modified protein against all proteins
databases. The GO with a corrected P value of ,0.05 is considered significant. The same two-tailed
Fisher’s exact test and a corrected P value of,0.05 were also considered significant in KEGG for pathway
analysis and InterPro for protein domain analysis.

Data availability. The mass spectrometry proteomics data have been deposited in the ProteomeXchange
Consortium via the PRIDE partner repository with the data set identifier PXD023013.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
DATA SET S1, XLSX file, 1.7 MB.
DATA SET S2, XLSX file, 0.9 MB.
DATA SET S3, XLSX file, 0.9 MB.
DATA SET S4, XLSX file, 1.3 MB.

ACKNOWLEDGMENTS
This work was financially supported by The National Natural Science Foundation of

China (no. 81972949, no. 81573059, and no. 81903229), the basic scientific research
fund projects of the Chinese Academy of Medical Sciences (no. 2020-PT310-005), The
Scientific and Technological Innovation Projects of Medicine and Health of Chinese

Zheng et al.

January/February 2021 Volume 6 Issue 1 e01129-20 msystems.asm.org 10

http://www.ebi.ac.uk/GOA/
https://www.ncbi.nlm.nih.gov/COG/
https://www.ebi.ac.uk/pride/archive/projects/PXD023013
https://msystems.asm.org


Academy of Medical Sciences (no. 2016-I2M-3-021), The Nanjing Incubation Program
for National Clinical Research Center (no. 2019060001), The National Science and
Technology Infrastructure of China (no. NPRC-32), The National Science and Technology
Major Project (Ministry of Science and Technology of the People's Republic of China,
MOST, no. 2018ZX10734404-007), and The PUMC Youth Funds & Fundamental Research
Funds for the Central Universities (no. 2017310033).

We declare no competing financial interest.
Xiaofang Li and Weida Liu conceived the ideas; Nana Song, Xiaowei Zhou, and Huan

Mei collected the data; Hailin Zheng and Nana Song analyzed the data; Hailin Zheng,
Nana Song, and Dongmei Li led the writing.

REFERENCES
1. Tsui C, Kong EF, Jabra-Rizk MA. 2016. Pathogenesis of Candida albicans

biofilm. Pathog Dis 74:ftw018. https://doi.org/10.1093/femspd/ftw018.
2. Gow NAR, Yadav B. 2017. Microbe Profile: Candida albicans: a shape-

changing, opportunistic pathogenic fungus of humans. Microbiology
(Reading) 163:1145–1147. https://doi.org/10.1099/mic.0.000499.

3. Himanshu T, Luqman S, Meena A, Khan F. 2014. Genomic identification of
potential targets unique to Candida albicans for the discovery of anti-
fungal agents. Curr Drug Targets 15:136–149. https://doi.org/10.2174/
138945011501140115112242.

4. Baker PJ, De Nardo D, Moghaddas F, Tran LS, Bachem A, Nguyen T,
Hayman T, Tye H, Vince JE, Bedoui S, Ferrero RL, Masters SL. 2017. Post-
translational modification as a critical determinant of cytoplasmic innate
immune recognition. Physiol Rev 97:1165–1209. https://doi.org/10.1152/
physrev.00026.2016.

5. Lin H, Caroll KS. 2018. Introduction: posttranslational protein modification.
Chem Rev 118:887–888. https://doi.org/10.1021/acs.chemrev.7b00756.

6. Conradi C, Shiu A. 2018. Dynamics of posttranslational modification systems:
recent progress and future directions. Biophys J 114:507–515. https://doi
.org/10.1016/j.bpj.2017.11.3787.

7. Xu H, Zhou J, Lin S, Deng W, Zhang Y, Xue Y. 2017. PLMD: an updated data
resource of protein lysine modifications. J Genet Genomics 44:243–250.
https://doi.org/10.1016/j.jgg.2017.03.007.

8. Li Q, Shortreed MR, Wenger CD, Frey BL, Schaffer LV, Scalf M, Smith LM.
2017. Global post-translational modification discovery. J Proteome Res
16:1383–1390. https://doi.org/10.1021/acs.jproteome.6b00034.

9. Pagel O, Loroch S, Sickmann A, Zahedi RP. 2015. Current strategies and
findings in clinically relevant post-translational modification-specific proteo-
mics. Expert Rev Proteomics 12:235–253. https://doi.org/10.1586/14789450
.2015.1042867.

10. Leach MD, Brown AJ. 2012. Posttranslational modifications of proteins in
the pathobiology of medically relevant fungi. Eukaryot Cell 11:98–108.
https://doi.org/10.1128/EC.05238-11.

11. Walsh CT, Garneau-Tsodikova S, Gatto GJ. 2005. Protein posttranslational
modifications: the chemistry of proteome diversifications. Angew Chem
Int Ed Engl 44:7342–7372. https://doi.org/10.1002/anie.200501023.

12. Doll S, Burlingame AL. 2015. Mass spectrometry-based detection and
assignment of protein posttranslational modifications. ACS Chem Biol
10:63–71. https://doi.org/10.1021/cb500904b.

13. Tweedie-Cullen RY, Brunner IM, Grossmann J, Mohanna S, Sichau D,
Nanni P, Panse C, Mansuy IM. 2012. Identification of combinatorial pat-
terns of post-translational modifications on individual histones in the
mouse brain. PLoS One 7:e36980-15. https://doi.org/10.1371/journal
.pone.0036980.

14. Dai L, Peng C, Montellier E, Lu Z, Chen Y, Ishii H, Debernardi A, Buchou T,
Rousseaux S, Jin F, Sabari BR, Deng Z, Allis CD, Ren B, Khochbin S, Zhao Y.
2014. Lysine 2-hydroxyisobutyrylation is a widely distributed active his-
tone mark. Nat Chem Biol 10:365–370. https://doi.org/10.1038/nchembio
.1497.

15. Huang H, Sabari BR, Garcia BA, Allis CD, Zhao Y. 2014. SnapShot: histone
modifications. Cell 159:458–458. https://doi.org/10.1016/j.cell.2014.09
.037.

16. Huang J, Luo Z, Ying W, Cao Q, Huang H, Dong J, Wu Q, Zhao Y, Qian X,
Dai J. 2017. 2-Hydroxyisobutyrylation on histone H4K8 is regulated by
glucose homeostasis in Saccharomyces cerevisiae. Proc Natl Acad Sci
U S A 114:8782–8787. https://doi.org/10.1073/pnas.1700796114.

17. Huang H, Luo Z, Qi S, Huang J, Xu P, Wang X, Gao L, Li F, Wang J, Zhao W,

Gu W, Chen Z, Dai L, Dai J, Zhao Y. 2018. Landscape of the regulatory ele-
ments for lysine 2-hydroxyisobutyrylation pathway. Cell Res 28:111–125.
https://doi.org/10.1038/cr.2017.149.

18. Ge H, Li B, Chen W, Xu Q, Chen S, Zhang H, Wu J, Zhen Q, Li Y, Yong L, Yu
Y, Hong J, Wang W, Gao J, Tang H, Tang X, Yang S, Sun L. 2019. Differential
occurrence of lysine 2-hydroxyisobutyrylation in psoriasis skin lesions. J
Proteomics 205:103420. https://doi.org/10.1016/j.jprot.2019.103420.

19. Meng X, Xing S, Perez LM, Peng X, Zhao Q, Redona ED, Wang C, Peng Z.
2017. Proteome-wide analysis of lysine 2-hydroxyisobutyrylation in devel-
oping rice (Oryza sativa) seeds. Sci Rep 7:17486. https://doi.org/10.1038/
s41598-017-17756-6.

20. Yu Z, Ni J, Sheng W, Wang Z, Wu Y. 2017. Proteome-wide identification of
lysine 2-hydroxyisobutyrylation reveals conserved and novel histone
modifications in Physcomitrella patens. Sci Rep 7:15553. https://doi.org/
10.1038/s41598-017-15854-z.

21. Dong H, Guo Z, Feng W, Zhang T, Zhai G, Palusiak A, Rozalski A, Tian S,
Bai X, Shen L, Chen P, Wang Q, Fan E, Cheng Z, Zhang K. 2018. System-
atic identification of lysine 2-hydroxyisobutyrylated proteins in Proteus
mirabilis. Mol Cell Proteomics 17:482–494. https://doi.org/10.1074/mcp
.RA117.000430.

22. Dong H, Zhai G, Chen C, Bai X, Tian S, Hu D, Fan E, Zhang K. 2019. Protein
lysine de-2-hydroxyisobutyrylation by cobB in prokaryotes. Sci Adv 5:
eaaw6703. https://doi.org/10.1126/sciadv.aaw6703.

23. Huang H, Tang S, Ji M, Tang Z, Shimada M, Liu X, Qi S, Locasale JW,
Roeder RG, Zhao Y, Li X. 2018. p300-mediated lysine 2-hydroxyisobutyry-
lation regulates glycolysis. Mol Cell 70:663–678. https://doi.org/10.1016/j
.molcel.2018.04.011.

24. Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC, Cockman ME,
Wykoff CC, Pugh CW, Maher ER, Ratcliffe PJ. 1999. The tumour suppressor
protein VHL targets hypoxia-inducible factors for oxygen-dependent pro-
teolysis. Nature 399:271–275. https://doi.org/10.1038/20459.

25. Li QQ, Hao JJ, Zhang Z, Krane LS, Hammerich KH, Sanford T, Trepel JB,
Neckers L, Agarwal PK. 2017. Proteomic analysis of proteome and histone
post-translational modifications in heat shock protein 90 inhibition-medi-
ated bladder cancer therapeutics. Sci Rep 7:201. https://doi.org/10.1038/
s41598-017-00143-6.

26. Zhou X, Qian G, Yi X, Li X, Liu W. 2016. Systematic analysis of the lysine
acetylome in Candida albicans. J Proteome Res 15:2525–2536. https://doi
.org/10.1021/acs.jproteome.6b00052.

27. Zheng H, He Y, Zhou X, Qian G, Lv G, Shen Y, Liu J, Li D, Li X, Liu W. 2016.
Systematic analysis of the lysine succinylome in Candida albicans. J Pro-
teome Res 15:3793–3801. https://doi.org/10.1021/acs.jproteome.6b00578.

28. Willger SD, Liu Z, Olarte RA, Adamo ME, Stajich JE, Myers LC, Kettenbach
AN, Hogan DA. 2015. Analysis of the Candida albicans phosphoproteome.
Eukaryot Cell 14:474–485. https://doi.org/10.1128/EC.00011-15.

29. Wang YG, Huang SY, Wang LN, Zhou ZY, Qiu JD. 2020. Accurate predic-
tion of species-specific 2-hydroxyisobutyrylation sites based on machine
learning frameworks. Anal Biochem 602:113793. https://doi.org/10.1016/j
.ab.2020.113793.

30. Moore PB. 2012. How should we think about the ribosome? Annu Rev Bio-
phys 41:1–19. https://doi.org/10.1146/annurev-biophys-050511-102314.

31. Rodnina MV, Fischer N, Maracci C, Stark H. 2017. Ribosome dynamics
during decoding. Philos Trans R Soc B 372:20160182. https://doi.org/10
.1098/rstb.2016.0182.

32. Carlson MA, Haddad BG, Weis AJ, Blackwood CS, Shelton CD, Wuerth
ME, Walter JD, Spiegel PC, Jr. 2017. Ribosomal protein L7/L12 is required

Analysis of Khib in Candida albicans

January/February 2021 Volume 6 Issue 1 e01129-20 msystems.asm.org 11

https://doi.org/10.1093/femspd/ftw018
https://doi.org/10.1099/mic.0.000499
https://doi.org/10.2174/138945011501140115112242
https://doi.org/10.2174/138945011501140115112242
https://doi.org/10.1152/physrev.00026.2016
https://doi.org/10.1152/physrev.00026.2016
https://doi.org/10.1021/acs.chemrev.7b00756
https://doi.org/10.1016/j.bpj.2017.11.3787
https://doi.org/10.1016/j.bpj.2017.11.3787
https://doi.org/10.1016/j.jgg.2017.03.007
https://doi.org/10.1021/acs.jproteome.6b00034
https://doi.org/10.1586/14789450.2015.1042867
https://doi.org/10.1586/14789450.2015.1042867
https://doi.org/10.1128/EC.05238-11
https://doi.org/10.1002/anie.200501023
https://doi.org/10.1021/cb500904b
https://doi.org/10.1371/journal.pone.0036980
https://doi.org/10.1371/journal.pone.0036980
https://doi.org/10.1038/nchembio.1497
https://doi.org/10.1038/nchembio.1497
https://doi.org/10.1016/j.cell.2014.09.037
https://doi.org/10.1016/j.cell.2014.09.037
https://doi.org/10.1073/pnas.1700796114
https://doi.org/10.1038/cr.2017.149
https://doi.org/10.1016/j.jprot.2019.103420
https://doi.org/10.1038/s41598-017-17756-6
https://doi.org/10.1038/s41598-017-17756-6
https://doi.org/10.1038/s41598-017-15854-z
https://doi.org/10.1038/s41598-017-15854-z
https://doi.org/10.1074/mcp.RA117.000430
https://doi.org/10.1074/mcp.RA117.000430
https://doi.org/10.1126/sciadv.aaw6703
https://doi.org/10.1016/j.molcel.2018.04.011
https://doi.org/10.1016/j.molcel.2018.04.011
https://doi.org/10.1038/20459
https://doi.org/10.1038/s41598-017-00143-6
https://doi.org/10.1038/s41598-017-00143-6
https://doi.org/10.1021/acs.jproteome.6b00052
https://doi.org/10.1021/acs.jproteome.6b00052
https://doi.org/10.1021/acs.jproteome.6b00578
https://doi.org/10.1128/EC.00011-15
https://doi.org/10.1016/j.ab.2020.113793
https://doi.org/10.1016/j.ab.2020.113793
https://doi.org/10.1146/annurev-biophys-050511-102314
https://doi.org/10.1098/rstb.2016.0182
https://doi.org/10.1098/rstb.2016.0182
https://msystems.asm.org


for GTPase translation factors EF-G, RF3, and IF2 to bind in their GTP
state to 70S ribosomes. FEBS J 284:1631–1643. https://doi.org/10.1111/
febs.14067.

33. Marquis DM, Fahnestock SR, Henderson E, Woo D, Schwinge S, Clark MW,
Lake JA. 1981. The L7/L12 stalk, a conserved feature of the prokaryotic
ribosome, is attached to the large subunit through its N terminus. J Mol
Biol 150:121–132. https://doi.org/10.1016/0022-2836(81)90327-2.

34. Wu Q, Ke L, Wang C, Fan P, Wu Z, Xu X. 2018. Global analysis of lysine 2-
hydroxyisobutyrylome upon SAHA treatment and its relationship with
acetylation and crotonylation. J Proteome Res 17:3176–3183. https://doi
.org/10.1021/acs.jproteome.8b00289.

35. Yin D, Jiang N, Zhang Y, Wang D, Sang X, Feng Y, Chen R, Wang X, Yang
N, Chen Q. 2019. Global lysine crotonylation and 2-hydroxyisobutyryla-
tion in phenotypically different Toxoplasma gondii parasites. Mol Cell
Proteomics 18:2207–2224. https://doi.org/10.1074/mcp.RA119.001611.

36. Sabari BR, Zhang D, Allis CD, Zhao Y. 2017. Metabolic regulation of gene
expression through histone acylations. Nat Rev Mol Cell Biol 18:90–101.
https://doi.org/10.1038/nrm.2016.140.

37. Xu X, Liu T, Yang J, Chen L, Liu B, Wei C, Wang L, Jin Q. 2017. The first
succinylome profile of Trichophyton rubrum reveals lysine succinylation
on proteins involved in various key cellular processes. BMC Genomics
18:1–13. https://doi.org/10.1186/s12864-017-3977-y.

38. Baßler J, Hurt E. 2019. Eukaryotic ribosome assembly. Annu Rev Biochem
88:281–306. https://doi.org/10.1146/annurev-biochem-013118-110817.

39. Wilson DN. 2014. Ribosome-targeting antibiotics and mechanisms of bac-
terial resistance. Nat Rev Microbiol 12:35–48. https://doi.org/10.1038/
nrmicro3155.

40. Tyanova S, Temu T, Cox J. 2016. The MaxQuant computational platform for
mass spectrometry-based shotgun proteomics. Nat Protoc 11:2301–2319.
https://doi.org/10.1038/nprot.2016.136.

41. Horton P, Park KJ, Obayashi T, Fujita N, Harada H, Adams-Collier CJ, Nakai
K. 2007. WoLF PSORT: protein localization predictor. Nucleic Acids Res 35:
W585–W587. https://doi.org/10.1093/nar/gkm259.

42. Chou MF, Schwartz D. 2011. Biological sequence motif discovery using
motif-x. Curr Protoc Bioinformatics Chapter 13:13.15.1–13.15.24. https://
doi.org/10.1002/0471250953.bi1315s35.

Zheng et al.

January/February 2021 Volume 6 Issue 1 e01129-20 msystems.asm.org 12

https://doi.org/10.1111/febs.14067
https://doi.org/10.1111/febs.14067
https://doi.org/10.1016/0022-2836(81)90327-2
https://doi.org/10.1021/acs.jproteome.8b00289
https://doi.org/10.1021/acs.jproteome.8b00289
https://doi.org/10.1074/mcp.RA119.001611
https://doi.org/10.1038/nrm.2016.140
https://doi.org/10.1186/s12864-017-3977-y
https://doi.org/10.1146/annurev-biochem-013118-110817
https://doi.org/10.1038/nrmicro3155
https://doi.org/10.1038/nrmicro3155
https://doi.org/10.1038/nprot.2016.136
https://doi.org/10.1093/nar/gkm259
https://doi.org/10.1002/0471250953.bi1315s35
https://doi.org/10.1002/0471250953.bi1315s35
https://msystems.asm.org

	RESULTS
	Khib is highly abundant in C. albicans histones.
	Motif analysis of the identified modified peptides.
	Functional classification of Khib-modified proteins.
	Functional enrichment analysis of Khib proteins.
	Overlap of lysine 2-hydroxyisobutyrylation with other lysine modifications.
	2-Hydroxyisobutyrylation of ribosome proteins in C. albicans.

	DISCUSSION
	MATERIALS AND METHODS
	Strains and culture.
	Protein extraction and digestion.
	Enrichment of lysine 2-hydroxyisobutyrylated peptides.
	Qualitative proteomic analysis by LC-MS/MS.
	Database search.
	GO annotation.
	KEGG pathway annotation.
	KOG annotation.
	Subcellular localization.
	Motif analysis.
	Functional enrichment and statistic analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

