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ABSTRACT: Melanin is a virulence factor for many pathogenic fungal species, inclu@nygtococcus
neoformansMelanin is deposited in the cell wall, and melanin isolated from this fungus retains the shape
of the cells, resulting in hollow spheres called “ghosts”. In this study, atomic force, scanning electron,
and transmission electron microscopy revealed that melanin ghosts are covered with roughly spherical
granular particles approximately 4030 nm in diameter, and that the melanin is arranged in multiple
concentric layers. Nuclear magnetic resonance cryoporometry indicated melanin ghosts contain pores with
diameters between 1 and 4 nm, in addition to a small number of pores with diameters near 30 nm. Binding
of the antibodies to melanin reduced the apparent measured volume of these pores, suggesting a mechanism
for their antifungal effect. We propose a model of cryptococcal melanin structure whereby the melanin
granules are held together in layers. This structural model has implications for cell division, cell wall
remodeling, and antifungal drug discovery.

Cryptococcus neoformanis a frequent cause of life- establishing the importance of melanin to virulen6e).
threatening fungal disease in immunocompromised patientsMelanin has been found to affect the immune system. Fungal
(1). This yeastlike fungus is remarkable in being an melanins are immunogenic and can elicit antibodies that
encapsulated eukaryotic human pathogen, of which there aranhibit fungal growth 8—11). Furthermore, melanization is
few known examples? 3). Cryptococcal infections are associated with decreased levels of inflammatory cytokines
presumably contracted by inhalation of infectious particles in animal models of infection1@, 13). Melanization de-
that reside in the environment. In the majority of healthy creases the rate of phagocytosis and killingcoheoformans
hosts, the infection is contained in the lungs. However, in by macrophagesld) and increases resistance to microbicidal
individuals with impaired immunity, dissemination can occur, peptides in vitro 15). Together, these studies suggest that
frequently to the central nervous system. Like many fungal melanin inC. neoformansncreases virulence by reducing
infections, cryptococcosis is notoriously difficult to treat. the vulnerability of fungal cells to host defense mechanisms
Therefore, it is important to understand factors that con- and interfering with the development of effective immune
tribute to virulence for the development of more effective responses. In addition to increasing resistancg.afeofor-

therapies. mansto immune defenses, melanin also reduces the efficacy
One key factor that contributes to the pathogenesiS.of  of certain antifungal drugsl6—18). Thus, melanization has
neoformans as well as other fungi, is melani,(5). clinical implications forC. neoformansgnfections in terms

Comparison of melanized and nonmelanized strain€.of  of both the immune response and the ability to use and
neoformansin animal models of infection reveals that develop newer antifungal drugs.
nonmelanoticC. neoformanstrains are less virulent, thereby Melanization occurs in the environmeni9 and is

important for survival. Melanin protect. neoformangrom
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dihydroxyphenylalanine_¢dopa} and epinephrine2(7, 28). extraction, and boiling in concentrated HCI as described
Although the details of melanin structure are largely un- previously 85).
known, it is believed to be a cross-linked polymer of phenol  In Vivo Melanin Ghost IsolationBALB/c mice were
and indole subunits2Q, 30). Melanin is a highly stable infected by intravenous injection in the tail vein with>5
compound and can be isolated from cells by harsh chemical 1(° C. neoformanstrain 24067 cells. After 21 days, infected
treatments that degrade other cellular components such asnice were sacrificed and melanin ghosts were isolated from
the cell wall, lipids, and proteins. Such treatment produces infected tissues. The brains of infected mice were homog-
hollow melanin shells called “ghosts” that retain the spherical enized by mechanical grinding. Tissues were then treated
shape of the cells3(). with 1.0 mg/mL proteinase K (Boehringer Mannheim Co.,
The presence of melanin i€. neoformansleads to Indianapolis, IN) at 65°C for 4 h, incubated in 4.0 M
challenges in the treatment of this disease. The effects ofguanidine thiocyanate for at le¢a® h atroom temperature
melanization on the basic biological mechanisms of the with frequent vortexing, and then boiled in 6.0 M HCI for 1
organism, including how nutrients are transported across theh. The resulting material was washed three times with
melanin layer and how cells bud through melanin, are not phosphate-buffered saline (PBS) [8 g/L NaCl, 0.2 g/L KCI,
understood. To formulate a model of how these processes0.2 g/L KH,PO,, and 1.2 g/L NgHPO, (pH 7.4)] and
occur, it is necessary to determine the structure of the melaninprepared for SCEM as described below.
layer. Unfortunately, melanins are poorly characterized Nuclear Magnetic Resonance Cryoporometielanin
because they are insoluble amorphous materials not suitablejhosts were prepared from cells grown for 4, 7, or 10 days
for crystallization or solution studies. To gain structural in the presence of a substrate (i.e., 1 mMlopa or
insights, complementary techniques were applied to the studyepinephrine). For the melanin antibody studies, melanin
of melanin. These included atomic force microscopy (AFM) ghosts were isolated from cells grown for 10 days in the
and scanning electron microscopy (ScEM) for imaging of presence of-dopa. Ghosts were incubated with SuperBlock
the melanin surface, transmission electron microscopy (TEM) (Pierce, Rockford, IL) to prevent nonspecific binding and
for cross-sectional analysis of melanin ghosts, and nuclearthen incubated with a melanin-binding or control antibody
magnetic resonance (NMR) cryoporometry for determination at a concentration of 1@g/mL prior to analysis. In addition,
of the porosity of melanin. On the basis of results from these commercially prepared synthetic tyrosine melanin &d
studies, we propose a model of melanin structure composedofficinalis melanin were analyzed (Sigma-Aldrich).
of multiple layers of densely packed granules whereby pores To analyze pore size by NMR cryoporometry, samples
and channels are formed in the spaces between melanirwere frozen in water, and then slowly warmed at a rate of
particles. This model has implications for the mechanism of 0.2 °C/min. The change in melting point temperature was
budding of melanized cells and the antifungal action of measured from the amplitude of the NMR signal from the

melanin-binding antibodies. protons in liquid water and used to determine porosity as a
function of pore size using the Gibb§homson equation
EXPERIMENTAL PROCEDURES (36—39).
C. neoformans Strains and Medi@. neoformanserotype The NMR cryoporometry measurements were made using

D strain 24067 was obtained from the American Type afast-r_ecov_ery NMR relaxation spectrometer constructed at
Culture Collection (Manassas, VAJ.. neoformanserotype ~ the University of Kent with gas-flow temperature control
D strain Cap67, containing a mutation in t8&P59gene,  (liquid nitrogen to 500 K), which had been modified for
was generously provided by J. Kwon-Churdg) The cells highly precise ¢1 mK) relative temperature measurements
were grown in defined chemical media [minimal medium, (37). Samples were prepared in flame-sealed thin-walled
15 mM dextrose, 10 mM MgS£029.4 mM KHPQ, 13 mM silica tubes, with the measurement coppeonstantan

glycine, and 3«M thiamine (pH 5.5)] with 1 mML-dopa, thermocouple soldered to a nonshorting copper foil around
epinephrine, or dopamine (Sigma-Aldrich, St. Louis, MO). the sample, and the thermal EMF measured relative to a
Cultures (500 mL) were incubated in the dark at°gin 1~ Mmatched thermocouple in melting ice. NMR cryoporometry
L Erlenmeyer flasks in a rotary shaker at 150 rpm for the Offérs a number of advantages over the similar thermo-
indicated times. porosimetry technique, including the ability to measure
Antibodies Melanin-binding antibodies and their use have arbitrarily slowly and to improve both pore size resolution
been described previoush83). Briefly, mice were im- and the signal-to-noise ratio. These NMR cryoporometry

munized with-dopa melanin ghosts. Spleen cells from mice measurements show a pore volume resolution of around 5
producing antibodies to melanin were fused to myeloma cells nL/A. ) _ _
to generate hybridomas for the production of monoclonal ~ Scanning Electron MicroscopyMelanin ghosts were
antibodies to melanin. MAb 5C11, recognizing mycobacterial isolated fromC. neoformansgultures grown for 1, 2, or 3
lipoarabinomannan, was used as a contgd).( weeks in the presence of 1 mMdopa or dopamine or from
Preparation of Melanin Ghosts from Cells Grown in Vitro ~ @nimals as described above. Following melanin ghost isola-
C. neoformanstrain 24067 was cultured in defined chemical tion, samples were fixed in 2.5% glutaraldehyde in 0.1 M
media with 1 mMc-dopa, epinephrine, or dopamine at 30 Ccacodylate (pH 7.4). After being fixed, samples were
°C for the indicated times. Melanin ghosts were isolated by dehydrated through a graded series of ethanol and critical

enzymatic digestion of the cell wall, proteolysis, chloroform POint dried using liquid carbon dioxide in a Tousimis Samdri
(Rockville, MD) 795 critical point drier. Samples were then

! Abbreviations: AFM, atomic force microscopy:dopa, L-3,4- sputter coated with gotepaliadium (Desk-II; Denton Vacuum

dihydroxyphenylalanine; SCEM, scanning electron microscopy; TEM, INC., Cherry Hill, NJ). Imaging Was_performed With_a JEOL
transmission electron microscopy. (Peabody, MA) JSM-6400 scanning electron microscope
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using an accelerating voltage of 10 kV. Images were acquired
with analySIS (Soft Imaging System GmbH, “Kkter,
Germany). For SCEM of acapsular cells, cultures (250 mL)
of C. neoformanstrain Cap67 were grown for 2 weeks in
the dark in defined chemical media with or without 1 mM
L-dopa in 500 mL Erlenmeyer flasks at 30 and 150 rpm.
Cells were washed in PBS, fixed in 2.5% glutaraldehyde in
0.1 M cacodylate, dehydrated, and coated as described for
melanin ghosts.

Transmission Electron Microscoplylelanin ghosts were
fixed in 2% glutaraldehyde in 0.1 M cacodylate at room
temperature for 2 h, followed by overnight incubation in 4%
formaldehyde, 1% glutaraldehyde, and 0.1% PBS. The
samples were subjected to postfixation for 90 min in 2%
osmium, serially dehydrated in ethanol, and embedded in
Spurrs epoxy resin. Sections (/80 nm thick) were cut on
a Reichart Ultracut UCT and stained with 0.5% uranyl acetate
and 0.5% lead citrate. Samples were viewed in a JEOL
1200EX transmission electron microscope at 80 kV.

Atomic Force MicroscopyFor AFM studies, melanin
ghosts were isolated fro@. neoformansultures grown for
7, 14, or 21 days in the presenceLeflopa. Glass slides for
AFM were cleaned as described elsewhe38).(Melanin
ghosts were immobilized on glass slides by mixing poly-
lysine with a suspension of melanin ghosts [1 mL of a 10%
(w/v) suspension added to 9 mL of ghost suspension
containing between X 10 and 1 x 10° ghosts/mL] and
pipetting the mixture onto glass slides. AFM imaging was
performed with a Digital Instruments Dimension 3100
(Veeco Instruments, Woodbury, NY) atomic force micro-
scope with a Nanoscope llla controller. AFM was performed
in air or water at room temperature under normal atmospheric
pressure. Images were recorded in intermittent contact mode.
For air experiments, cantilevers were TESPA (TappingMode
Etched Silicon Probes with an Aluminum Backing-Layer)
from Digital Instruments (Santa Barbara, CA), with a
nominal spring constant of 100 N/m. In liquid, cantilevers
were DNP-S (triangular silicon nitride probes with a gold
backing layer), with a nominal spring constant of 0.13 N/m.

All cantilevers were cleaned under UV light for 5 min prior

Ficure 1: ScEM of granules on the surface of melanin ghosts.

to experiments to remove adsorbed water and hydrocarbonsScale bars are am. (A) High-resolution micrograph of melanin

The scan rate was 1.001 Hz. The number of samples wa
256 lines/image and 256 pixels/line (65,536 total samples).
The AFM laser diode wavelength a@ellirection step height
were calibrated according to ré0. Imaging parameters were
calibrated according to the manufacturer's specifications
using a 180 nm pitted calibration standard. Data were

hosts isolated from the 1 week culture ©f neoformansstrain

4067 grown in the presenceiefiopa. (B) Melanin ghosts isolated
from C. neoformansstrain 24067 grown in the presence of
dopamine for 10 days. (C) Melanin ghosts isolated fr@n
neoformansnfected mouse tissue harvested 21 days postinfection.

High-Resolution Surface Structure of Melaniiwo comple-

analyzed using Nanoscope llla software (version 4.43 r8, mentary imaging methods were used to visualize the surface
Digital Instruments) and Scanning Probe Imaging Processorof melanin ghosts isolated fron€. neoformans high-
(SPIP) software (Image Metrology). To determine granule resolution SCEM and AFM (Figures 1 and 2, respectively).
size diameter, the edges of the granules were marked on theThe most striking feature apparent from these images was
sectional analysis of the image and corresponding coordinateshe granular nature of the melanin surface (Figures 1A and
used to measure granules. 2B,C,E,F), a feature that was not described in previous
RESULTS studies 81, 33). The ghost surface consisted of irregularly

shaped granules with a geometry that approximated tightly
Overall Structure of Melanin Ghost#elanin ghosts were

packed spheres. Occasionally, ghosts were observed with the
isolated from melanize@. neoformansells grown in liquid granules in an ordered linear arrangement (Figure 2E,F). The

media containing-dopa for 1, 2, or 3 weeks. Samples were size of the granules was estimated by measurements from
imaged by ScEM and AFM. The isolated ghosts retained both the SCEM and AFM images (Figure 3). SCEM measure-
the spherical shape of the cells (Figure 1). However, somements revealed a diameter of 2413 nm for granules from
collapsing of the melanin ghosts was observed by AFM 1 week melanin ghosts and 82 21 nm for granules from
(Figure 2D). 3 week ghosts, a small, but statistically significant difference
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FIGURE 2: AFM surface analysis of melanin ghosts. Melanin ghosts were isolated from the 3 week culfureazfformanstrain 24067

grown in the presence afdopa. AFM height images, showing the surface topology of melanin ghosts, are shown. (A) Overall shape of
the melanin ghost imaged by AFM. The arrow points to a bud scar. The scale banis(B) Close-up analysis of the surface indicated

by the small rectangle in panel A. The scale bar is 100 nm. Images created using Nanoscope llla software (version 4.43 r8, Digital Instruments).
(C) Three-dimensional rendering of the surface in panel B. This image was created with SPIP (Image Metrology). (D) Overall shape of
melanin ghosts imaged by AFM. Ghosts are somewhat collapsed. The scale ban.igH) Close-up analysis of the surface indicated by

the small rectangle in panel D. The scale bar is 100 nm. Images created using Nanoscope llla software (version 4.43 r8, Digital Instruments).
(F) Three-dimensional rendering of the surface in panel E. This image was created with SPIP (Image Metrology).
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& 40 o portions of the cell wall. (A) SCEM images of melanized acapsular
a C. neoformansStrain Cap67 was grown for 2 weeks in minimal
20 ] 3 p 2 2 media with L-dopa and then washed and fixed as described in

Experimental Procedures. Scale bars agaril (B) Scanning EM
images of nonmelanized acapsu@r neoformansStrain Cap67
Ficure 3: Analysis of melanin ghost granule size. The sizes of was grown for 2 weeks in minimal media and then washed and
granules on the surface of 1, 2, and 3 week melanin ghosts werefixed as described in Experimental Procedures. Scale bars are 1
measured using SCEM and AFM images as described in Ex- um.
perimental Procedures (all data points are plotted). Data from
ScEM are shown at the left and from AFM at the right: circles, 1 of the cell wall, an acapsular strain, Cap67, was used in this
week samples; triangles, 2 week samples; and squares, 3 weekanalysis 82). When viewed in the ScEM, the surfaces of
samples. both the melanized (Figure 4A) and nonmelanized (Figure
4B) cells were similar. Both appeared fairly smooth. This
suggests that, in the cell, melanin was partially obscured by
outer components of the cell wall. Consequently, it was not
from 1 week ghosts, 8% 31 nm for granules from 2 week feasible to compare the surface structure of melanin ghosts
ghosts, and 4% 8 nm for granules from 3 week ghosts. to the surface of melanin in cells by these techniques.
For ScEM, 20 granules from each ghost were measured and Differences in the granularity of melanin were apparent
4-5 ghosts were analyzed. For AFM;-32 granules from around bud scars, which were manifested by significant
each ghost were measured and2lghosts were analyzed. increases in the granule size in areas near bud scars relative
Since the isolation of melanin ghosts requires harsh to other parts of the ghost surface (Figure 5A,B). Larger
chemical treatments that could theoretically alter the melanin granules were observed near the bud scars. By AFM, the
structure, we attempted to study the surface structure ofaverage particle size for the 3 week samples was 49m
melanin as it is found in intact cells by visualizing melanized far from the bud scars and 96 29 nm near the bud scars

Age of C. n. culture (wk)

in size P < 0.05). In contrast, AFM measurements yielded
an average particle diameter of 57 12 nm for granules

and nonmelanize@. neoformansgells using SCEM (Figure
4) and AFM (data not shown). Sin€: neoformansiormally

(P < 0.05) (Figure 5C). Between 7 and 8 granules near bud
scars from each of two different melanin ghosts were

has a polysaccharide capsule that prevents surface inspectiomeasured. AFM analysis of the average roughness revealed
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Ficure 5: Melanin granules are larger near bud scars. (A) High- ‘é‘ 600 a
resolution SCEM of melanin ghosts isolated from the 1 week culture =
of C. neoformansstrain 24067 grown in the presencestiopa. «» 5004
The scale bar is &m. (B) AFM image of bud scar from melanin 8 2]
ghost isolated from the 3 week culture 6f neoformansstrain £ 4001 o B
24067 grown in the presence pfdopa. The scale bar is Obn. LQ 3
(C) Melanin granules were measured from SCEM and AFM images £ 3007
for areas near (ScEM, bud, and AFM, bud) or far (SCEM and AFM) g 2001
from bud scars. Melanin ghosts isolated from 3 w€ekeoformans &
cultures were analyzed. Graphs indicate the averagedsitiee g 100-
standard deviation of melanin granules. &
0 T T v
the same trend. The root-mean-square (rms) roughness of 1 2 3
the ghost surface far away from the bud scar was 4.1 nm, Age of C. n. culture (wk)
whereas near the bud scar the roughness was 7.1 nm (datg s re 6: Melanin in C. neoformanss arranged in concentric
not shown). layers. Transmission electron micrographs of three representative

melanin ghosts. (A, C, and E) Cross section of melanin ghosts.
Scale bars are gm. (B, D, and F) Close-up of areas indicated by
rectangles in panels A, C, and E, respectively. Scale bars are 100
nm. (G) The thickness of melanin shell was measured for 1, 2, and
3 week melanin ghosts, and all data points are plotted: circles, 1

rms= week samples; triangles, 2 week samples; and squares, 3 week
samples.
whereZae is the average height within the given argais images revealed that the walls of the melanin ghosts were

a discrete height within the area, ahdis the number of ~ composed of two to five concentric layers (Figure 6B,D,F).
points in the given areaScanning Probe Microscopy Each layer was between 50 and 75 nm wide, and the average
Training Notebook(1998) pp 39-40, Digital Instruments,  thickness of the melanin ghost wall was 28608 nm. The
Veeco Metrology Group]. The same significant variation was thickness of the melanin was measured for 1, 2, and 3 week
apparent from ScEM of melanin ghosts. The average sizesamples, and average thicknesses were found to bet164
of the granules near bud scars was #38 nm for 3 week 82 (n = 42), 220+ 81 (h = 26), and 241+ 114 nm ( =
melanin ghosts, compared to 8221 nm for granules far  30), respectively (Figure 6G). One week melanin ghost shells
from bud scarsR < 0.05) (Figure 5C). Between 12 and 19 were significantly different from 2 weekP(< 0.05) and 3
granules near bud scars on each of three different melaninweek melanin ghost$(< 0.05). Ghosts from budding cells
ghosts were measured. The difference in melanin granuleshowed that the melanin layer around the bud was thinner
size around bud scars may be due to alterations in thethan that of the mother cell. An increase in thickness was
underlying cell wall architecture since similar structures were observed for larger buds (Figure 74&). SCEM analysis of
visible in acapsular cells, both melanized and nonmelanizedsimilar ghosts showed that the surface of the buds was often
(Figure 4 and data not shown). smoother than that of the mother cell (Figure 7G). This

Melanin Shell of C. neoformans Is Composed of Layers suggests that, in early buds, melanin deposition was not
Melanin ghosts were sectioned and visualized by TEM to complete. Together, these results are consistent with an
gain insight into their cross-sectional structure. The TEM increase in melanin thickness over time.
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Ficure 7: Melanin layer is thinner around buds.{4&) Transmission electron micrographs of melanin ghosts made from cells in various
stages of budding. An increase in melanin thickness with increasing bud size relative to the mother cell is apparent. Buds are marked with
asterisks. Scale bars areufh. (G) Scanning electron micrograph of a melanin ghost from a budding cell showing that melanin is smoother
around the bud (white arrow).

Melanin Ghosts Hae Pores NMR cryoporometry was  of lower porosity (11uL A=1 g1 in the 16-20 A region),
used to analyze the porosity @f neoformansnelanin. In and day 10 melanin ghosts had a more complex structure
this method, porosity was determined based on the changg15uL A-1g 1 at~10 A, with additional porosity up to 50
in melting point temperature of water in a pore versus a large A). Melanin fromsS. officinalisink sacs had a slightly lower
volume @6, 38). The melting point was measured by the peak porosity than the day 4 melanin ghosts (a sharp peak
amplitude of the NMR signal from the protons in liquid of 29 uL A=1 g1 at 12.5 A). In contrast, the synthetic
water. Cells were grown in liquid media containinglopa tyrosine melanin had the lowest peak porosity (AL1A 1
for 4, 7, or 10 days, and melanin ghosts were isolated. gt at 14 A) (Figure 8A). Additional porosity was distributed
Samples were mechanically crushed with a mortar and pestlén broad peaks in the 300 A range for all samples (Figure
prior to analysis. By this technique, a pore was identified 8A, inset).
by the contained water melting at a lower temperature than  With this technique, it is also possible to estimate pore
the bulk water present around the melanin shells. The relativediameter. For all thre€. neoformansnelanin samples, the
amplitudes of the pore water signal and the total water signal peak porosity was distributed in pores with diameters ranging
were recorded. Thus, the volume of this pore-contained waterfrom 10 to 20 A. The day 10 sample also had pores-40
was directly measurable, as the total volume of the water in A. The change in porosity as a function of melanization and
the sample was known from gravimetric measurements. time is indicated by the peaks in the pore distribution graph
Additional measurements were taken with commercially (Figure 8A). This can also be seen from the pore integral
available melanin fromSepia officinalisink sacs and graph (Figure 8B). When pore volume was integrated with

synthetic tyrosine. respect to pore diameter, a rapid increase in the integral was
Of the C. neoformansnelanin samples, day 4 melanin seen in the range of #50 A, corresponding to the presence
ghosts had the greatest porosity (a sharp peak efl4A 1 of pores of that diameteS. officinalismelanin had pores of

g lat 16.4 A). Day 7 melanin ghosts showed a broad peak similar size.
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Ficure 8: NMR cryoporometry ofC. neoformansnelanin ghosts. The color key is beside panel B. (A) Pore distribution graphs for the
following melanin samplesC. neoformansnelanin ghosts isolated from cells grown for 4 (day 4), 7 (day 7), or 10 days (day 10) in the
presence of-dopa, melanin frons. officinalis(Sepia), synthetic melanin made from tyrosine (Tyrosinel; aneoformansnelanin ghosts

made from cells grown for 10 days in the presence of epinephrine (Epinephrine). The inset shows the pore distribution over a larger
diameter range. (B) Pore integrals for samples in panel A. Pore volume was integrated with respect to pore diameter. (C) Pore distribution
graphs for 10 day-dopa-derived melanin ghosts incubated with control antibody (control) or melanin-binding antibody (MAb a and b).
The results of two experiments are shown for the melanin-binding antibody. The inset shows the pore distribution over a larger diameter
range.

The Antibody to Melanin Reduces PorosRyior studies porosity was &L A~ g~ for pores of this diameter (Figure
showed that addition of melanin-binding antibody to mela- 8C).
nized cells arrested cell growt®)( We hypothesized that Melanins Made from Various Substrates dgaSimilar
this phenomenon may reflect plugging of melanin pores by StructuresSinceC. neoformansan synthesize melanin from
specific antibody, a phenomenon that could interfere with a variety of substrates, we evaluated the porosity and surface
cellular nutrition or replicative functions. When melanin structure of melanin ghosts generated from other substrates.
ghosts were incubated with a monoclonal antibody against Melanin from C. neoformansgrown in the presence of
melanin, the total porosity was reduced compared to thatepinephrine had a porosity distribution similar to that of
with the control antibody. For the control antibody, a peak melanin made from-dopa. The pore volume of epinephrine-
porosity of ~16 uL A~ g~! was observed for pores derived melanin ghosts was distributed in porek0 A in
with a diameter of~12 A. With the melanin antibody, the  diameter (Figure 8A). To compare the surface structGre,
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neoformansstrain 24067 was grown in the presence of capsulatumL-dopa-derived granules have been repordié&l (
dopamine for 14 days and melanin ghosts were isolated.Hence, the structure of melanin@ neoformanghosts and
ScEM of the isolated ghosts revealed a granular surface forin other biological sources may be similar and composed of
the dopamine ghosts similar to that wittdopa (Figure 1B). small particles that differ in their three-dimensional organiza-
We next examined the surface of melanin ghosts isolatedtion.
from infected mouse brain tissue. In viv@, neoformanss Sections of melanin ghosts were analyzed by TEM,
thought to use various neurotransmitters from the host asrevealing that the melanin ghosts are composed of two to
substrates for melanin productioflj. Ghosts were isolated five layers arranged in a concentric manner to form the
from mouse brain 21 days after infection by intravenous melanin ghost wall. When melanin ghosts from budding cells
injection with 5x 10° C. neoformangells. SCEM analysis  were examined by TEM, the melanin around the bud was
of ghosts recovered from mouse tissue revealed a granulathinner than that of the mother cell. As bud size increased
surface similar to that of cells grown in vitro (compare panels relative to the mother cell, the melanin also appeared to
B and C of Figure 1). increase in thickness. Together, these data are consistent with
an increase in melanin thickness with age, possibly by the
DISCUSSION addition of more layers of similar-sized particles. Further-
Determining the structure of melanin in tBeneoformans  more, the TEM images of melanin ghosts from budding cells
cell wall is essential to understanding the function of melanin support the hypothesis that melanin is degraded or remodeled
with regard to both cell growth and virulence. Previous in budding ofC. neoformansThis is particularly apparent
studies found that melanin can protect fungal cells againstfrom the image of the smallest bud in which it appears that
insults that this organism is likely to encounter in both the a break has been made in the melanin, allowing the bud to
environment and animal hosts. How melanin affects the emerge (Figure 7A).
structure and function of the fungal cell is a fundamental  On the basis of the microscopy results, we propose that
question in the biology of2. neoformansand other fungi melanin in theC. neoformangell wall is composed of one
that melanize their cell wall. In this study, we applied or more layers of closely packed granules. This is supported
multiple techniques to address the problem of melanin by the observation that the surfaces of the melanin ghosts
structure: AFM and ScEM to examine the surface structure were covered with granular particles7’5 nm in diameter,
of melanin, TEM to study melanin in cross section, and NMR and by the fact that discrete layers that can be viewed by
cryoporometry to analyze the porosity of melanin. The results TEM were approximately the same width of one granule
are internally consistent and provide information for model- diameter. A question raised by this model is how the melanin
ing the structure of the melanized cell wall and the budding granules are held together. One possibility is that they are
process in melanized cells. Furthermore, these results maysimply cross-linked together. Alternatively, they could be
serve as a basis for future investigations into the cellular held together by a lattice or scaffold composed of melanin
structures of diverse melanized microbes. and/or proteins and polysaccharides. The existence of such
The AFM and ScEM images revealed that the surface of a scaffold would have implications for growth and budding
melanin ghosts derived from melanizEdneoformansells of melanizedC. neoformanssince remodeling of melanin
is composed of discrete granules with roughly uniform during the budding process could be achieved by degradation
dimensions. Depending on the imaging technique that wasof the scaffold. Furthermore, it implies the existence of
used, the melanin particles ranged in size from 46 1®0 enzymes required for building and degrading the scaffold.
nm with the average particle diameter being #623 nm The melanin layers observed in melanin ghosts are reminis-
based on all measurements using both SCEM and AFM. A cent of cell wall layers observed f&. neoformansells
significant difference was found for granule size measured (47, 48). Multilaminate structures are a general feature of
by SCEM versus AFM for 3 week melanin ghosts. The larger fungal cell walls 49). Thus, there exist structures in the
measurements for SCEM may be explained by the fact thatfungal cell wall that could serve to direct the deposition of
samples are coated with #@5 nm of gold-palladium prior melanin into layers.
to viewing in the EM, or by the intrinsic magnification error Since melanized cells continue to replicate and do not
of the microscope (5%). Alternatively, the differences may show an obvious growth defect relative to nonmelanized cells
be due to the fact that the measurements were made from g22), we surmised that they must have pores for nutrient
small number of melanin ghosts, and may reflect natural acquisition. However, no large pores were visible by
variation in granule size. microscopy. One possibility is that, rather than having
The observation that melanin ghosts from melaniZed  conventional pores, nutrients and other molecules pass
neoformansre composed of assemblies of smaller melanin through the melanin layer by diffusing through the spaces
particles is consistent with published reports on the structurebetween the granules. NMR cryoporometry was utilized to
of melanin from other biological sources. Melanin produced determine the porosity of melanin ghosts fr@n neofor-
in the ink sacs of the cuttlefisB. officinalisconsisted of mans NMR cryoporometry revealed that melanin ghosts had
particles 150 nm in diameter by AFM imagingd). Other pores and that their porosity decreased with the increasing
studies using high-resolution SCEM and TEM methods age of the culture from which the ghosts were generated.
showed that melanin fror8. officinalisand bovine eye was  This may reflect increased synthesis of melanin and/or cross-
comprised of aggregates of smaller particles approximately linking with time. In addition, the studies revealed a complex
20 nm in diameter43, 44). Melanin granules have also been pore distribution. Most of the pore volume was distributed
reported in other fungi. Scytalone-derived melanirvier- in relatively small pores 1620 A in diameter. However,
ticillium dahliae formed 100 nm granules in the cell wall some pore volume was also distributed in larger pores 300
when observed by ScEM and TEMY). In Histoplasma A in diameter.
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Ficure 9: Model of melanin structure €. neoformans(A) Cross-sectional depiction of theé. neoformansell. The polysaccharide

capsule (Cap.) surrounds the cell. Melanin (black) is localized to the cell wall (CW), next to the plasma membrane (PM). (B) Cross-
sectional depiction of melanin microstructure in the cell walllofneoformansThe melanin is comprised of multiple layers of granular
particles. According to the model, small nutrient molecules, such as sugars and amino acids, can enter the cell by passing through spaces
between the melanin particles. Antibody binding to melanin may prevent passage of nutrients by blocking such spaces. In addition, the
large size of certain antifungal drugs may prevent their passage through the tight spaces between melanin granules.

Antibody studies provided additional insights into melanin molecules can be explained by the highly charged and
porosity. Melanin ghosts were incubated with melanin- aromatic melanin surfacd {, 51).
binding antibodies prior to performance of the NMR cryo-  This model implies that melanin porosity is a property of
porometry analysis, and we found a reduction in the the arrangement of melanin particles, and consequently, there
measured pore volume of melanin, for pores less than 20 A gppears to be no need for specialized pore structures to permit
in diameter. The most straightforward explanation for this nutrient acquisition. The measured pore size 0f20 A is
phenomenon is that the antibody binds to the melanin similar to the size of glucose and amino acid molecules.
granules and blocks the pore by physical occupation. In |arger molecules, such as amphotericin B, which has been
contrast, the melanin-binding antibody had no effect on pore found to form |arge aggregates, m|ght be too |arge to fit in
volume of pores 300 A in diameter, suggesting that these the pores %2). Hence, the resistance of melanized cells to
pores were inaccessible to the antibody (Figure 8C, inset). amphotericin B may reflect inability of this drug to penetrate
Together, these results suggest that melanin ghosts have twghe cell wall. The measured and predicted pore sizes suggest
sets of pores: (1) smaller, external pores accessible tog theoretical limit to the size of antifungal drugs which can
antibody and (2) larger internal pores inaccessible to pe expected to be effective against melanotic fungi.

antibody. Prior studies have shown that addition of melanin-binding
The NMR cryoporometry results have implications for the antibodies to melanize@. neoformanscells arrests their
arrangement of melanin granules, which approximate mi- growth but has no effect on nonmelanized cefls Since
crospheres. The predicted volume for a closely packed nutrition is essential for growth and nutrient acquisition by
hexagonal array of spheres is approximately one-fifth the melanized cells would almost certainly require competent
size of the sphere, 15 nm in this casd)( Therefore, the  pores, the ability of a specific antibody to reduce pore size
NMR cryoporometry results imply that the granules in could account for the observed growth arrest. Pore blocking
melanin ghosts are of an irregular shape and arrangementby a specific antibody resulting in a starvation state would

Therefore, we propose a model of melanin structure and represent a novel protective function for antibody-mediated
function in which irregularly shaped melanin granules are inhibition of C. neoformans
fused in layers (Figure 9). The spaces between granules are NMR cryoporometry has been used to study cross-linking
represented by the small pores observed with NMR cryo- in polymer systems5@). There have also been a number of
porometry. In contrast, the internal spaces between layersstudies of pore sizes in zeolite skeletons. A caveat of the
are larger, represented by the larger-sized pores. Such &NMR cryoporometry results is that the melanin ghost
structure enables the melanin to act as a “sieve”, allowing preparation may affect the porosity of melanin frdn
certain molecules to pass through, but restricting the passageeoformansHowever, this application of NMR cryoporom-
of larger molecules into the cell. This function is augmented etry to the study of pores in melanin shells of fungi is a
by the fact that melanin also binds and sequesters many sucmovel application of this technique to the biological world.
molecules $0). The ability of melanin to bind various These melanin ghosts offer a clean system for NMR
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cryoporometry, as there are no changes to the bulk melting 19. Nosanchuk, J. D., Rudolph, J., Rosas, A. L., and Casadevall, A.
point caused by dissolved components in the water. All
changes to the melting point arise from the Gibbfiomson

dimensional effects on the thermodynamics of the system. 20
However, given that the technique of cryoporometry does

not

require desiccation of the sample, there is now a clear

interest in investigating the extent to which it can be applied
to the study of other, nonmelanized biological systems. This

study has shown that NMR cryoporometry has the necessary 22.

sensitivity for measuring the size and volume of pores in
biological polymers, and thus potentially is a technique with
a large number of new applications in the biological field.
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