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Abstract: Cryptococcus species are major fungal pathogens responsible for life-threatening infections in approximately a
million individuals globally each year, with alarmingly high mortality rates. These fungi are distinguished by a distinctive cell
wall architecture further reinforced by two virulence-associated layers, melanin and capsule, rendering them insensitive to
antifungal agents targeting the cell wall, such as echinocandins. The molecular interplay between these three biomolecular
layers remains poorly understood. Here, we employ solid-state NMR spectroscopy to examine intact cells of both wild-
type and capsule-deficient strains of C. neoformans, along with melanized cells. High-resolution '*C and 'H data revealed
five distinct structural forms of «-1,3-glucans that play versatile roles in forming the rigid cell wall scaffold by interacting
with chitin microfibrils and chitosan, and in stabilizing the mobile matrix by associating with 8-1,6-glucan and a small
fraction of B-1,3-glucan. Two primary forms of «-1,3-glucans were distributed throughout the wall, capable of hosting
melanin deposition in the inner domain and capsule attachment on the cell surface. These findings offer a paradigm shift in
understanding the cryptococcal cell wall and its interaction with two key virulence factors on opposite sides, raising critical
biochemical questions that could inform the development of more effective antifungal treatments for cryptococcosis. )

Introduction

Cryptococcus species are a group of encapsulated basid-
iomycetous fungi causing life-threatening infections in
immunocompromised and immunocompetent individuals.[!]
These fungi produce characteristic virulence factors, includ-
ing the antiphagocytic polysaccharide capsule, antioxidant
melanin pigment, and extracellular proteases, including ure-
ases and phospholipases.>*] Each year, approximately 200000
cases of cryptococcal meningitis are reported worldwide, with
mortality rates of 20%—-70% that vary significantly depending
on disease severity and patient health status.[*’] Untreated
disease is uniformly fatal. Cryptococcus neoformans and

Cryptococcus gattii are the primary species responsible for
these infections, with C. neoformans accounting for 90%
of clinical isolates.*’] Pulmonary infections are established
upon inhalation of spores or desiccated yeast cells.’] In
immunocompromised individuals, particularly when associ-
ated with HIV/AIDS, the infection can disseminate, enabling
the pathogen to traverse the blood-brain barrier and induce
meningoencephalitis—an inflammatory condition affecting
the brain and its surrounding tissues.[*!°]

The standard treatment regimen for cryptococcosis
involves amphotericin B, flucytosine, and fluconazole, typi-
cally administered for 6 to 12 months; however, this prolonged
therapy is both financially burdensome and associated with
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significant adverse effects.'"'?] Recent antifungal research
has focused on targeting fungal cell wall biosynthesis, leading
to the successful development of echinocandins, which inhibit
B-1,3-glucan synthesis—an essential structural component of
most fungal cell walls.['*] However, echinocandins exhibit
limited efficacy against Cryptococcus species, with the under-
lying mechanisms for their reduced activity remaining poorly
understood but likely attributed to the unique cell wall
architecture of Cryptococcus species.!'*1]

The cryptococcal cell wall is a dynamic, multilayered
structure essential for virulence, immune evasion, and stress
resistance.[$1°] Decades of chemical and imaging analyses
have led to the proposition of a two-layered model of
cryptococcal cell walls, in which the inner layer comprises an
alkali-insoluble meshwork of S-glucans and chitin/chitosan,
and the outer layer consists of an alkali-soluble fraction
containing «- and B-glucans.'*'¥] Unlike in other yeasts,
where $-1,3-glucan is predominant, g-glucans in the Crypto-
coccus cell wall are primarily 8-1,6-linked, forming covalent
linkages with B-1,3-glucan, chitin, and cell wall proteins,
while B-1,3-glucan is less abundant.['>'°] The cryptococcal
cell wall is further associated with two additional layers of
biomacromolecules that both serve as key virulence factors:
a capsular layer coating the surface and melanin deposited
between the cell wall polysaccharides and the plasma
membrane.[?-23]

The cryptococcal capsule, which mediates host—pathogen
interactions, is primarily composed of glucuronoxylomannan
(GXM), with minor fractions of glucuronoxylomannogalac-
tan (GXMGal) and mannoproteins.?*2°] These capsular
polysaccharides are found both attached to the cell wall and
released as exopolysaccharides.””! Under nutrient-deficient
conditions, Cryptococcus polymerizes external polyphenolic
compounds, leading to melanin deposition in its cell wall.[?$?°]
These melanin granules form layered structures that protect
fungi against oxidative stress, contribute to virulence, and
allow small molecules, such as sugars and amino acids, to pass
while restricting access by larger antifungal compounds.[3*3!]
Current knowledge of capsular carbohydrates is based mainly
on exopolysaccharides isolated from culture supernatants,
rather than those associated with the cell wall, while studies
on melanin have focused on extracts called melanin ghosts,
making it challenging to understand the interaction patterns
of these complex and heterogeneous polymers within the cell
wall.[?732]

Recently, solid-state NMR spectroscopy has been intro-
duced to enable high-resolution structural analysis of polysac-
charides within intact fungal cells, thereby eliminating the
need for cell disruption or fractionation and allowing the
investigation of native physiological architectures and inter-
actions without perturbation. Here, we use '*C and 'H solid-
state NMR, enhanced by the sensitivity-boosting Dynamic
Nuclear Polarization (DNP) technique,l**] to explore the
structural polymorphism and assembly of carbohydrate poly-
mers in intact cells of wild-type and acapsular C. neoformans
strains. Our detailed examination of the cell wall reveals that
B-1,6-glucan is the predominant component of the mobile
matrix, accompanied by smaller amounts of 8-1,3-glucans and
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mannoproteins, and is also present—albeit less abundantly—
in the rigid phase alongside chitin, chitosan, and «-1,3-glucans.
a-1,3-glucans dominate the rigid core and exhibit five distinct
structural forms, which variously contribute to mechanical
reinforcement, mobile matrix integration, capsular polysac-
charide anchoring, and melanin deposition. These novel
structural insights elucidate the organization of C. neoformans
cell walls, provide a molecular perspective on their interface
with melanin and the capsule, and underscore the critical
and diverse structural roles of a-glucans, highlighting their
potential as novel therapeutic targets.

Results

Predominance of «-1,3-Glucans in the Rigid Core of Cell Wall in
Cryptococcus

Cryptococcus species were initially classified into subtypes
based on capsular polysaccharide antigenicity, but are now
distinguished by DNA sequencing, ecological characteristics,
and pathobiological evidence.[’’] In this study, we selected
several representative strains of the dominant pathogen C.
neoformans for examination. To enable studies of the capsule,
we compared a clinical wild-type strain H99 with an acapsular
pkal mutant, both of serotype A and in the same background,
as well as an environmental strain JEC20 with a hypocapsular
Cap70 mutant, both of serotype D (also termed C. deneofor-
mans) and in the same background.!*'*?] These mutants either
completely lack or significantly suppress capsule formation on
the cell surface, as confirmed by SEM imaging (Figure 1a).
The mean of total cell diameter decreased from 5.7 um in H99
cells to 4.6 um in pkal cells and from 5.9 um in JEC20 cells to
4.2 ym in Cap70 cells (Figure 1b and Table S1).

Rigid polysaccharides were analyzed using a 2D *C-13C
CORD correlation experiment,[**l revealing strong signals for
a-1,3-glucans, along with weaker signals for chitin, chitosan,
and B-1,6-glucan (Figures 1lc,d; S1 and Table S2). Intensity
analysis indicated that «-1,3-glucans constitute 66%-84% of
the rigid polysaccharides across the four strains, while chitin
and chitosan together account for 6%-13% (Figure le and
Table S3). These findings suggest that «-1,3-glucan plays a
critical and unanticipated role in maintaining the mechanical
scaffold of the cell wall, likely by associating with the
microfibrils formed by chitin and chitosan.

Unexpectedly, signals corresponding to capsular com-
ponents, including the «-1,2,3-linked mannose residues of
the glucuronoxylomannan backbone and its xylose branches,
were also detected within the rigid polysaccharides of
H99 and JEC20 cells (Figures 1c and S2). These signals
were entirely absent in the acapsular pkal mutant. In the
hypocapsular Cap70 mutant, xylose signals were depleted,
while «-1,2,3-linked mannose residues were retained but at
reduced intensity. Previous studies have identified capsule
molecules in the mobile phase of C. neoformans cells cultured
in capsule-inducing media,[**] and our observations show that
capsular polysaccharides can be structurally rigidified through
interactions with cell wall polysaccharides.
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Figure 1. Polysaccharide composition varies in wildtype strains and capsule mutants of C. neoformans. a) SEM images of C. neoformans serotype A
strains (wildtype H99 and acapsular pkal) and serotype D (wildtype JEC20 and hypocapsular Cap70). b) Total cell diameter measured from SEM
images. Boxes represent the interquartile range (IQR), with whiskers extending to 1.5 times the IQR. Open circles: average; horizontal lines: median.
Sample sizes: H99 and pkaT (n = 24), JEC20 (n = 19), and Cap70 (n = 32). Standard deviations are reported as errors. Statistical analysis was
performed using a t-test with one-tailed comparison between serotype A strains H99 and pkal, and serotype D strains JEC20 and Cap70. Statistically
significant: *p-value <0.05. c) 2D *C-"*C CORD correlation spectra of four C. neoformans samples. The absence of @-1,2,3-mannose and xylose
signals in the acapsular pkal mutant is highlighted with dashed brown and magenta squares, respectively, with intensity reductions observed in the
hypocapsular Cap70 mutant. Observed carbohydrates include a-1,3-glucan (A), chitin (Ch), chitosan (Cs), g-1,6-glucan (H), «-1,2,3-mannose (Mn),
and xylose (X). Three subtypes of a-1,3-glucan (A?, AP, and A°) are indicated by superscripts. d) Simplified structural representations of key
polysaccharides, with NMR abbreviations and key carbon sites labeled. ) Molar composition of rigid polysaccharides estimated from resolved
cross-peak volumes in 2D 13C CORD spectra. f) and g) Overlay of refocused J-INADEQUATE spectra obtained via direct polarization (DP) for mobile
molecules (cyan) and cross polarization (CP) for rigid molecules (purple) reveals (f) B-1,6-glucan dominance in the mobile fraction and (g)
preferential localization of A% and AP in the rigid fraction, while A® is distributed across both rigid and mobile phases. h) Molar composition of
mobile polysaccharides estimated from well-resolved peaks in DP refocused J-INADEQUATE spectra.

Identification of Three Structurally and Dynamically Distinct
Forms of a-1,3-Glucans

Three magnetically distinct subtypes of «-1,3-glucans—
designated as types a, b, and c—were unequivocally identified
within the rigid fraction, exhibiting a sequentially decreasing
prevalence within each sample (Figures 1c and S3). Type-a
represents the most prevalent allomorphic form, comprising
34%-41% of the rigid carbohydrate fraction across all
samples (Figure le). Type-b accounts for 20%-36% of the
rigid fraction, while type-c extends from the rigid phase
into the mobile phase, constituting 6%-11% of the rigid
fraction (Figure le) and 3%-7% of the mobile fraction, as
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demonstrated later. In Cap70 cells, type-b «-1,3-glucan was
remarkably enriched, reaching levels comparable to type-a in
this mutant, suggesting a possible compensatory adaptation to
the hypocapsular state.

The three spectroscopically distinguishable forms of «-1,3-
glucans arise from local structural perturbations, including
conformational variations and differential molecular inter-
actions with neighboring components. Type-a and type-b
exhibited identical *C chemical shifts at C1 and C3 (101.4-
101.6 and 85.0-85.5 ppm, respectively), the carbon sites
involved in glycosidic linkages between adjacent sugar units
along the polymer chain, indicating that they share the same
helical screw conformation. However, these two forms are
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best distinguished by their C4, C5, and C6 chemical shifts,
which reflect differences in hydroxymethyl conformation
related to the exocyclic —CH,OH group. In contrast, type-
c exhibited significantly lower '*C chemical shifts at C1
(100.4 ppm) and C3 (81.9 ppm), indicating an entirely
restructured helical screw conformation compared to the
other forms.

These «-1,3-glucan allomorphic forms also have distinct
dynamic properties: while all three were identified within the
rigid fraction, a small amount of type-c was also detected in
the mobile fraction (Figures 1f; S3 and S4). This specific form
of w-glucan may serve as a transitional component between
the rigid a-glucan and chitin domains and the dynamic matrix
primarily composed of 8-1,6-glucan (56%—77% of the mobile
fraction; Figure 1g,h), 8-1,3-glucan (15-21%), and some «-1,2-
linked mannose residues, likely derived from mannoproteins
(Figure 1h and Table S4). This finding provides evidence
for the critical role of «-1,3-glucan in mediating physical
interactions that bridge rigid and dynamic domains.

In the mobile phase, we observed abundant §8-1,6-glucan,
which is expected as it is unusually rich in Cryptococcus com-
pared to other yeasts such as Saccharomyces cerevisiae.'>'°]
The structure of cryptococcal g-1,6-glucan consists of short
chains, often branched with 8-1,3-glucan, and our data further
identified it as the dominant component of the mobile matrix.
The mobile phase also contains proteins and lipids; however,
their widespread distribution throughout the cell precluded
a focused analysis of their specific contributions to cell wall
structure (Figure S5).

Rigid a-glucan Forms Interact with Capsules to Form
Dehydrated Domains on Cell Surface

Hydration profiles of rigid biopolymers were analyzed using
water 'H polarization transfer to carbohydrates via water-
editing experiments, where the S/S, intensity ratios between
water-edited (S) and control (Sy) spectra reflect the extent
of water retention at specific carbon sites (Figures 2a and
$6).%4] Two «-1,3-glucan subtypes, a and b, were the
least hydrated molecules in Cryptococcus cell walls, with
average S/S, values of 0.26-0.43 across all four strains
(Figure 2a and Table S5). Meanwhile, in the examination
of the molecular motions of rigid polysaccharides through
NMR relaxation measurements, the resolvable carbon sites of
type-a a-1,3-glucan exhibited the longest *C-T; and 'H-T,
relaxation time constants across the four strains, with average
values of 2.7-3.9 s (Figures 2b; S7 and Table S6) and 9.7-
12.6 ms (Figures 2c and S8), respectively. These values are
significantly higher than those of the chitin and g-1,6-glucans
in the rigid phase, indicating that «-1,3-glucans experience
highly restricted molecular motion on both nanosecond
and microsecond timescales. The combination of restricted
dynamics and limited hydration suggests that types-a and b
a-1,3-glucans aggregate into large complexes that effectively
exclude bulk water. In contrast, type-c «-1,3-glucan was not
only more hydrated but also more heterogeneously hydrated
compared to other subforms (Figure 2a). This further supports
the notion that type-c «-1,3-glucan plays a crucial role in
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bridging the rigid and mobile phases of the «-1,3-glucan
matrix (Figure le,h).

B-1,6-glucans are the best-hydrated rigid polysaccharide
in C. neoformans, with high S/S, averages of 0.53-0.77
(Figure 2a). B-1,6-glucan also exhibited short *C-T; (0.9-
1.5 s) and 'H-T;, (4.4-6.8 ms) relaxation times— about half
to two-thirds those of type-a «-1,3-glucans (Figure 2b,c).
B-1,6-glucan is the most dynamic molecule, maintaining
substantial hydration even within the rigid core. Chitin
displays intermediate rigidity and hydration profiles, typically
between B-1,6-glucan and type-a «-1,3-glucan. Chitin forms
a microfibrillar structure primarily through antiparallel chain
packing but is not the most rigid molecule in the cell wall.
This may be due to a high level of deacetylation to chitosan,
estimated to be 30%-40% based on molar composition
(Figure 1e), which confers dynamics on these microfibrils.

Unexpectedly, 1,3-linked mannose residues, which com-
pose the backbone of GXM, exhibited low S/S, values, aver-
aging 0.38 and 0.41 in H99 and JEC20 cells, respectively. This
indicates significant dehydration of capsular polysaccharides
in both wild-type serotypes A and D strains (Figure 2a), which
is counterintuitive because capsular GXM is surface-exposed
and would therefore be expected to be well-hydrated. A
plausible explanation is that GXM associates with «-1,3-
glucan subtypes a and b, which not only rigidifies GXM
but also forms a dehydrated layer on the cell surface. This
structural organization contrasts with cryptococcal capsules
produced in capsule-inducing media, where GXM is loosely
associated with cell wall molecules, thus remaining mobile and
solubilized.[*]

Interestingly, the two serotypes responded differently to
the absence or reduction of capsular polysaccharides. In
serotype A, water association decreased substantially in the
pkal mutant compared to wild-type H99 cells (Figure 2a),
with average S/S, ratios dropping from 0.42 to 0.27 for type-
a «-glucan, 0.58 to 0.33 for type-c «a-glucan, 0.77 to 0.56
for B-1,6-glucan, and 0.75 to 0.43 for chitin. In contrast,
serotype D exhibited increased hydration for most cell wall
polysaccharides, with S/S, values rising from 0.26 in JEC20
to 0.37 in Cap70 cells for type-a «-glucan, 0.45 to 0.59
for type-c a-glucan, and 0.49 to 0.67 for chitin, except for
B-1,6-glucan, whose hydration level decreased. Therefore,
different serotypes and mutants may exhibit variations in cell
wall organization. However, a consistent observation is that
chitin dynamics became more confined in both acapsular and
hypocapsular mutants (Figure 2b,c). This suggests strength-
ened interactions with a-glucans, likely due to increased
availability of interaction sites on types-a and b a-glucans
after GXM removal.

Two Specific a-Glucans Interact with Chitin to Form Partially
Ordered Domains in the Cell Wall

We used DNP to enhance the NMR sensitivity for polysac-
charides in H99 cells by 11-fold through polarization transfer
from electrons in the biradical AsymPol-POK to the 'H
and then C nuclei in these cellular biomolecules.[***] The
observed signals arose from partially ordered molecules,
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Figure 2. Hydration, dynamics, and DNP spectra reveal a-glucan interactions with capsule and chitin. a) Intensity ratios (S/So) between water-edited
peak spectra (S) and control spectra (Sp) showing the extent of water association for «-1,3-glucan (A), chitin (Ch), 1,2,3-linked mannan (Mn), and
B-1,6-glucan (H), with the superscripts indicating the respective subtypes. Open circles: average; horizontal lines: median. Data size: A* (n = 16) in
all four samples; AP, A, Ch, H (n = 9 each) in all; Mn (n = 9) in H99 and JEC20 only. b) *C-T; relaxation time constants of rigid cell wall
polysaccharides. c) "H-Ty, relaxation time constants of rigid polysaccharides. For both panels b and c, error bars are s.d. of the fit parameters and
horizontal lines represent the average. d) DNP-enhanced 2D 3C-1*C DARR spectrum of H99 cells. A new, minor form of @-1,3-glucan (A?) is resolved.
Intermolecular cross peaks were observed between chitin and type-a and type-d a-1,3-glucans, with dashed lines to mark the intramolecular and
intermolecular cross peaks of these two a-1,3-glucan subtypes. e) DNP-enhanced 2D "C-"3C PAR spectrum with 15 ms recoupling time. Top:
observation of a cross peak between chitin and Ad. Bottom: the dashed line indicates the diagonal of the C3 sites, with off-diagonal intensities

showing intermolecular cross peaks.

including chitin, chitosan, types-a and b «-glucans, and a
newly identified minor form, type-d «-1,3-glucan (labeled as
AY in Figure 2d). This new form of a-1,3-glucan exhibited
unique C3 and C4 chemical shifts at 87.6 and 67.8 ppm,
with weak signals detectable only through DNP enhancement.
Meanwhile, signals from mobile and semi-mobile molecules,
such as -1,6-glucan and type-c «-1,3-glucan, were broadened
out due to a diverse ensemble of conformations trapped at the
cryogenic temperature.

With the enhanced sensitivity, strong intermolecular inter-
actions were detected between chitin and types-a and type-d
a-1,3-glucans, as shown by the unambiguous Ch2-A?3, Ch4-
A?3, A?3-Ch4, Ch4-A%3, and AY3-Ch4 cross-peaks observed
in the 100-ms dipolar-assisted rotational resonance (DARR)
spectrum (Figure 2d). We also observed three cross peaks in a
15-ms proton-assisted recoupling (PAR) spectrum, including
Ch2-A%1, Ch4-A%3, and A?3-Ch4, further confirming the
interactions between chitin and these two specific forms of a-
1,3-glucans (Figure 2¢).[*>°°] In addition, a cross peak between
the carbon-3 sites of type-a and type-d «-1,3-glucans (A?3-
AY3) was detected (Figure 2¢). Together, these observations
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confirm that type-d and type-a «-1,3-glucans are associated
with each other and further packed with chitin in the rigid
domain of the cell wall, while type-b and type-c «-1,3-glucans
are not colocalized with chitin microfibrils.

Two Structural Forms of a-1,3-Glucans Host Melanin Deposition

In addition to the capsule, another crucial virulence factor
of Cryptococcus species is their ability to synthesize melanin,
which is deposited in the cell wall, and forms a protective
barrier against environmental and host stressors.*!! Melanin
polymers are proposed to be composed of stacked aromatic
and indolic rings, formed via the oxidative polymerization
of L-3,4-dihydroxyphenylalanine (L-DOPA) catalyzed by
the laccase enzyme (Figure 3a,b).5"*?] Since Cryptococcus
requires an exogenous substrate for melanin biosynthesis, we
supplemented the minimal medium with 1 mM ring-*Cs-
labeled L-DOPA to cultivate melanin-rich C. neoformans H99
cells.[’*>°] Consequently, the melanin-labeled cells exhibited
enhanced aromatic *C signals in the 110-160 ppm range,
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NMR at 60 kHz MAS.

particularly in the 140-150 ppm region, corresponding to non-
protonated melanin carbon sites (Figure 3c, see expanded
spectral region). These distinct melanin aromatic signals
enabled us to establish correlations with carbohydrate proton
resonances to map out melanin-carbohydrate interactions
within intact cells.

We further identified three polymorphic forms of «-1,3-
glucan in melanized C. neoformans cells, designated A?, A®,
and A¢, from the '*C-'H strips extracted from the 3D hCCH
TOCSY (WALTZ-16) spectrum (Figure 3d and Table S7).
These polymorphs exhibited distinct 'H chemical shifts: the

Angew. Chem. Int. Ed. 2025, 202510409 (6 of 11)

anomeric carbon (Al) correlated with three distinct 'H
resonances at 5.5 ppm (A?), 4.8 ppm (AP), and 6.1 ppm (A°)
in the w,-w; *C-'H strip, while the C3 position correlated
with protons at 3.5 ppm (A?), 3.8 ppm (AP), and 4.4 ppm (A°®)
(Figure 3d). The w;-w; 'H-13C strip extracted from 70.4 ppm
further revealed the through-bond carbon connectivity of
these three polymorphic forms and established correlations
with distinct carbon sites, such as the resolvable carbons at
positions 3 and 1 (Figure 3d). In this analysis, the A° and A¢
forms detected in *C-based experiments were not observed
due to their semi-dynamic nature or low abundance.
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Next, we measured a 2D hChH spectrum, which employed
an extended, 0.8 ms radio frequency driven recoupling
(RFDR) mixing period to facilitate long-range 'H-'H
polarization transfer (Figure 3e). Notably, this experiment
facilitated the observation of extensive correlations between
non-protonated carbons and protons at protonated sites
within the melanin structure (Figure 3e; blue solid lines
in Figure 3f). The '*C and 'H chemical shifts identified in
melanin are summarized in Figure S9 and Tables S8 and S9.
In melanin subunit D, key cross-peaks include those between
carbon-9 and protons-2/3 (D9-D2/3%), as well as D5-D7"
and D8-D7" (Figure 3e,f). Similar cross-peaks were observed
within other melanin subunits, such as A7/8-A7%, B9-B3/4H,
B5-B4!, C4-C31, and C6-C7". The C6-N" cross-peak further
revealed spatial proximity between C-fragment carbons and
indole amide protons from the same or neighboring subunits.

Importantly, the hChH experiment simultaneously
revealed extensive intermolecular interactions between
the carbons in the indole rings of melanin and the protons in
carbohydrates. For example, the carbon 4 of melanin subunit-
C and carbon 8 of subunit-D, two non-protonated carbons
resonating at 130 ppm, exhibited correlations with the proton
1 of type-a «-1,3-glucan at 5.5 ppm, the proton 1 of type-b
a-1,3-glucan at 4.8 ppm, and the proton 3 of type-b «-1,3-
glucan at 3.8 ppm, resulting in the C4/D8-A*1H, C4/D8-A"1H,
and C4/D8-A"3M cross peaks (Figure 3e). Type-a and type-b
a-1,3-glucans showed 13 and 10 strong cross-peaks with
melanin, respectively, including A8/B5-A*1H, A5-AP3H AS5-
APTH A6-AP1H C5-A*1H, C8-A*1H, C6-AP1H, and C6-AP3H,
in addition to those previously described (Figure 3e,f). These
intermolecular interactions provide the first molecular-level
experimental evidence that «-1,3-glucans act as a previously
unrecognized partner with melanin, with their type-a and
type-b structural variants serving as the primary interactors.

Discussion

Recent advances in solid-state NMR spectroscopy have sig-
nificantly enhanced our ability to investigate fungal cell walls,
offering detailed insights into the structures of wall polymers,
as well as their hydration, dynamics, and intermolecular
interactions.[**%] Such analyses describe molecular behavior
in the context of intact cells, in a way that prior methods,
which relied on physical, chemical, and/or enzymatic pertur-
bation, could not.l°"®?] The application of these techniques
to the major fungal pathogen C. neoformans in this study
has uncovered unexpected features of the cell wall and
revealed its interactions with two critical virulence factors: the
extracellular capsule and cell-wall-associated melanin.
Previous studies of cryptococcal cell walls, based on
structural and imaging analyses, suggested a bilayer structure
with an inner layer composed of interlinked chitin, chitosan,
and B-glucans and an outer layer composed of - and -
glucans.[1%176%] In these models, melanin deposition occurs
initially at the inner portion of the cell wall near the plasma
membrane, and later builds up until it is more thoroughly
distributed; the capsule polysaccharide is associated with a-
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1,3-glucan in the outer layer.[?*?! The NMR-revised model
presented in Figure 4 highlights the broad distribution,
complex structures, and diverse structural functions of «-
1,3-glucan in maintaining cell wall integrity and identifies
this molecule as a potential target for antifungal therapy
against cryptococcal meningitis, as disruption of «-1,3-glucan
synthesis results in avirulent cells.’”>! The model also explains
the persistent association between melanin and the cell wall,
even in samples with relatively low chitin and chitosan
content.[']

The integration of solid-state NMR data with existing
chemical and imaging analyses has introduced three novel
structural concepts that redefine the structural paradigm
of the cryptococcal cell wall (Figure 4). First, our NMR
data highlights the role of «-1,3-glucans, the most abundant
polysaccharide in C. neoformans cell walls, as key struc-
tural components, present both in the inner wall, where it
interacts with chitin and initially developing melanin, and
in the outer wall, where it promotes capsule attachment.
This resolves a long-standing knowledge gap concerning the
association between the cell wall and two key virulence
factors: melanin and capsule. Second, we demonstrate that the
broad distribution and functional diversity of «-1,3-glucans
in C. neoformans correlate with the presence of five distinct
a-1,3-glucan morphotypes, resolved by *C and 'H solid-
state NMR in combination with DNP-enhanced sensitivity.
Third, we found that B-1,6-glucan, an under-investigated
component in the fungal cell wall,[*! is distributed across
dynamically distinct domains. It is primarily localized in the
mobile phase, where it forms the main component of the soft
matrix, with smaller fractions extending into the rigid phase
to contribute to structural integrity. This diverse dynamics
may also help to explain the limited efficacy of echinocandins
against Cryptococcus species, as B-1,3-glucan is present in low
abundance and is confined exclusively to the mobile phase,
while 8-1,6- and «-glucans otherwise dominate the wall.

Notably, the cell wall «-1,3-glucan of C. neoformans
occurs in five distinct morphotypes, which we were able to
resolve using high-resolution '*C solid-state NMR, combined
with advanced 'H detection and DNP sensitivity enhance-
ment (Figure 4). Type-a and type-b «-1,3-glucans are the
predominant structured forms, comprising 55%-75% of all
rigid polysaccharides (Figure 1e). These forms aggregate into
partially dehydrated bundles, facilitating capsule deposition
on the cell wall surface and rigidifying the capsule polysac-
charide GXM (Figure 2a—c; upper portion of Figure 4). This
highlights the essential role of «-1,3-glucan in capsule-cell
wall attachment, and provides a structural explanation for
why disruption of the «-1,3-glucan synthase gene results
in C. neoformans cells lacking a surface capsule, despite
the successful production of capsule components.®] The
dominance of «-1,3-glucan we observed in the cell walls of
both serotypes also explains the dramatic wall perturbation
observed in such mutants, and their poor growth.[*]

Surprisingly, the major forms of «-1,3-glucan (types a
and b) that interact with capsule polysaccharide are also
situated in a location that makes them capable of hosting
melanin deposition (Figure 3e; bottom portion of Figure 4).
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polysaccharides. Capsular polysaccharides, primarily GXM, are associated with type-a and type-b «-1,3-glucans in the cell wall. Melanin is stabilized
by type-a and type-b «-1,3-glucans. Molecules associated with type-a and type-b «-1,3-glucans are rigidified and dehydrated. Chitin and chitosan,
which together account for only 6% of rigid molecules, exhibit a high deacetylation level of approximately 30% and are stabilized through interactions
with type-d and type-a «-1,3-glucans, both of which colocalize. The mobile phase (highlighted by dashed lines) is predominantly composed of
B-1,6-glucan (70%), which regulates the water association of cryptococcal cell wall, with a minor fraction of g-1,3-glucan, present either as linear
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representation is not strictly to scale. The background gradient illustrates the water distribution within the cell wall. b) Structural illustration of
molecules residing on key intermolecular interfaces or structural domains in C. neoformans.

These unexpected findings lead to two novel conclusions.
First, they identify a previously unrecognized wall component
that could organize melanin deposition. Despite the well-
established role of chitin and chitosan in C. neoformans
melanin deposition, the potential involvement of a-1,3-glucan
was not known even though the cell wall is implicated in this
process.?134] Second, they indicate that these two forms
of «-1,3-glucans exhibit a broad spatial distribution; they
are localized both at the cell surface, where they mediate
capsule association, and near the plasma membrane, where
they colocalize with melanin (Figure 4).
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The remaining three forms of «-1,3-glucan, though less
abundant, are also functionally significant. Type-c is present
in both the rigid and mobile phases (Figure 1le,h), and thus
plays a critical role in integrating «-1,3-glucan aggregates
into the mobile matrix. Type-d «-1,3-glucan is a minor but
highly ordered form that colocalizes with type-a a-glucan,
both of which are physically associated with chitin microfibrils
(Figure 2d,e). Type-€, another minor form, underlies the *C
signals of type-a and type-b «-glucans and is distinguishable
by 'H chemical shifts, indicating local structural variations
compared to the predominant forms (Figure 3d).
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Recently, five distinct allomorphic forms of «-1,3-glucans
have been identified in A. fumigatus using high-resolution
3C NMR data.l7l Of these, two allomorphic forms were
observed only after treatment with the antifungal drug
caspofungin (Figure S10a). Comparative analysis of chemical
shifts revealed that only the type-a «-1,3-glucan in C.
neoformans exhibited high structural similarity to some of the
A. fumigatus forms, with low RMSD values of 0.5-0.6 ppm
in chemical shift deviations (Figure S10b).[°8] This structure
also represents the most abundant form of bulk «-1,3-glucans
identified in both fungal species. In contrast, the remaining
four forms in C. neoformans (types b—e) displayed distinct
chemical shift profiles, with higher RMSD values of 1.0-
3.0 ppm, indicating that they represent distinct structures for
this molecule.

Our results provide an unprecedented understanding of
the structural complexity of «-1,3-glucan in the construction
of cryptococcal cell walls and highlight its association with
two key virulence factors anchored at opposite aspects of the
cell wall. The multiple roles of this versatile polymer may also
explain its unusually high abundance in Cryptococcus species.
Meanwhile, these findings raise new questions. It remains
unclear whether the observed structural forms result from
complexity in «-1,3-glucan biosynthesis and whether they
are universally present across different Cryptococcus species,
other serotypes, and other pathogenic fungal species. It also
remains to be determined whether «-1,3-glucan synthases
or other enzymes involved in biosynthesis and modification
could be developed as therapeutic targets. Addressing these
questions would advance our understanding of cryptococcal
cell wall biosynthesis and structure, providing molecular
insights that are essential for the development of effective
antifungal therapies against cryptococcosis.

Supporting Information

The authors have cited additional references within the
Supporting Information.[**-1]

Acknowledgements

This work was primarily supported by the National Institutes
of Health (NIH) grant RO1AI173270 to T.W. A portion of
this work was performed at the National High Magnetic
Field Laboratory, which is supported by the National Science
Foundation Cooperative Agreement No. DMR-2128556 and
the State of Florida. The MAS-DNP system at NHMFL
is funded in part by NIH RM1-GM148766. T.L.D. thanks
the funding support from NIH grants RO1AI192892 and
R21AI175875. C.C. and R.E.S. acknowledge the support from
NIH grant RO1AI171093. ESS acknowledges a postdoctoral
scholar award from the Provost’s Office at Florida State
University.

Conflict of Interests

The authors declare no conflict of interest.

Angew. Chem. Int. Ed. 2025, €202510409 (9 of 11)

Research Article

Angewandte

intemational Edition’y, Chemie

Data Availability Statement
The data that support the findings of this study are available

from the corresponding author upon reasonable request.

Keywords: Capsules . Cryptococcus neoformans - Fungal cell
wall « Melanin . Solid-state NMR

[1] T.G. Mitchell, J. R. Perfect, Clinical Microbiol. Rev. 1995, 8, 515—

548.

] T. R. Kozel, Trends Microbiol. 1995, 3, 295-299.

] K.L.Buchanan,J. W. Murphy, Emerg. Infect. Dis. 1998, 4, 71-83.

4] D. W. Denning, Lancet Infect. Dis. 2024, 24, e428-e438.

5] G.D.Brown, D. W. Denning, N. A. R. Gow, S. M. Levitz, M. G.

Netea, T. C. White, Sci. Trans. Med. 2012, 4, 165rv113.

E. Cano, Z. Yetmar, R. Razonable, Open Forum Infect. Dis.

2020, 7, ofaa527.

K. Jackson, M. Ding, K. Nielsen, J. Fungi 2023, 9, 364.

E. Ballou, S. Johnston, Curr. Opin. Microbiol. 2017, 40, 88-94.

L. Tugume, K. Ssebambulidde, J. Kasibante, J. Ellis, R. M. Wake,

J. Gakuru, D. S. Lawrence, M. Abassi, R. Rajasingham, D. B.

Meya, D. R. Boulware, Nat. Rev. Dis. Primers 2023, 9, 62.

[10] R. Rajasingham, N. P. Govender, A. Jordan, A. Loyse, A.
Shroufi, D. W. Denning, D. B. Meya, T. M. Chiller, D. R.
Boulware, Lancet Infect. Dis. 2022, 22, 1748-1755.

[11] D. B. Meya, P. R. Williamson, N. Engl. J. Med. 2024, 390, 1597-
1610.

[12] C. C. Chang, T. S. Harrison, T. A. Bicanic, M. Chayakulkeeree,
T. C. Sorrell, A. Warris, F. Hagen, A. Spec, R. Oladele, N. P.
Govender, S. C. Chen, C. H. Mody, A. H. Groll, Y.-C. Chen, M.
S. Lionakis, A. Alanio, E. Castaneda, J. Lizarazo, J. E. Vidal,
T. Takazono, M. Hoenigl, J.-W. Alffenaar, J.-P. Gangneux, R.
Soman, L.-P. Zhu, A. Bonifaz, J. N. Jarvis, J. N. Day, N. Klimko, J.
Salmanton-Garcia, et al., Lancet Infect. Dis. 2024, 24, e495-e512.

[13] D. Denning, J. Antimicrob. Chemother. 2002, 49, 889-891.

[14] R. Garcia-Rubio, R. Hernandez, A. Clear, K. Healey, E. Shor,
D. Perlin, Front. Microbiol. 2021, 12, 702779.

[15] L. Mukaremera, PLoS Pathog.. 2023, 19, ¢1011141.

[16] R. Garcia-Rubio, H. C. de Oliveira, J. Rivera, N. Trevijano-
Contador, Front. Microbiol. 2019, 10, 2993.

[17] T.L.Doering, Annu. Rev. Microbiol. 2009, 63, 223-247.

[18] N. Gilbert, J. Lodge, C. Specht, Cryptococcus: From Human
Pathogen to Model Yeast, ASM Press, Washington, DC, 2011.

[19] D. J. Manners, A. J. Masson, J. C. Patterson, H. Bjorndal, B.
Lindberg, Biochem. J. 1973, 135, 31-36.

[20] E. McClelland, P. Bernhardt, A. Casadevall, Infect. Immun.
2006, 74, 1500-1504.

[21] D. Agustinho, L. Miller, L. Li, T. Doering, Mem. Inst. Oswaldo
Cruz 2019, 113.

[22] R. Fromtling, H. Shadomy, E. Jacobson, Mycopathologia 1982,
79,23-29.

[23] A. Casadevall, A. Rosas, J. Nosanchuk, Curr. Opin. Microbiol.
2000, 3, 354-358.

[24] A. Casadevall, C. Coelho, R. J. B. Cordero, Q. Dragotakes, E.
Jung, R. Vij, M. P. Wear, Virulence 2019, 10, 822-831.

[25] 1. Bose, A. Reese, J. Ory, G. Janbon, T. Doering, Eukaryot. Cell
2003, 2, 655-663.

[26] R. Cherniak, J. Sundstrom, Infect. Immun. 1994, 62, 1507-1512.

[27] S. Frases, L. Nimrichter, N. Viana, A. Nakouzi, A. Casadevall,
Eukaryot. Cell 2008, 7, 319-327.

[28] E. Camacho, R. Vij, C. Chrissian, R. Prados-Rosales, D. Gil, R.
N. O’Meally, R. J. B. Cordero, R. N. Cole, J. M. McCaffery, R.
E. Stark, A. Casadevall, J. Biol. Chem. 2019, 294, 10471-10489.

2

—_————
[SS)

—_— =
~ =)
—_

—_——
\O O
—a

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U SUOLUWIOD SAERID 3 (a1 dde U} Ag PaUBAOB 312 A1 YO 8N J0 S9N 10} AXRIGIT BUIIUO /B]IA UO (SUO1IPUOD-PUE-SWLBYLI0Y A3 | 1M ARe.q1 U IUO//STIY) SUOIIPUOD PUE S | 841305 *[5202/80/G0] U0 A1 auliuo AB|1M *AlSIBAIUN 1RIS BPLIOI AJ B0VOTSZ0Z 31Ue/Z00T OT/10pL00™ /5| 1M AJRIq Ul U0/ SANY WO1} PAPeo|uMod 0 ‘ELLETZST



GDCh
) —

[29]
(30]
(31]
[32]

(33]

(34]
(3]
(36]

[37]
(38]

(391

(40]
[41]

[42]
[43]

[44]

[45]

[40]
(47]

(48]

[49]
[50]
[51]

[52]

(53]

[54]

(5]

[56]

[57]

Angew. Chem. Int. Ed. 2025, 202510409 (10 of 17)

R. Baker, C. Chrissian, R. Stark, A. Casadevall, J. Biol. Chem.
2022, 298, 101519.

R. Ikeda, T. Sugita, E. Jacobson, T. Shinoda, Microbiol.
Immunol. 2003, 47, 271-2717.

Y. Wang, P. Aisen, A. Casadevall, Infect. Immun. 1995, 63, 3131-
3136.

Y. Wang, P. Aisen, A. Casadevall, Infect. Immun. 1996, 64, 2420~
2424.

Q. Z. Ni, E. Daviso, T. V. Can, E. Markhasin, S. K. Jawla, T. M.
Swager, R. J. Temkin, J. Herzfeld, R. G. Griffin, Acc. Chem. Res.
2013, 46, 1933-1941.

W. Y. Chow, G. De Paépe, S. Hedinger, Chem. Rev. 2022, 122,
9795-9847.

A. J. Rossini, A. Zagdoun, M. Lelli, A. Lesage, C. Coperet, L.
Emsley, Acc. Chem. Res. 2013, 46, 1942-1951.

D. Lee, S. Hediger, G. De Paege, Solid State Nucl. Magn. Reson.
2015, 66-67, 6-20.

E. Evans, J. Immunol. 1950, 64, 423-430.

D. Wilson, J. Bennett, J. Bailey, Proc. Soc. Exp. Biol. Med. 1968,
127, 820-823.

S. Franzot, I. Salkin, A. Casadevall, J. Clin. Microbiol. 1999, 37,
838-840.

K. Kwon-Chung, A. Varma, FEMS Yeast Res. 2006, 6, 574-587.
G. Hu, B. R. Steen, T. Lian, A. P. Sham, N. Tam, K. L. Tangen, J.
W. Kronstad, PLoS Pathog.. 2007, 3, e42.

R. A. Fromtling, H. J. Shadomy, E. S. Jacobson, Mycopathologia
1982, 79, 23-29.

G. Hou, S. Yan, J. Trébosc, J. Amoureux, T. Polenova, J. Magn.
Reson. 2013, 232, 18-30.

A. Lends, G. Lamon, L. Delcourte, A. Sturny-Leclere, A.
Grélard, E. Morvan, M. B. Abdul-Shukkoor, M. Berbon, A.
Vallet, B. Habenstein, E. J. Dufourc, P. Schanda, V. Aimanianda,
A. Loquet, J. Am. Chem. Soc. 2025, 147, 6813-6824.

C. Ader, R. Schneider, K. Seidel, M. Etzkorn, S. Becker, M.
Baldus, J. Am. Chem. Soc. 2009, 131, 170-176.

W. Luo, M. Hong, J. Am. Chem. Soc. 2010, 132, 2378-2384.

P. B. White, T. Wang, Y. B. Park, D. J. Cosgrove, M. Hong, J. Am.
Chem. Soc. 2014, 136, 10399-10409.

F. Mentink-Vigier, 1. Marin-Montesinos, A. P. Jagtap, T.
Halbritter, J. van Tol, S. Hediger, D. Lee, S. T. Sigurdsson, G.
De Paépe, J. Am. Chem. Soc. 2018, 140, 11013-11019.

G. De Paépe, J. R. Lewandowski, A. Loquet, A. Bockmann, R.
G. Griffin, J. Chem. Phys. 2008, 129, 245101.

K. J. Donovan, S. K. Jain, R. Silvers, S. Linse, R. G. Griffin, J.
Phys. Chem. B 2017, 121, 10804-10817.

S. Chatterjee, R. Prados-Rosales, S. Frases, B. Itin, A.
Casadevall, R. Stark, Biochem. 2012, 51, 6080-6088.

W. Cao, X. Zhou, N. C. McCallum, Z. Hu, Q. Z. Ni, U. Kapoor,
C. M. Heil, K. S. Cay, T. Zand, A. J. Mantanona, A. Jayaraman,
A. Dhinojwala, D. D. Deheyn, M. D. Shawkey, M. D. Burkart,
J. D. Rinehart, N. C. Gianneschi, J. Am. Chem. Soc. 2021, 143,
2622-2637.

S. Chatterjee, R. Prados-Rosales, S. Tan, V. C. Phan, C.
Chrissian, B. Itin, H. Wang, A. Khajo, R. S. Magliozzo, A.
Casadevall, R. E. Stark, J. Biol. Chem. 2018, 293, 20157-20168.
C. Chrissian, E. Camacho, M. S. Fu, R. Prados-Rosales, S.
Chatterjee, R. J. B. Cordero, J. K. Lodge, A. Casadevall, R. E.
Stark, J. Biol. Chem. 2020, 295, 1815-1828.

H. C. Eisenman, S.-K. Chow, K. K. Tse, E. E. McClelland, A.
Casadevall, Virulence 2011, 2, 329-336.

A. Safeer, F. Kleijburg, S. Bahri, D. Beriashvili, E. J. A.
Veldhuizen, J. van Neer, M. Tegelaar, H. de Cock, H. A. B.
Wosten, M. Baldus, Chem. - Eur. J. 2023, 29, €202202616.

X. Kang, A. Kirui, A. Muszynski, M. C. D. Widanage, A. Chen,
P. Azadi, P. Wang, F. Mentink-Vigier, T. Wang, Nat. Commun.
2018, 9, 2747.

Research Article

(58]

(591

[60]
[61]

(62]
(63]

(64]

65]
[66]

[67]

68]

[69]
[70]

(71]
[72]

(73]
[74]

[75]
[76]

(771

(78]
[79]
(80]
(81]

(82]

(83]
(84]

(85]
(80]

Angewandte

intemationalEdition’;, ChEMie

G. Lamon, A. Lends, I. Valsecchi, S. S. W. Wong, V. Dupres,
F. Lafont, J. Tolchard, C. Schmitt, A. Mallet, A. Grélard,
E. Morvan, E. J. Dufourc, B. Habenstein, J. 1. Guijarro, V.
Aimanianda, A. Loquet, Proc. Natl. Acad. Sci. USA 2023, 120,
€2212003120.

L. D. Fernando, Y. Pérez-Llano, M. C. D. Widanage, A. Jacob, L.
Martinez-Avila, A. S. Lipton, N. Gunde-Cimerman, J. P. Latgé,
R. A. Batista-Garcia, T. Wang, Nat. Commun. 2023, 14, 7082.
H. L. Ehren, F. V. W. Appels, K. Houben, M. A. M. Renault, H.
A. B. Wosten, M. Baldus, Cell Surf. 2020, 6, 100046.

N. Ghassemi, A. Poulhazan, F. Deligey, F. Mentink-Vigier, 1.
Marcotte, T. Wang, Chem. Rev. 2022, 122, 10036-10086.

J. P. Latgé, T. Wang, mBio 2022, 13, e0114522.

L. Mukaremera, K. K. Lee, J. Wagener, D. L. Wiesner, N. A. R.
Gow, K. Nielsen, Cell Surf. 2018, 1, 15-24.

C. Bekirian, I. Valsecchi, S. Bachellier-Bassi, C. Scandola, J. I.
Guijarro, M. Chauvel, T. Mourer, N. A. R. Gow, V. Aimanianda,
C. d’Enfert, et al. eLife 2024, 13, RP100569.

A.J. Reese, T. L. Doering, Mol. Microbiol. 2003, 50, 1401-14009.
A. J. Reese, A. Yoneda, J. A. Breger, A. Beauvais, H. Liu, C.
L. Griffith, I. Bose, M.-J. Kim, C. Skau, S. Yang, J. A. Sefko, M.
Osumi, J.-P. Latge, E. Mylonakis, T. L. Doering, Mol. Microbiol.
2007, 63, 1385-1398.

M. C. Dickwella Widanage, I. Gautam, D. Sarkar, F. Mentink-
Vigier, J. V. Vermaas, S.-Y. Ding, A. S. Lipton, T. Fontaine, J.-P.
Latgé, P. Wang, T. Wang, et al. Nat. Commun. 2024, 15, 6382.

L. D. Fernando, M. C. Dickwella Widanage, J. Penfield, A. S.
Lipton, N. Washton, J. P. Latgé, P. Wang, L. Zhang, T. Wang,
Front. Mol. Biosci. 2021, 8, 727053.

A. Lesage, M. Bardet, L. Emsley, J. Am. Chem. Soc. 1999, 121,
10987-10993.

Q. Cheng, M. C. Dickwella Widanage, J. R. Yarava, A. Ankur,
J.-P. Latgé, P. Wang, T. Wang, Nat. Commun. 2024, 15, 8295.

D. Torchia, J. Magn. Reson. 1978, 30, 613-616.

B. van Rossum, C. de Groot, V. Ladizhansky, S. Vega, H. de
Groot, J. Am. Chem. Soc. 2000, 122, 3465-3472.

D. Huster, L. Xiao, M. Hong, Biochemistry 2001, 40, 7662-7674.
A. E. Bennett, R. G. Griffin, J. H. Ok, S. Vega, J. Chem. Phys.
1992, 96, 8624-8627.

Y. Nishiyama, R. Zhang, A. Ramamoorthy, J. Magn. Reson.
2014, 243, 25-32.

D. Marion, M. Ikura, R. Tschudin, A. D. Bax, J. Magn. Reson.
1989, 85, 393-399.

L. B. Andreas, K. Jaudzems, J. Stanek, D. Lalli, A. Bertarello, T.
Le Marchand, D. Cala-De Paepe, S. Kotelovica, I. Akopjana, B.
Knott, S. Wegner, F. Engelke, A. Lesage, L. Emsley, K. Tars, T.
Herrmann, G. Pintacuda, Proc. Natl. Acad. Sci. USA 2016, 113,
9187-9192.

A. Shaka, J. Keeler, T. Frenkiel, R. Freeman, J. Magn. Reson.
1983, 52, 335-338.

J. R. Lewandowski, J. Sein, H. J. Sass, S. Grzesiek, M.
Blackledge, L. Emsley, J. Am. Chem. Soc. 2010, 132, 8252-8254.
D. H. Zhou, C. M. Rienstra, J. Magn. Reson. 2008, 192, 167-172.
A. Chakraborty, L. D. Fernando, W. Fang, M. C. Dickwella
Widanage, P. Wei, C. Jin, T. Fontaine, J. P. Latgé, T. Wang, Nat.
Commun. 2021, 12, 6346.

D. Lowman, L. West, D. Bearden, M. Wempe, T. Power, H.
Ensley, K. Haynes, D. Williams, M. Kruppa, PLoS One 2011,
6,¢e27614.

J.-H. Shim, K. Sung, M. Cho, W. Choi, Y. Yang, J. Lim, D. Yoon,
J. Microbiol. Biotechnol. 2007, 17,1513-1520.

J. K. Fairweather, J. L. K. Him, L. Heux, H. Driguez, V. Bulone,
Glycobiology 2004, 14, 775-781.

H. Saito, T. Ohki, T. Sasaki, Carbohydr. Res. 1979, 74, 227-240.
B. Bacon, R. Cherniak, K. KwonChung, E. Jacobson, Carbo-
hydr. Res. 1996, 283, 95-110.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U SUOLUWIOD SAERID 3 (a1 dde U} Ag PaUBAOB 312 A1 YO 8N J0 S9N 10} AXRIGIT BUIIUO /B]IA UO (SUO1IPUOD-PUE-SWLBYLI0Y A3 | 1M ARe.q1 U IUO//STIY) SUOIIPUOD PUE S | 841305 *[5202/80/G0] U0 A1 auliuo AB|1M *AlSIBAIUN 1RIS BPLIOI AJ B0VOTSZ0Z 31Ue/Z00T OT/10pL00™ /5| 1M AJRIq Ul U0/ SANY WO1} PAPeo|uMod 0 ‘ELLETZST



Angewandte

%Ch Research Article ere et Chernie

[87] E. Moyrand, B. Klaproth, U. Himmelreich, F. Dromer, G.
Janbon, Mol. Microbiol. 2002, 45, 837-849.

[88] N. Della Vecchia, R. Avolio, M. Alfé, M. Errico, A. Napolitano,
M. d’Ischia, Adv. Funct. Mater. 2013, 23, 1331-1340.

[89] B. Adhyaru, N. Akhmedov, A. Katritzky, C. Bowers, Magn.
Reson. Chem. 2003, 41, 466-474.

[90] R. Johnson, J. Anderson, B. Shanks, X. Fang, M. Hong, K.
Schmidt-Rohr, J. Magn. Reson. 2013, 234, 112-124.

[91] S. Chatterjee, R. Prados-Rosales, S. Tan, B. Itin, A. Casadevall,
R. Stark, Org. Biomol. Chem. 2014, 12, 6730-6736.

Manuscript received: May 12, 2025
Revised manuscript received: June 24, 2025
Accepted manuscript online: July 04, 2025
Version of record online: mm, s

Angew. Chem. Int. Ed. 2025, 202510409 (11 of 11) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U SUOLUWIOD SAERID 3 (a1 dde U} Ag PaUBAOB 312 A1 YO 8N J0 S9N 10} AXRIGIT BUIIUO /B]IA UO (SUO1IPUOD-PUE-SWLBYLI0Y A3 | 1M ARe.q1 U IUO//STIY) SUOIIPUOD PUE S | 841305 *[5202/80/G0] U0 A1 auliuo AB|1M *AlSIBAIUN 1RIS BPLIOI AJ B0VOTSZ0Z 31Ue/Z00T OT/10pL00™ /5| 1M AJRIq Ul U0/ SANY WO1} PAPeo|uMod 0 ‘ELLETZST



GDCh
) —

Research Article

NMR Spectroscopy

A. Ankur, ). R. Yarava, |. Gautam,

F. ). Scott, F. Mentink-Vigier, C. Chrissian,
L. Xie, D. Roy, R. E. Stark, T. L. Doering,

P. Wang, T. Wang* — e202510409

Polymorphic a-Glucans as Structural
Scaffolds in Cryptococcus Cell Walls for
Chitin, Capsule, and Melanin: Insights
From ®*C and 'H Solid-State NMR

Angew. Chem. Int. Ed. 2025, 202510409

. Angewandte
Research Article Angewandte .

Cryptococcus neoformans cell wall - Cryptococcus capsule-cell wall-melanin
. neoformans molecular architecture
1,3-glucans as dual anchors for melanin

- .
and capsule: Solid-state NMR of intact $ -~
' g —\1oCt
C. neoformans cells reveals five forms solid-statel —
NMR =

of a-1,3-glucans that structurally bridge
melanin and capsule layers. These
polysaccharides interact with chitin,
chitosan, and B-glucans to create

a molecular scaffold that underlies
virulence and antifungal resistance.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

B5US017 SUOWILLIOD dAIER1D) 3|qedi[dde au1 Aq paueA0f afe SaRILE VO (88N JO S9INI 0} Akeug173U1IUO AB|IA UO (SUOHIPUOD-PLR-SLUIRILIOY"AS |IM A 1q 1 BU1UO//:SdNY) SUORIPLOD PUe SWLS | 8U1 385 *[G20z/80/50] uo ARiqiautjuo Ao|im ‘AisieAun aFels epLiold A 6070TS20g 31Ue/z00T 0T/10p/wod A8 | im Al jpuljuo//sdny ol papeojumoq ‘0 ‘€LLETEST



	Polymorphic &#x03B1;&#x2010;Glucans as Structural Scaffolds in Cryptococcus Cell Walls for Chitin, Capsule, and Melanin: Insights From 13C and 1H Solid&#x2010;State NMR
	 Introduction
	 Results
	 Predominance of &#x03B1;&#x2010;1,3&#x2010;Glucans in the Rigid Core of Cell Wall in Cryptococcus
	 Identification of Three Structurally and Dynamically Distinct Forms of &#x03B1;&#x2010;1,3&#x2010;Glucans
	 Rigid &#x03B1;&#x2010;glucan Forms Interact with Capsules to Form Dehydrated Domains on Cell Surface
	 Two Specific &#x03B1;&#x2010;Glucans Interact with Chitin to Form Partially Ordered Domains in the Cell Wall
	 Two Structural Forms of &#x03B1;&#x2010;1,3&#x2010;Glucans Host Melanin Deposition

	 Discussion
	 Supporting Information
	 Acknowledgements
	 Conflict of Interests
	 Data Availability Statement



