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ABSTRACT: The emerging, multidrug-resistant yeast pathogen
Candida auris is responsible for healthcare-associated outbreaks
across the globe with high mortality. The rapid spread of C. auris is
linked to its successful colonization of human skin, followed by
bloodstream infections. We compared glycomics and proteomics of
C. auris to closely and distantly related human pathogenic yeasts,
C. haemulonii and C. albicans, with the aim to understand the role of
cell surface molecules in skin colonization and immune system
interactions. Candida auris mannan is distinct from other
pathogenic Candida species, as it is highly enriched in β-1,2-linkages. The experimental data showed that C. auris surface mannan
β-1,2-linkages were important for the interactions with the immune protein IgG, found in blood and in sweat glands, and with the
mannose binding lectin, found in the blood. Candida auris mannan binding to IgG was from 12- to 20-fold stronger than mannan
from the more common pathogen C. albicans. The ﬁndings suggest unique C. auris mannan could be crucial for the biology and
pathogenesis of this emerging pathogen.
KEYWORDS: Candida auris, glycomics, proteomics, mannan, adhesion, immunoglobin
with α-1,2-, α-1,3-, α-1,6- and β-1,2-linked mannopyranose
residues as well as phospho-linked mannopyranose units.15
These mannoproteins are potent immunogens that trigger and
modulate the host innate immune response through DC-SIGN
(dendritic cell speciﬁc intracellular adhesion molecule-3
(ICAM-3) grabbing nonintegrin), mannose receptor, and
Dectin-216 during candidiasis.14 Mannoproteins are adhesins
(mannans with lectin-like properties17,18) and promote
Candida binding to endothelial and epithelial cells.19−22
Diﬀerent Candida species have diﬀerent glycan structures.15
Candida mannans and mannoproteins are highly immunogenic
and eﬀective vaccines in animal models of candidiasis.23−25
Fungal mannan antigenemia is also regarded as a diagnostic
indicator of invasive Candida infections.26,27 At present, we
know little about the cell wall, the mannoproteins, mannans,
and the glycome of C. auris.
We describe a comparative study of the cell wall glycome
and proteome of C. auris and closely and distantly related yeast
pathogens, C. haemulonii and C. albicans. Our data show a
unique structure of C. auris mannan and an ability to bind IgG.

Candida auris is an emerging multidrug-resistant (MDR) yeast
that can cause a systemic infection leading to death.1−7 Over
the past years, there has been a surge of nearly 1,000 cases in
the US, particularly in the New York metropolitan area.4,7,8
C. auris can colonize the skin, ears (hence the designation
“auris”1), and other body sites where it remains asymptomatic.6−8 The problem comes when C. auris moves into the
body through a wound, sore, or puncture leading to systemic
infection and the death of nearly half of those infected.6,7,9
Strikingly, C. auris colonization of the human skin is diﬃcult
to eradicate despite chlorhexidine bathing, and the unusual
persistence of the pathogen on inanimate objects in hospitals
and nursing homes requires the use of bleach as the
disinfectant.8,10−13 On the skin, C. auris binds tightly,
displacing many other organisms typically comprising a healthy
microbiome, is diﬃcult to remove even using soap, alcohol,
and iodine disinfectants, and is easily transmissible between
patients.8 Once inside the body, it is unclear what proteins/
tissues interact with C. auris. There is a lack of mechanistic
insight into the adherence properties of C. auris, and despite
the availability of several whole genomes, structural elements
underlying adhesion remain unknown in the absence of a fully
annotated genome.2,5,12
The external surface of pathogenic yeasts, comprising the
cell wall, is over 60% carbohydrate and is essential to nearly
every aspect of the biology and pathogenicity.14 Cell wall
mannoproteins are composed of N- and O-linked mannans
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Figure 1. TOCSY spectra of Candida mannans. (A) C. auris 16-4 mannan; (B) C. auris 17-12 mannan; (C) C. albicans mannan; (D) C. haemulonii
mannan. The boxed regions in each spectrum indicate the H-1−H-2-correlated cross-peaks of the α- and β-mannose residues in each whole
mannan. Shift values are in ppm.

■

RESULTS
Prediction of the Structure of the Four Mannans
Using Total Correlation Spectroscopy (TOCSY). We
compared the structures of the four Candida mannans using
their TOCSY spectra. The H-1 region (4.70−5.65 ppm) of the
one-dimensional (1D) NMR spectra and the 2D-H-1−H-2correlated cross-peaks of the four mannans are shown in Figure
1. The mannans from the two C. auris strains showed almost
the same H-1 region, giving relatively simple signals in the αanomeric region (about 4.90−5.40 ppm) and obvious signals
at the β-anomeric region (about 4.70−4.90 ppm) as described
in previous reports on mannan structure.15 The C. haemulonii
mannan showed a similar H-1 region as the two C. auris
mannans, but it showed less intense β-anomeric region signals.
The C. albicans mannan gave only complex signals in the αanomeric region, suggesting a mannan very diﬀerent from that
of C. auris. Clearly observed signals at 5.54 ppm of the H-1
region of C. albicans mannan and C. auris strain 17-12 mannan
indicate both have a considerable number of phosphodiesteriﬁed oligosaccharides.28 More detailed structural diﬀerences

among the four mannans were apparent in the TOCSY spectra
on the basis of the previously published assignments of
C. albicans, C. lusitaniae, C. parapsilosis, and C. guilliermondii
mannans.15,28−31 The diﬀerences between cross-peaks 3 and 8
(Figure 1), which correspond to α-1,2-linked mannose units in
the mannans, suggest diﬀerences in the lengths of the α-1,2linked side-chain moieties. Compared to the C. albicans
mannan, the other three Candida-derived mannans contained
greater amounts of one or two β-1,2-linked mannose units at
the terminal of the side-chain moieties, reﬂected by the crosspeaks 4, 5, 14, 16, and 19 (Figure 1). However, the cross-peaks
10, 12, and 18, which correspond to four or more mannose
units of the β-1,2-linked chain, only appear in C. albicans
mannan. Cross-peak 6, corresponding to the terminal α-1,3linked mannose units of the mannans, was more obvious in
C. albicans mannan and C. haemulonii mannan than in the
mannans from the two C. auris strains.
Analysis of Phosphodiesteriﬁed Oligosaccharides.
We next used mild acid conditions to treat the four mannans
and then used centrifugal ﬁlter units to collect acid-labile
1019
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mannotriose to mannoheptaose. The phosphodiesteriﬁed
oligosaccharides (≥ mannotriose) from the two C. auris
mannans and C. haemulonii mannan have the same, relatively
simple structure that was identiﬁed as β-1,2-linked mannotriose. Their H-1 proton chemical shifts are shown in Table S1.
Acetolysis of the Acid-Stable Portions of the Four
Mannans. The acetolysis results proﬁled by HPGPC are
shown in Figure 3A. The larger molecular size (>
mannooctaose) portions indicate that the acetolysis degradation was not excessive.

oligosaccharides to determine the yield and structure of the
phosphodiesteriﬁed oligosaccharides. In the high performance
gel permeation chromatography (HPGPC) proﬁles of the acidlabile oligosaccharides, the 34 to 46 min range showed the
phosphodiesteriﬁed oligosaccharides (Figure 2A). We identi-

Figure 2. Analysis of acid labile oligosaccharides from the four
Candida mannons. (A) HPGPC proﬁles of acid-labile oligosaccharides from four mannans by a Superdex Peptide 10/300 GL column.
Numbers 1 to 7 indicate the relative positions of mannose to
mannoheptaose. (B) The H-1 region of the 1H NMR spectra of four
sources of phosphodiesteriﬁed oligosaccharides (≥ mannotriose).
Figure 3. HPGPC and HPLC of acid-stable mannan branches. (A)
HPGPC proﬁles of acetolysis result in oligosaccharides from four
mannans by a Superdex Peptide 10/300 GL column. Numbers 1 to 8
indicate the relative positions of mannose to mannooctaose. (B)
HPLC elution patterns of aimed independent branch oligosaccharides
from four mannans by a YMC Pack PA-G column. Numbers 1 to 8
indicate the relative positions of mannose to mannooctaose, and they
were judged according to the correspondence between HPGPC and
HPLC proﬁles of eight oligosaccharide fractions from C. auris 16-4 as
shown in Figure S2.

ﬁed the chain sizes for these peaks of 1 to 7 saccharide units.
Since monosaccharides are easily lost from these polysaccharides under acidic conditions, only a small portion of
monosaccharides is likely phosphodiesteriﬁed. The phosphodiesteriﬁed oligosaccharides of C. albicans mannan are rich in
mannotriose to mannoheptaose, while those of the other three
mannans were comprised predominantly of mannotriose. We
next separated phosphodiesteriﬁed oligosaccharides (≥ mannotriose) for further analysis. From these analyses, the yields of
C. auris 16-4 mannan, C. auris 17-12 mannan, C. albicans
mannan, and C. haemulonii mannan were estimated to be 0.9%,
2.1%, 7.6%, and 1.1%, respectively. The H-1 regions of the 1H
NMR spectra of four sources of phosphodiesteriﬁed
oligosaccharides (≥ mannotriose) are shown in Figure 2B.
On the basis of the assignments of the H-1 signals, the
structures of the phosphodiesteriﬁed oligosaccharides (≥
mannotriose) from C. albicans mannan include β-1,2-linked

Oligosaccharides from mannose to mannooctaose represent
independent branches of the Candida mannans on the basis of
previous reports.15,28 The two C. auris mannans show a similar
distribution of diﬀerent size branches, in which mannopentaose is the major branch compound. For C. albicans mannan,
the mannohexaose is the major branch component. However,
C. haemulonii mannan had similar amounts of branches from
1020
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Figure 4. 1H NMR spectral data on Candida mannans. Anomeric region of the 1H NMR spectra of oligosaccharides (shift values in ppm) from (A)
C. auris 16-4 mannan; (B) C. auris 17-12 mannan; (C) C. albicans mannan; (D) C. haemulonii mannan obtained by acetolysis.

mannotetrose to mannooctaose. We next size-separated
oligosaccharides, mannose to mannooctaose, obtained by
acetolysis for further structural analysis (Figure S1). These
were next eluted by high performance liquid chromatography
(HPLC) from a YMC Pack PA-G column, as shown in Figure
3B for optimal separation of diﬀerent size branches. Each size
of oligosaccharide was, thus, obtained for further NMR
analysis.
NMR Analysis of Branched Oligosaccharides. The H-1
regions of the 1H NMR spectra of branched oligosaccharides

from four mannans, including from mannotriose to mannoheptaose, are shown in Figure 4. Structural analyses of
mannooctaoses are not shown, as they have similar structural
features of the smaller oligosaccharides and are secondary in
amounts of these mannans. Consistent with NMR spectra of
the mannan polysaccharides, each size of branched oligosaccharides from two C. auris mannans showed almost the same
NMR spectra. In addition, signals corresponding to the one or
two β-1,2-linkages, at about 4.77 or 4.84 and 4.85 ppm,28,29
were present in branched oligosaccharides from the two
1021

https://dx.doi.org/10.1021/acsinfecdis.9b00450
ACS Infect. Dis. 2020, 6, 1018−1031

ACS Infectious Diseases

pubs.acs.org/journal/aidcbc

Article

Figure 5. TOCSY spectra with H-1−H-2-correlated cross-peaks assignments in ppm of mannopentaose from (A) C. auris 16-4 mannan; (B)
C. auris 17-12 mannan; (C) C. albicans mannan; (D) C. haemulonii mannan.

C. auris mannans, including from mannotetrose to mannoheptaose. Branched oligosaccharides from C. haemulonii
mannan also had weaker signals corresponding to one or
two β-1,2-linkages. However, the branched oligosaccharides
from C. albicans mannan showed almost no β-1,2-linkages.
From the following, according to previous reports about the
structure of Candida branch oligosaccharides, we can establish
the structures of each branched oligosaccharide from four
mannan sources and provide their H-1 assignments in Table
S2.
The H-1 regions of the 1H NMR spectra of the mannotriose
of the mannans from the four Candida sources are similar
except for some signals from unavoidable mannotriose
impurities, and most of the signals at about 5.04, 5.28, and
5.35 ppm could be easily assigned as the H-1 of Manα12Manα1−2Manα.29 This structure is the basis for all
extensions of branched oligosaccharides from the acid-labile
portion of the four Candida mannans.
The H-1 regions of the 1H NMR spectra of mannotetrose
show some diﬀerences among the four sources of mannans.
The most obvious structure for mannotetrose from the two
C. auris mannans is Manβ1-2Manα1-2Manα1-2Manα, on the
basis of the assignments of H-1 at 4.77, 5.16, 5.28, and 5.35
ppm.29 In addition, we observed similar amounts of Manα1-

2Manα1-2Manα1-2Manα, Manα1-3Manα1-2Manα1-2Manα,
and Manβ1-2Manβ1-2Manα1-2Manα according to their
NMR spectra.28,30,31 The mannotetrose structure from
C. albicans mannan showed similar amounts of Manα12Manα1-2Manα1-2Manα and Manα1-3Manα1-2Manα12Manα. Mannotetrose from C. haemulonii mannan had the
same four structures as those from C. auris mannans, but its
majority was Manα1-3Manα1-2Manα1-2Manα according to
the speciﬁc signal at 5.03 ppm, and Manβ1-2Manβ1-2Manα12Manα was only present in small amounts.
Mannopentaose occupied the most signiﬁcant portion of all
the branched oligosaccharides for four sources of mannans as
shown by HPGPC and HPLC proﬁles. Thus, we performed
TOCSY to obtain a deﬁnitive structural assignment (Figure 5).
The mannopentaose from C. auris mannans gave simple signals
for 2D-H-1−H-2-correlated cross-peaks, which could be
assigned as Manβ1-2Manβ1-2Manα1-2Manα1-2Manα.28,29 In
addition, mannopentaose from C. auris mannans showed small
amounts of Manα1-3Manα1-2Manα1-2Manα1-2Manα30 and
Manβ1-2Manα1-2Manα1-2Manα1-2Manα28 structures. The
TOCSY spectrum of mannopentaose from C. albicans mannan
could be assigned as Manα1-3Manα1-2Manβ1-2Manα12Manα. However, mannopentaose from C. haemulonii mannan
contained similar amounts of Manβ1-2Manβ1-2Manα11022
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2Manα1-2Manα and Manα1-3Manα1-2Manα1-2Manα12Manα as major structures and a small amount of Manβ12Manα1-2Manα1-2Manα1-2Manα.
Mannohexaose of C. auris mannans contained a major
structure with two β-1,2-linkages at the nonreducing terminal
as suggested by the signals at 4.84 and 4.85 ppm. The signal
intensity at 4.84 ppm, however, was not equal to the signal
intensity at 4.85 ppm, as shown in the 1H NMR spectra. When
the remarkable signal at 4.91 ppm and the major signal at 4.84
ppm were combined, the structure of three β-1,2-linkages at
the nonreducing terminal could be inferred.28,29 In addition,
we also inferred minor structures corresponding to Manβ12Manα1-2Manα1-2Manα1-2Manα1-2Manα and Manα12Manα1-3Manα1-2Manα1-2Manα1-2Manα. The mannohexaose structure of C. albicans mannan was established as
Manα1-3(Manα1-6)Manα1-2Manα1-2Manα1-2Manα.30
The mannohexaose structures of C. haemulonii mannan
showed the same four structures as the mannohexaose
obtained from C. auris mannan. However, the structures with
two or three β-1,2-linkages at the nonreducing terminal were of
signiﬁcantly less abundance, and the Manα1-2Manα13Manα1-2Manα1-2Manα1-2Manα was the major structure.
The mannoheptaose component of the C. auris mannans
followed the style of mannohexaose, which contained the one,
two, or three β-1,2-linkages at the nonreducing terminal, and
the structures containing two β-1,2-linkages were predominant.
There were no mannans with four or more β-1,2-linkages at
the nonreducing terminal, since there were no signals at 4.93 ±
0.01 ppm.28 In addition in the C. auris mannans, we also found
appreciable quantities of Manα1-2Manα1-3Manα1-2Manα12Manα1-2Manα with a α-1,6-linkage at the reducing terminal
in mannoheptaose. The α-1,6-linkage at the reducing terminal
is believed to be the result of incomplete acetolysis. The α-1,6linkage did not add to the latter mannose of the α-1,3-linkage,
because there were no signals at about 5.22 and 5.24 ppm.30
The mannoheptaose structure of C. albicans mannan could be
established as Manα1-2Manα1-3Manα1-2Manα1-2Manα12Manα with a α-1,6-linkage at the reducing terminus or the
latter mannose with a α-1,3-linkage. The mannohexaose
structures of C. haemulonii mannan showed the same four
structures as C. auris mannan mannohexaose, with the Manα12Manα1-3Manα1-2Manα1-2Manα1-2(Manα1-6)Manα being
the major structure.
Identiﬁcation of C. auris Cell Surface Binding
Proteins from Human Serum. Human serum from a pool
of healthy donor volunteers was incubated with C. auris strains
16-4 and 17-12, respectively, and each strain had a duplicate
incubation sample. Incubated cells were washed with Tween
20 to remove nonspeciﬁc weak-binding proteins on the surface.
Strong-binding proteins on cell surfaces were digested by
trypsin with the help of reducing agent dithiothreitol (DTT)
for deep digestion. Digested peptides were then separated from
cells and processed for proteomics identiﬁcation.
Proteomic analyses of human serum proteins binding to
C. auris were performed with replicate MS runs for each
sample. The signiﬁcant proteins having a false discovery rate
(FDR) of <1% are shown in Table 1. Each protein listed had
more than two identiﬁed peptides. There were 13 common
proteins found in the C. auris 16-4 replicates and 15 common
proteins found in the C. auris 17-12 replicates (Table 1). There
were 8 proteins shared by the two C. auris strains (bold font in
Table 1), including three keratins that are routinely viewed as
contaminants in proteomic analyses. The ﬁve other proteins

Article

Table 1. Proteins Identiﬁed in C. auris Binding by
Proteomics Analysis
proteins from C. auris 16-4
complement C3
immunoglobulin heavy constant
gamma
histidine-rich glycoprotein
mannose-binding protein C
apolipoprotein A-I
keratin, type II cytoskeletal 1
keratin, type I cytoskeletal 9
keratin, type I cytoskeletal 10
complement C1q subcomponent
subunit A
prothrombin
T cell receptor alpha joining 56
protein phosphatase 1 regulatory
subunit 26
complement C1q subcomponent
subunit C

proteins from C. auris 17-12
complement C3
immunoglobulin heavy constant
gamma
histidine-rich glycoprotein
mannose-binding protein C
apolipoprotein A-I
keratin, type II cytoskeletal 1
keratin, type I cytoskeletal 9
keratin, type I cytoskeletal 10
plasminogen
apolipoprotein C-III
cotranscriptional regulator FAM172A
apolipoprotein B-100
inter-alpha-trypsin inhibitor heavy
chain H2
alpha-1-antitrypsin
apolipoprotein C-I

identiﬁed were tested using surface plasmon resonance (SPR)
for their interaction with the four Candida mannans.
Interaction Studies between Candida Mannans and
Serum Proteins. We tested the interactions of the ﬁve serum
proteins, complement C3, IgG, human histidine-rich glycoprotein (HPRG), apolipoprotein A-I, and human mannan
binding lectin (MBL) protein, with the surface C. auris cells to
understand what factors might play a role in the systemic
C. auris infections. We discovered that only IgG and MBL
protein showed strong binding to all four mannans. Their
interaction kinetic constants are shown in Table 2, and the
sensorgrams with a ﬁtted curve are shown in Figure S3. IgG,
the most common type of antibody in the blood,32 showed the
strongest interaction to the two C. auris mannans and exhibited
similar KD values (Table 2). C. haemulonii mannan showed a
weaker interaction with IgG, and C. albicans mannan showed
the weakest interaction with IgG. MBL protein is instrumental
in innate immunity33 and showed a stronger interaction with
four sources of mannans than did IgG. Moreover, MBL is
known to speciﬁcally bind to D-mannose residues found on the
surfaces of many pathogens and showed the strongest
interactions for mannans rich in β-1,2-linkages (Table 2).
We used these four mannans to compete with the binding
between IgG and immobilized C. auris 16-4 mannan to further
compare the interaction strength between IgG and four
mannans (Figure 6). We found that, at the same IgG
concentration (1 μM), only 0.14 μM C. auris 16-4 mannan
could reduce by half the amount of IgG interacting with
immobilized C. auris 16-4 mannan. However, for C. albicans
mannan, the concentration required 1.70 μM to reduce by half
the amount of IgG interacting with immobilized C. auris 16-4
mannan. The concentrations of C. auris 17-12 mannan and
C. haemulonii mannan required to achieve the same
competitive inhibition were 0.19 and 0.27 μM, respectively.
These competition results also suggest that the C. auris
mannan with a higher content of β-1,2-linked mannose
residues showed a stronger binding for IgG.
Cell Surface Mannoproteins. Cell surface mannoproteins
were isolated as shown in Figure 7. In this isolation process,
the yeast cells remained intact (Figure S4).
1023
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Table 2. Kinetic Constants of Interactions between Immune Protein and Four Sources of Mannansa
protein
IgG

MBL protein

mannan
C.
C.
C.
C.
C.
C.
C.
C.

auris 16-4 mannan
auris 17-12 mannan
albicans mannan
haemulonii mannan
auris 16-4 mannan
auris 17-12 mannan
albicans mannan
haemulonii mannan

ka (1/Ms)
853 ± 25.3
2.83 × 103 ±
286 ± 17.6
488 ± 38.7
1.35 × 105 ±
1.31 × 105 ±
6.68 × 104 ±
5.24 × 104 ±

kd (1/s)

127

1.06 × 103
1.58 × 103
716
592

4.04
1.52
3.04
7.88
1.05
1.31
1.56
4.01

×
×
×
×
×
×
×
×

10−4
10−3
10−3
10−4
10−7
10−7
10−5
10−7

±
±
±
±
±
±
±
±

6.58
1.46
3.42
1.33
1.06
1.00
1.64
5.36

KD (M)
×
×
×
×
×
×
×
×

10−6
10−5
10−5
10−5
10−6
10−6
10−5
10−6

4.73
5.37
1.06
1.61
7.81
1.00
2.34
7.65

×
×
×
×
×
×
×
×

10−7
10−7
10−5
10−6
10−13
10−12
10−10
10−12

a

The standard errors are from the global ﬁtting.

mannan and C. auris mannan could be deﬁnitively
distinguished on the basis of the data presented in Table S2.
C. haemulonii mannan had reduced amounts of structures with
two or three β-1,2-linkages at the terminal of α-1,2-linked
chains but more structures containing one α-1,3-linkage in α1,2-linked chains. From the comparison of 1H NMR signal
intensities at 4.89 ppm (Figure 1), speciﬁc for the backbone
with no side branch structure, -6Manα1-6Manα1-6Manα1-,28
C. auris mannans showed denser side branches than the
C. haemulonii mannan. Of the two C. auris mannans, C. auris
17-12 mannan had a higher content of phosphodiesteriﬁed
oligosaccharides than the C. auris 16-4 mannan. However,
C. auris 16-4 mannan had more one, two, and three β-1,2linkage structures at terminal α-1,2-linked chains in its acidstable portion. From the acetolysis studies, the Manβ12Manβ1-2Manα1-2Manα1-2Manα was found to be the
major oligosaccharide branch in the two C. auris mannans. It
is noteworthy that C. lusitaniae, which is most closely related to
C. auris, consistent with the percent nucleotide identities of
various yeast species,1 also contains structures of Manβ12Manβ1-2Manα1-2Manα1-2Manα as the majority of the
branch oligosaccharides in its cell surface mannan.29 In
C. albicans mannan, no β-1,2-linkages were found in the
acid-stable portion. The Manα1-3Manα1-2Manα1-2Manα12Manα and Manα1-3(Manα1-6)Manα1-2Manα1-2Manα12Manα were its major branch oligosaccharides. However, its
phosphodiesteriﬁed oligosaccharides contained only β-1,2linked mannooligosaccharides. The structure obtained was
nearly the same as that published for the C. albicans serotype B
strain.30
The monosaccharide composition of the cell surface glycans
from these four Candida species was also determined. Their
glycans were all mainly made up of glucose and mannose. The
ratios of glucose to mannose of glycans from C. auris 16-4,
C. auris 17-12, C. albicans, and C. haemulonii were 0.68 ± 0.08,
0.60 ± 0.02, 1.50 ± 0.15, and 0.91 ± 0.09, respectively.
Moreover, the composition indicates that C. auris glycans are
richer in cell surface mannans than the other two Candida
species. On the basis of these analyses, we propose the mannan
structure for C. auris 16-4 and 17-12, C. haemulonii, and
C. albicans shown in Figure 8.

A summary of the common identiﬁed proteins with
predicted functions is presented in Table S3. These proteins
were identiﬁed with high conﬁdence (FDR < 0.01), and each
was hit by at least two peptides in both biological samples,
C. auris 16-4 and 17-12. Most proteins were described as
“uncharacterized” due to the poorly annotated C. auris
proteome. Further functional predictions and annotations
were carried out on the basis of Uniprot36 and Pannzer2.37
There were 96 proteins initially identiﬁed, but due to the
poorly annotated C. auris proteome, many of these were
uncharacterized proteins; only 63 had a protein description or
predicted function (Table S3).
Samples from both 5 and 20 min incubations were used for
calculating the results. The shorter incubation time might not
shave enough surface proteins from the cell surface, while a
longer incubation time might result in such small peptides
from the mannan core protein to aﬀord too little information
for protein identiﬁcation. The combination of the results from
both incubations gave complementary data aﬀording better
identiﬁcation.
Proteins were classiﬁed according to the functional
categories based on UniProt Gene Ontology (Figure 7B).36
Most of the proteins identiﬁed are involved in transporter
function followed by biogenesis, ATP binding, and stress
response. Some of these have already been reported in the cell
wall of C. albicans.34 Proteins also have been classiﬁed
according to the locations based on UniProt Gene Ontology
(Figure 7C). More than half of the identiﬁed proteins were
located on the membrane, conﬁrming the robustness of our
sample processing and protein identiﬁcation methods. Some
nuclear proteins were identiﬁed, but these could be the result
of unknown export pathways involved in their secretion. Since
C. auris proteomics is so poorly studied, some proteins may
not yet have been annotated as being located in the cell
membrane.
Structural Models of Candida Mannan. We combined
the possible structures of the four mannans on the basis of our
structural analysis of phosphodiesteriﬁed oligosaccharides and
the resulting acetolysis derived oligosaccharides (Figure 8).
These mannans mainly contained four categories of
oligosaccharide branches. The ﬁrst one contains one α-1,3linkage in α-1,2-linked chains, and the other three contain one,
two, or three β-1,2-linkage at the terminal of the α-1,2-linked
chains. The molar ratio of diﬀerent categories of branch
oligosaccharides was quantiﬁed by the peak area of their
speciﬁc 1H NMR signals (Figure 1) at around 4.77, 4.85, 4.91,
and 5.03 ppm, and these results are shown in Table S4. We
ignored the signal contributions of the β-1,2-linkage from
phosphodiesteriﬁed oligosaccharides, since these were in
minimal amounts in these three mannans. The C. haemulonii

■

DISCUSSION
Candida mannans were extracted by enzymatic treatments to
preserve their integrity and characterized by NMR spectroscopy using TOCSY to characterize terminal β-1,2-linked
mannose units. On the basis of the published reports for
other Candida species,15,28−31 we could distinguish unique
structures of C. auris mannans.
1024

https://dx.doi.org/10.1021/acsinfecdis.9b00450
ACS Infect. Dis. 2020, 6, 1018−1031

ACS Infectious Diseases

pubs.acs.org/journal/aidcbc

Article

Figure 6. (A) Schematic for mannan-IgG binding competition. (B) Competition of IgG (1 μM) binding to immobilized C. auris 16-4 mannan by
gradient concentrations of (upper left) C. auris 16-4 mannan, (upper right) C. auris 17-12 mannan, (lower left) C. albicans mannan, and (lower
right) C. haemulonii mannan with (C) a corresponding IC50 value. IgG was preincubated with gradient concentrations of mannans prior to the
interaction with immobilized C. auris 16-4 mannan. The unbinding IgG was the one that did not interact with the mannan during preincubation.
Unbound IgG (%) was calculated by the highest response unit (RU) ratio with and without preincubated mannan.

yields of phosphodiesteriﬁed oligosaccharides were consistent
with their NMR spectra. The C. albicans mannan and C. auris
17-12 mannan show intense signals associated with phospho-

We used acetolysis to analyze the detailed structures of
mannans from C. auris, C. haemulonii, and C. albicans by
starting with the phosphodiesteriﬁed oligosaccharides. The
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Figure 7. Summary of proteomics analysis of cell-surface mannoproteins from C. auris. (A) Approaches for enrichment of cell-surface
mannoproteins from C. auris. (B) Identiﬁed mannoproteins classiﬁed by function. (C) Identiﬁed mannoproteins classiﬁed by location.

servation reﬂects that C. auris is phylogenetically related to
C. haemulonii and that C. auris can be easily clinically
misidentiﬁed as C. haemulonii.26,40 However, the proportions
of the branched oligosaccharides were diﬀerent between
C. auris mannan and C. haemulonii mannan.
Shaved C. auris mannoproteins (Figure 7) were used as a
control group to increase the identiﬁcation conﬁdence of
C. auris cell surface binding proteins from human serum
(Table 1). None of the human serum proteins and their unique
peptides were found from the C. auris control group. There
were ﬁve proteins identiﬁed as C. auris surface binding
proteins, but only two of these, IgG and MBL, showed strong
binding to puriﬁed mannan by SPR. Human MBL fused with
IgG1 has been reported to bind to C. auris.41,42 MBL is a
crucial host-defense protein associated with the innate immune
system, and a deﬁciency of MBL increases susceptibility to
many infectious diseases. As a calcium-dependent, patternrecognition opsonin, MBL can distinguish patterns of
carbohydrate molecules associated with the pathogen cell
surfaces and subsequently activate the immune system.41

diesteriﬁed oligosaccharides, while C. auris 16-4 mannan and
C. haemulonii mannan show only weak signals. The structures
of phosphodiesteriﬁed oligosaccharides from C. albicans
mannans are consistent with earlier reports about those from
the C. albicans NIH B-792 (serotype B) strain.38 However, the
structures of phosphodiesteriﬁed oligosaccharides from the
other three mannans are more similar to the mannans of
C. lusitaniae and C. albicans serotype A.28,29
Mild acetolysis was performed on acid-stable mannan to
obtain intact, independent branched oligosaccharides, while
retaining the labile β-1,2-linked nonreducing terminal
groups.39 The structure of each branched oligosaccharide
from C. albicans is nearly identical to the previously reported
structures of C. albicans serotype B.30 These results conﬁrm the
consistency of acetolysis for structural analysis of Candida
mannans in the present study.
The two C. auris mannans and C. haemulonii mannans
shared the same structural model, since they contained the
same linkage types of branch oligosaccharides in the acid-stable
portion and phosphodiesteriﬁed oligosaccharides. This ob1026
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Figure 8. Structural models of Candida mannans. (A) C. auris 16-4 mannan, C. auris 17-12 mannan, and C. haemulonii mannan and (B) C. albicans
mannan. “M” denotes a D-mannopyranose residue. This structure is one of the possibilities out of a statistical ensemble, and there is no speciﬁed
side-chain order. The M in black corresponds to an α-1,2-linkage. The M in dark red corresponds to an α-1,6-linkage; the M in blue corresponds to
a β-1,2-linkage, and the M in purple corresponds to an α-1,3-linkage.

■

Another protein identiﬁed was human immunoglobulin
gamma (IgG), which can bind various pathogens, including
fungi, to protect the body from infection. One reason for our
failure to observe all of the identiﬁed binding proteins is that
we are examining binding to the puriﬁed mannan, not the
whole yeast cell. Another reason is that C3 and HRG might
instead bind IgG to form a functional complex. In this way,
they could indirectly bind to the C. auris cell surface through
IgG.
Our SPR data suggests that mannans containing a large
number of β-1,2-linked mannose residues interact more
strongly with IgG and MBL protein. This result is consistent
with the previous report that Candida mannan in candidiasis
patients contains β-1,2-linked mannose residues, and these are
targets of the immune system.28 Also, an earlier publication
describes that glycopeptide vaccines combining β-mannan and
peptide epitopes induce protection against candidiasis in a
murine model.42 C. auris may rely on a surface mannan rich in
β-1,2-linkages to interact with immune proteins like IgG and
MBL. Further studies are needed to examine if the C. auris β1,2-linkage is critical for interactions with the immune system.
In conclusion, studies on the glycomics and proteomics of
C. auris led to the discovery of a unique mannan. Candida auris
mannan is distinct from closely and distantly related
pathogenic Candida species. Candida auris mannan mainly
resides on the surface of yeast. C. auris mannan could be
crucial for the biology and pathogenesis of this emerging
pathogen.

MATERIALS AND METHODS

Materials. Lyticase and amyloglucosidase were purchased
from Sigma-Aldrich (St. Louis, MO, USA). β-Glucosidase was
purchased from Megazyme (Bray, Ireland). Centrifugal ﬁlter
units of 10K molecular weight cutoﬀ (MWCO) were
purchased from MilliporeSigma (Burlington, MA, USA).
Centrifugal ﬁlter units of 0.2 μm were purchased from Pall
(Port Washington, NY, USA). Human serum was purchased
from BIOVIT (Westbury, NY, USA). Pierce mannan binding
protein agarose was purchased from Thermo Fisher Scientiﬁc
(Waltham, MA, USA). Tryspsin gold was purchased from
Promega (Madison, WI, USA). All other chemicals and
reagents were of analytical grade and purchased from
commercial corporations.
Preparation and Inactivation of Candida. Candida auris
(16-4 and 17-12, South Asian clade), C. albicans, and
C. haemulonii were clinical isolates characterized by MALDITOF-MS (matrix-assisted laser desorption/ionization time-ofﬂight mass spectrometry) and Sanger sequencing at the
Mycology Laboratory, Wadsworth Center.9 The South Asian
Clade I predominates among patients in New York.9 Bulk
preparations were obtained from yeast cells grown for 24 h in
yeast extract-peptone (YPD) broth at 30 °C and 180 rpm. Cell
pellets were obtained by centrifugation and heat-inactivated in
a water bath (90 °C, 180 min) or autoclave (121 °C, 30 min).
The sterility of the heat-inactivated cells was checked by
transferring a 10 μL loop full of pellet to 20 mL of YPD broth
incubated at 30 °C and 180 rpm for 48 h.
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Preparation of Mannan. Autoclaved or heat-inactivated
Candida strains were lyophilized, and then, each milligram of
dry Candida strain was mixed with 50 to 100 active units of
lyticase and 0.1 to 0.2 mL of pure water at room temperature
overnight. The precipitate was removed by centrifugation; the
supernatant was recovered, and the impurities from enzymatic
hydrolysis were removed using a 10K MWCO centrifugal ﬁlter
unit allowing for the recovery of the intact glycoprotein from
the cell surface. After lyophilization, each milligram of dry
glycoprotein was mixed with one active unit of amyloglucosidase and 0.1 to 0.2 mL of 50 mM sodium acetate-HCl (pH
4.70) and incubated at 55 °C overnight to remove α-glucans.
Next, each milligram of dry glycoprotein was mixed with one
active unit of β-glucosidase and 0.1 to 0.2 mL of 50 mM
sodium phosphate (pH 7.00) and incubated at 40 °C
overnight to remove β-glucans. 1H NMR spectroscopy was
used to make sure all the glucans were removed from the
glycoprotein (data were not shown). Next, each milligram of
mannoprotein was mixed with 0.1 mg of actinase E and 0.1 mL
of pure water and incubated at 55 °C overnight to digest the
protein part. Finally, after treatment at 100 °C for 1 h, the
actinase E was removed by centrifugation and the pure
mannan was enriched by a 10K MWCO centrifugal ﬁlter unit
and then lyophilized to obtain a ﬁnal yield of ∼5% based on
the starting dry cell weight.
Acetolysis of the Mannan. Before acetolysis, the mannan
was treated with 10 mM HCl at 100 °C for 1 h to release the
phosphodiesteriﬁed oligosaccharides. Then, 100 mg of acidstable mannan was acetylated in 20 mL of a mixture of acetic
anhydride/pyridine (1:1 by vol.) at 105 °C in an oil bath for
24 h, after which, rotary evaporation was used to remove
anhydride and pyridine. The acetylated mannan was dissolved
in 20 mL of a mixture of acetic anhydride/acetic acid/H2SO4
(100:100:1 by vol.) at 40 °C for 36 h as mild acetolysis. Next,
40 mL of pyridine was added to stop the acetolysis, and rotary
evaporation was used to dry the sample. The acetylated
oligosaccharides were extracted by chloroform and then
deacetylated using sodium methoxide. Finally, the mixture
was deionized by dialysis and then freeze-dried. This treatment
selectively breaks the backbone α-1,6-linkages of acid-stable
mannan and yields a mixture of oligosaccharides from sidechain moieties.
HPGPC and HPLC of Oligosaccharides. HPGPC of
oligosaccharides was proﬁled on a column (10 × 300 mm) of
Superdex Peptide 10/300 GL (GE Healthcare, Chicago, IL).
Elution was carried out with 0.2 M NH4HCO3 at a ﬂow rate of
0.4 mL/min and was monitored with a refractive index
detector. High performance liquid chromatography (HPLC) of
oligosaccharides was proﬁled on a column (4.6 mm × 250
mm) of YMC-Pack PA-G (YMC American, Allentown, PA,
USA). Elution was carried out with CH3CN/H2O (52:48, v/v)
at a ﬂow rate 1.0 mL/min and was monitored with a refractive
index detector.
NMR Spectroscopy. Samples were dissolved in 500 μL of
D2O (99.9%) and lyophilized three times to substitute the
exchangeable protons with deuterium and then transferred to
NMR microtubes after dissolving in 500 μL of D2O. NMR
spectra were recorded on Bruker 600 spectrometer (Madison,
WI, USA) with Topspin 3.2 software at 318.15 K.
Monosaccharide Composition of Cell Surface Glycans. Autoclaved or heat-inactivated Candida strains were
treated with a protease, actinase E, to recover glycans from the
cell surface. The monosaccharide composition of cell surface
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glycans was determined by the 1-phenyl-3-methyl-5-pyrazolone (PMP) derivatization followed by HPLC as mentioned in
a similar publication.43 Brieﬂy, cell surface glycans were
hydrolyzed with 2 M triﬂuoroacetic acid (TFA) at 110 °C
for 8 h. The hydrolyzate was derived in a methanol solution of
PMP at 70 °C for 30 min. The labeled carbohydrates were
analyzed by HPLC with a mixture of 0.1 M KH2PO4 and
CH3CN (83:17, v/v) as mobile phase. D-Glucose, L-rhamnose,
D-xylose, L-arabinose, D-mannose, L-fucose, D-galactose, and Dgalacturonic acid were derived and used as standards.
Interaction Studies between Candida Mannans and
Serum Proteins. The interaction behavior of Candida
mannans with serum proteins was measured using SPR on a
BIAcore 3000 system based on a similar publication.44 Brieﬂy,
the biotinylated Candida mannan was immobilized to a
streptavidin (SA) chip based on the manufacturer’s protocol.
Successful immobilization of Candida mannan was conﬁrmed
by the observation of an over 400 resonance unit (RU)
increase in the sensor chip. The commercial serum protein was
resuspended in PBS buﬀer. Diﬀerent dilutions of the serum
protein were injected at a ﬂow rate of 30 μL/min. At the end of
the injection, the same buﬀer was ﬂowed over the sensor
surface to facilitate dissociation. After dissociation, the sensor
surface was regenerated by injecting 30 μL of 2 M NaCl. The
response was monitored as a function of time (sensorgram) at
25 °C.
Competition of IgG Binding to Immobilized C. auris
16-4 Mannan by Diﬀerent Candida Mannans. Competitive SPR experiments, using diﬀerent Candida mannans, were
performed to compare their binding ability to IgG. IgG was
separately preincubated with a gradient of concentrations of
diﬀerent Candida mannans and then injected over the C. auris
16-4 mannan chip at a ﬂow rate of 30 μL/min. After each
injection and association, dissociation and regeneration were
performed as previously described.
Isolation of Mannoproteins for Proteomics. A cell
shaving method was used to identify the core protein of the
surface mannoprotein. 34,35 Brieﬂy, C. auris cells heatinactivated at 90 °C were collected and washed four times in
1% sodium dodecyl sulfate (SDS) to remove proteins weakly
bound to the cell surface. The intact nature of the cells was
veriﬁed by microscopy to conﬁrm that the SDS did not break
the cells and released proteins primarily from the cell surface
(Figure S4). Cells were then resuspended in 0.8 mL of 25 mM
ammonium bicarbonate buﬀer (pH 8.0). A total amount of 10
μg of trypsin (Trypsin Gold, Promega) was added to 10 mg
cells. Since unfolded proteins are more accessible to tryptic
digestion, the eﬃciency of surface digestion was enhanced in
the presence of 0.5 mM DTT. After incubation at 37 °C for 5
min in a rotary shaker at 600 rpm, proteolytic reactions were
ﬁrst stopped by adding 0.1% TFA (v/v) followed by heating
for 10 min at 98 °C to permanently deactivate the trypsin.
Samples were centrifuged at 3500g for 5 min, and the
supernatants were collected and ﬁltered through 0.22 μm poresize ﬁlters (Pall, NY, USA). The intact nature of the cells was
again veriﬁed by microscopy to make certain that trypsin
digestion did not break the cells and that the proteins released
were primarily from the cell surface (Figure S4).
Puriﬁcation of Shaved Mannoproteins. The aﬃnity
column was carefully packed with the immobilized MBP
(Pierce) according to the manufacturer’s instructions. The
column was equilibrated at 4 °C by washing with eight gel-bed
volumes of prechilled binding buﬀer (10 mM Tris, 1.25 M
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NaCl, 20 mM CaCl2; pH 7.4; 4 °C). Cold (4 °C) shaved
mannoprotein samples were added to the column and allowed
to completely enter the gel. Next, 2 mL of binding buﬀer per 5
mL of gel bed was added to the column and incubated at 4 °C
for 30 min. The washed column was loaded with nine gel-bed
volumes of the cold binding buﬀer to remove nonbound
protein. The elution procedure was performed at room
temperature by adding 3 mL of elution buﬀer to the column
for each 5 mL of gel. After overnight incubation, shaved
mannoprotein fractions were collected by adding nine gel-bed
volumes of the elution buﬀer.
Identiﬁcation of C. auris Cell Surface Binding
Proteins from Human Serum. Human serum was from a
pool of healthy donor volunteers who did not have any clinical
or microbiological evidence of infection (BIOVIT). Human
serum (1 mL) was added to 9 mL of phosphate buﬀered saline
(PBS) (10 mM). Glutaraldehyde (10 mg) was used to treat
C. auris and was gently mixed with the dilute serum and then
incubated 5 h at 37 °C and 200 rpm. Two C. auris strains were
incubated, and each incubation was performed in duplicate.
The surface shaving procedure was adapted from a previous
study.35 Brieﬂy, after incubation of C. auris with 10% human
serum, the cultures were centrifuged at 3500g for 5 min. Cell
pellets were resuspended in 1 mL of PBS with 0.1% Tween 20,
centrifuged again, and washed 6 times with PBS to remove
nonspeciﬁc, weak-bonding proteins. The washed pellet was
resuspended in 400 μL of 25 mM NH4HCO3, pH 8.0. Next,
7.5 μL of 1 M dithiothreitol (DTT) and 9 μg of trypsin gold
(Promega) were added. DTT was added during the digestion
as a reducing agent to ensure deep digestion of the associated
proteins with noncovalent and disulﬁde bridges. In contrast to
the experiment aimed at shaving mannoproteins from the cell
surface without extensive digestion, this process aims to fully
digest human serum proteins that are strongly bonded to the
cell surface. Therefore, samples are incubated for a longer time
(30 min) at 37 °C and 600 rpm. After incubation, TFA 0.1%
(v/v) was added to stop the proteolytic reaction; samples were
centrifuged at 5000 rpm for 5 min, and the supernatant was
ﬁltered with a centrifugal ﬁlter unit of 10K MWCO to remove
trypsin, mannan, and cells. The samples were freeze-dried and
stored at −20 °C before nano-LC-MS/MS analysis.
Nano HPLC MS/MS. The resulting peptide mixtures were
analyzed using an Agilent 1200-Series LC system coupled to an
LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientiﬁc,
Waltham, MA USA). The LC system was equipped with a 75
μm ID, 15 μm tip, 105 mm picochip (New Objective,
Cambridge, MA) bed packed with 5 μm BioBasic (Thermo
Fisher Scientiﬁc, Waltham, MA USA) C18 and 300 Å resin.
Sample loading was ﬁnished in 2% buﬀer B (98% acetonitrile
in 0.1% formic acid) in 10 min. Elution was achieved with a
gradient of 15−90% B in a total of 180 min. The ﬂow rate was
passively split from 0.3 mL/min to 200 nL/min. The mass
spectrometer was operated in data-dependent mode to switch
between MS and MS/MS. The ﬁve most intense ions were
selected for fragmentation in the linear ion trap using collisioninduced dissociation. For each sample, MS/MS tests have been
repeated several times.
MS Data Analysis. Mass spectrometry data were analyzed
using the Trans-Proteomic Pipeline (TPP) Version 5.2.0. TPPprocessed centroid fragment peak lists in mzML format were
searched against a corresponding reference database composed
of C. auris proteins (Uniprot) or Homo sapiens (Uniprot). The
database searches were performed using Comet through the

Article

TPP. Search parameters included: trypsin cleavage speciﬁcity
with two missed cleavages, methionine oxidation, peptide
tolerance, and MS/MS tolerance at 20 ppm. Peptide lists from
two repeated tests were combined in IPROPHET. Peptide and
protein lists were generated following Peptide Prophet and
Protein Prophet analysis using a protein FDR of 1%. When
searching for proteins in Unitprot, UnitProt GO provides a
GO subcellular location for the identiﬁed proteins. For
example, the protein at the top of Table S3, A0A2H0ZW65
MFS domain-containing protein, is given a location labeled as
an integral component of the membrane [GO:0016021].
When no direct assignment is given to an uncharacterized
protein, the most homologous protein predicted by Pannzer2
is used to assign the location. However, since the proteomic
database and annotations for C. auris are far from complete,
some uncharacterized proteins do not have close homology to
any other proteins and the location assignment is listed as
unknown (see Figure 7C).
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