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ABSTRACT 27 

 28 

Exposure of Cryptococcus neoformans cells to i-radiation results in a gradual release of 29 

capsular polysaccharide, in a dose dependant manner. This method allowed the systematic 30 

exploration of different capsular regions. Using this methodology, capsule density was 31 

determined to change according to the radial distribution of glucuronoxylomannan and total 32 

polysaccharide, becoming denser at the inner regions of the capsule. Scanning electron 33 

microscopy of cells following i-radiation treatment confirmed this finding. The zeta potential of 34 

the capsule also increased as the capsule size decreased. However, neither charge nor density 35 

differences were correlated with any change in sugar composition (xylose, mannose and 36 

glucuronic acid) in the different capsular regions, since the proportion of these sugars remained 37 

constant throughout the capsule. Analysis of the capsular antigenic properties by monoclonal 38 

antibody binding and Scatchard analysis revealed fluctuations in the binding affinity within the 39 

capsule but not in the number of antibody binding sites, suggesting that the spatial organization 40 

of high and low affinity epitopes within the capsule changed according to radial position. Finally, 41 

evidence is presented that the structure of the capsule changes with capsule age, since the capsule 42 

of older cells became more resistant to i-radiation-induced ablation. In summary, the capsule of 43 

C. neoformans is heterogeneous in its spatial distribution and changes with age. Furthermore, our 44 

results suggest several mechanisms by which the capsule may protects the fungal cell against 45 

exogenous environmental factors.  46 ACCEPTED



3 

INTRODUCTION 47 

 48 

Capsules are a common feature among microorganisms, especially pathogenic bacteria 49 

such as Bacillus anthracis, Streptococcus pneumoniae, and Neisseria meningitides. Microbial 50 

capsules can confer particular characteristics, such as protection against stress conditions (65), 51 

and are prominent virulence factors.  In contrast to the situation in bacteria, extracellular capsules 52 

are rare in fungi. The only encapsulated pathogenic fungus is the basidiomycetes yeast 53 

Cryptococcus neoformans. This fungus is commonly found in the environment, inhabiting 54 

various nichés such as pigeon droppings, trees and water (reviewed in (9)). The pathogenesis of 55 

C. neoformans has been well studied. The yeast is commonly acquired by the host via inhalation. 56 

The infection is asymptomatic in immunocompetent hosts. However, in cases of immune 57 

suppression, pulmonary infection can be followed by extrapulmonary dissemination of the yeast 58 

into other organs, such as spleen, liver and brain. Untreated cryptococcal meningitis is invariably 59 

fatal. 60 

The polysaccharide capsule of C. neoformans is considered the main virulence factor of 61 

this pathogen (38).  Acapsular C. neoformans strains manifest greatly reduced virulence (11, 32), 62 

and mutants that produce a larger capsule are hypervirulent (16). The capsule of this yeast is 63 

believed to function in protection from desiccation, radiation, and predation by phagocytic 64 

organisms (reviewed in (10)).  During pathogen-host interactions, the C. neoformans capsular 65 

polysaccharide is abundantly released into tissues (25), and has been associated with a myriad of 66 

deleterious immunological effects including antibody unresponsiveness (28, 48), inhibition of 67 

leukocyte migration (20), complement depletion (35), deregulation of cytokine production (54, 68 

63, 64) and interference with antigen presentation (54). In addition, the capsular polysaccharide 69 

inhibits phagocytosis of the yeast by phagocytic cells (27, 71). 70 

 While the role of the C. neoformans capsule in virulence has been extensively studied, 71 

relatively little is known about the organization of this enigmatic structure. The capsule is 72 

composed of three basic elements, glucuronoxylomannan (GXM) representing 90-95% of the 73 

polysaccharide, galactoxylomannan (GalXM, 5%) and mannoproteins (less than 1%) ((53), 74 

reviewed in (5, 19, 39)). However, a recent study suggests that GalXM could be the major 75 

component in molar composition (41). All capsule-related structural studies have been based on 76 

analysis of GXM from capsular polysaccharide shed by C. neoformans (13). Shed GXM is 77 
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known to be a high molecular weight polysaccharide (1.7-7.3 MDa, depending on serotype) of  78 

complex structure (2, 3, 41, 59, 61). These studies also demonstrate that GXM contains six basic 79 

repeats of mannose chains that can be substituted in many combinations with xylose or 80 

glucuronic acid and organized fibers. The mannose backbone of the GXM can be O-acetylated, 81 

and this substitution is known to confer immunogenic characteristics (29, 40, 46). Although 82 

much work has focused on capsular exopolysaccharide, little is known about the nature of the 83 

polysaccharide retained on the C. neoformans cell. The capsule can be non-covalently attached 84 

to the cell body via the alpha-1,3-glucan of the cell wall (52). Recent findings have shown that 85 

the capsule is a dynamic structure, subjected to suffer changes according to the environment (see 86 

review in (42)). One peculiar feature of the C. neoformans capsule is that it changes in size 87 

according to environmental conditions (26, 62, 67, 69), and is dramatically enlarged upon 88 

interaction with mammalian hosts (4, 15, 22, 34, 56). Although there are several models for 89 

capsule growth (51), recent evidence supports the hypothesis that the capsule grows by apical 90 

enlargement, which may involve the addition of new fibers that attach to the existing 91 

polysaccharide through non-covalent bonds (41, 72). The spatial distribution of the capsular 92 

material is not equal throughout the capsule. Electron microscopy images and studies of 93 

penetration of fluorescently labeled-dextrans suggest that the capsule is denser in the regions 94 

close to the cell wall (24, 51).  95 

In the early 1970’s, it was described that extremely high doses of i-radiation greatly 96 

reduced the size of the C. neoformans capsule (18), but this phenomenon was largely forgotten 97 

until recently, when it was rediscovered and examined in detail (7). Doses of i-radiation that are 98 

thousands times lower than previously described (18) release capsular polysaccharide very 99 

efficiently, by a presumed mechanism involving the creation of free radicals from solution (7). 100 

This reaction occurs without affecting the viability of C. neoformans, which is i-radiation 101 

resistant (7).  In the present study, i-radiation is utilized to investigate the structure of the C. 102 

neoformans capsule that is retained on the cell. Our results demonstrate quantitative and 103 

qualitative radial differences in polysaccharide composition, highlighting unsuspected 104 

complexity.  105 

ACCEPTED



5 

MATERIAL AND METHODS 106 

 107 

Strains and growth conditions. C. neoformans strain H99 (serotype A) was used (50). 108 

This strain was selected because it is representative of the most prevalent pathogenic serotype, is 109 

a standard C. neoformans strain and provides a population with homogenous capsule and cell 110 

size during both log phase growth and capsule induction (69). In some experiments, the 111 

acapsular mutant cap67 was used (11). The cells were routinely grown in Sabouraud dextrose 112 

media (Sab), at 30ºC with minimal shaking (150 r.p.m.). To induce capsule growth, cells were 113 

first grown overnight as described above, collected by centrifugation, washed three times in PBS 114 

(phosphate buffered saline) and counted using a hemocytometer. Then, cells were used to 115 

inoculate 10 mL of capsule inducing media (10% Sab in 50mM MOPS, pH 7.4 (67)) to a final 116 

concentration of 1x10
7
 cells/mL. Capsule induction was performed in 100 mm petri plates, 117 

incubated overnight at 37ºC without shaking. In some experiments, capsule enlargement was 118 

induced in 500 mL of inducing medium with moderate shaking (150 r.p.m.). Alternatively, to 119 

study the effect of cell age on capsule properties, cells were grown and induced as above, but in 120 

addition, cells were induced at 37ºC for 7 or 14 days. In some cases, prior to inoculation into 121 

capsule inducing media, the cell wall was labeled first in a solution of 4 mg/mL EZ link sulfo-122 

NHS-LC-biotin in PBS (Pierce, IL) for 1 hr at room temperature at a cell density of 5x10
7
 123 

cells/mL, extensively washed with PBS, and then placed in the capsule induction medium for the 124 

period of time indicated in the text. Biotinylated cells were detected using streptavidin-125 

fluorescein-isothiocynate (FITC; 20 µg/mL; Biosource, Camarillo, CA). 126 

 127 

-radiation treatment. Yeast cells with enlarged capsule were exposed to varying 128 

amounts of i-radiation from radioisotope 
137

Cs, to remove layers of the polysaccharide capsule 129 

by free radical attack. Briefly, capsule induced cells were washed three times in PBS to remove 130 

shed capsular polysaccharides, suspended in PBS or H2O, and 5x10
7
 cells were radiated using 131 

the Shepherd Mark I Irradiator (JL Shepherd and Associates, San Fernando, CA) at the dose rate 132 

of 1388 rads/min. For all experiments, cells were irradiated for 0, 5, 10, 20, 30 or 40 minutes. 133 

Irradiated cells were collected by centrifugation. The supernatants containing shaved capsular 134 

polysaccharide were saved for analysis (see below). Radiated cells were washed three times in 135 

PBS and saved for analysis (see below). In a similar experiment, the cells were irradiated for 20 136 
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minutes, and centrifuged. The supernatant was kept at 4
o
C (0-20 minutes sample); meanwhile the 137 

cells washed with H2O were resuspended in fresh H2O, and irradiated for another 20 minutes. 138 

After this irradiation, cells were centrifuged and the supernatant collected (20-40 minutes 139 

sample).  140 

 141 

India Ink staining and capsule size measurement. The C. neoformans capsule was 142 

visualized after suspension of the cells in India ink or by immunofluorescence using sulfo-NHS-143 

LC-biotin / streptavidin-FITC labeling of the cell wall (see above) and 18B7 (5 µg/mL; (47)) / 144 

goat c-mouse-IgG1-tetramethyl-rhodamine-isothiocynate (TRITC; 5 µg/mL) labeling of the 145 

capsular edge. Samples were observed using an Olympus AX70 microscope, QCapture Suite 146 

V2.46 software for Windows, and Adobe Photoshop 7.0 for Macintosh. To calculate capsule 147 

relative size, the diameters of the whole cell, including capsule (Dwc), and cell body, limited by 148 

the cell wall (Dcb), were measured, using Adobe Photoshop 7.0 for Macintosh. The relative size 149 

of the capsule to that of the whole cell was defined, in percent, as [(Dwc – Dcb) / Dwc] x 100. 150 

Twenty cells were measured for each determination, and the average and standard deviation 151 

calculated. In some cases, percent capsule volume after i-irradiation (Vp) was also calculated 152 

from the volume (in oL) of cell-packing in hematocrit capillary tubes (37). Hematocrit volume 153 

per cell (HVPC) was calculated as Vp / number of cells. Percent capsule volume after i-154 

irradiation was defined as (HVPCpost-irradiation / HVPCnon-irradiated) x 100. Alternatively, whole cell 155 

volume (Vwc) was calculated from immunofluorescence images, defined as (4/3) r"*Dwc/2)
3
. 156 

Capsule volume was defined as the difference between the volume of the cell with capsule and 157 

the volume of the cell. Percent capsule volume after i-irradiation was calculated as (Vwc post-158 

irradiation / Vwc non-irradiated) x 100. 159 

 160 

GXM measurement. Soluble GXM was measured by capture ELISA as in (8). Briefly, 161 

96-well plates were coated with goat anti-mouse IgM (1 µg/mL, Southern Biotechnologies, 162 

Birmingham, AL) followed by capture antibody 2D10 (2 µg/mL, (47)). Samples were added and 163 

detected using primary mAb 18B7 (2 µg/mL, (47)) and secondary antibody goat c-mouse IgG1 164 

conjugated to alkaline phosphatase (1 µg/ml, Southern Biotechnologies, Birmingham, AL). One 165 

mg/mL p-nitrophenyl phosphate dissolved in substrate buffer (1 mM MgCl2
.
6H20; 50 mM 166 

ACCEPTED



7 

Na2CO3) was used for development, and absorbance measured at 405 nm, using a microplate 167 

reader after incubation at room temperature for approximately 20 minutes. 168 

 169 

Total polysaccharide measurements. The concentration of total polysaccharide was 170 

determined in each of the i-irradiated cryptococcal cell supernatants, using the phenol-sulfuric 171 

acid colorimetric technique (21). 172 

 173 

Complement deposition on the C. neoformans capsule. Complement  (C3; complement 174 

protein 3) deposition on the cryptococcal capsule was performed as in (71). Briefly, blood from 175 

C57Bl/6J female mice (6-8 weeks old, National Cancer Institute) was obtained from the retro-176 

orbital cavity, and serum obtained after centrifugation. 2x10
7
 crytococcal cells were suspended in 177 

700 µL freshly-obtained serum, and incubated at 37
º
C for 1 h. Cells were extensively washed, 178 

and suspended in PBS. Samples containing 3 x 10
6
 cells were i-irradiated for 0, 5, 10, 20, 30 or 179 

40 minutes, as described above. C3 was then detected using a FITC conjugated goat anti-mouse 180 

C3 antibody (4 µg/mL, Cappel, ICN, Aurora, OH). To detect the capsular edge, monoclonal 181 

antibody (mAB) 18B7 (10 µg/mL) was added, and detected using a TRITC conjugated goat anti-182 

mouse IgG1 antibody (10 og/ml, Southern Biotechnology Associates, Inc, Birmingham, AL). 183 

The cells were observed under fluorescent filters with the Olympus AX70 microscope, QCapture 184 

Suite V2.46 software for Windows, and Adobe Photoshop 7.0 for Macintosh. 185 

 186 

mAb 18B7 protection of the C. neoformans capsule release. A suspension of 5x10
6
 187 

cyptococcal cells in 750 µL was incubated with either 0, 10, 50 100 or 500 µg/mL of mAb 18B7 188 

for 1 hr. Cells were extensively washed, and suspended in PBS. Samples were then exposed to i-189 

radiation for 20 minutes. mAb 18B7 that remained on the capsule was then detected using a 190 

FITC conjugated goat anti-mouse IgG1 antibody (5 µg/mL). Cells were observed under 191 

fluorescent filters with the Olympus AX70 microscope, QCapture Suite V2.46 software for 192 

Windows, and Adobe Photoshop 7.0 for Macintosh. 193 

 194 

Scanning electron microscopy. Approximately 5x10
7
 irradiated yeast cells were washed 195 

in PBS three times and suspended in fixing solution (2% p-formaldahyde, 2.5% glutaraldehyde, 196 
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0.1M sodium cacolydate). Cells were then serially dehydrated with ethanol, coated with gold 197 

palladium and visualized using a JEOL (Tokyo, Japan) JAM 6400 microscope. 198 

 199 

Measurement of Zeta potential. Approximately 5x10
7
 yeast cells, were washed and 200 

suspended in 1 mM KCl. Zeta potential measurements of the capsule surface were made using 201 

the ZetaPlus zeta potential analyzer (Brookhaven Instruments, Holtsville, NY).   202 

 203 

Glycosyl composition analysis of supernatants from -irradiated cryptotococcal 204 

cells. Approximately 1x10
10

 cells with enlarged capsule were washed, suspended in dH2O and i-205 

irradiated for 0-20 minutes or 20-40 minutes as described above. Supernatant samples were 206 

lyophylized, and analyzed for glycosyl composition at the Complex Carbohydrate Research 207 

Center at University of Georgia (Atlanta, GA) (66). Analysis was performed on 0.2 mg of the 208 

lyophylized samples by combined gas chromatography/mass spectrometry (GC/MS) of the per-209 

O-trimethylsilyl (TMS) derivatives of the monosaccharide methyl glycosides produced from the 210 

sample by acidic methanolysis.  211 

 212 

Elemental analysis of material released from -irradiated cryptotococcal cells. 213 

Supernatants were prepared as described for the sugar composition analysis. Lyophilized 214 

samples were then submitted to Quantitative
 

Technologies, Inc. (Whitehouse, NJ) for 215 

quantitative
 
elemental analysis. C, H, O and N were measured by PE 2400 CHN Analyzer fitted 216 

with an oxygen accessory kit. Samples
 
were converted into gases by combustion, and product 217 

gases separated by gas chromatography. The elemental percentages were detected by thermal 218 

conductivity.  219 

 220 

Scatchard analysis. Approximately 2x10
6
 i-irradiated cells were incubated for 1 hour at 221 

37ºC with 0.11, 0.22, 0.44, 0.66 or 0.88 nM 
188

Re-18B7. Radioactivity of the treated samples 222 

was counted in a i-counter, the cells collected by centrifugation, and the radioactivity of the 223 

pellets was counted in a i-counter. Scatchard analysis (57), to compute the binding constant and 224 

the number of binding sites per cell for 18B7, was performed as described previously (33). 225 

 226 
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Confocal microscopy and 3D reconstruction. Immunofluorescence was performed 227 

after labeling the capsule of induced 1x10
6
 cryptococcal cells with the following: calcofluor (50 228 

µg/mL), FITC or TRITC conjugated 18B7 (3 µg/mL), and 12A1 or 13F1 (IgMs, (47), 10 µg/mL) 229 

followed by goat anti-mouse IgM conjugated to FITC or TRITC (5 µg/mL). Emission from 410-230 

480 nm (calcofluor), 495-535 nm (FITC) and 566-648 nm (TRITC) was visualized using a Leica 231 

AOBS Laser Scanning Confocal. To obtain 3D images, z-series of each cell was obtained in 232 

0.25µm slices, and 3D images processed with ImageJ (NIH) and Voxx (Indiana University) 233 

softwares. 234 

 235 
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 236 

RESULTS 237 

 238 

Kinetics of capsule decrease after -radiation treatment. i-radiation exposure of C. 239 

neoformans cells results in capsular polysaccharide release (7). This effect provided a means to 240 

study the radial composition of the capsule in a graded fashion. The capsule of C. neoformans 241 

strain H99 is normally 1-2 µm in diameter but the diameter increases to 5-8 om under capsule 242 

induction conditions (69). Cryptococcal cells with the enlarged capsule were used for two 243 

reasons. First, a larger capsule size made it easier to observe different capsular regions and 244 

improved the visible resolution of the capsule so that changes after i-radiation treatment. Second, 245 

capsule enlargement represents one of the first morphological changes that occur after host 246 

infection.  247 

Capsule size gradually decreased as a function of irradiation time without affecting the 248 

size of the cell body, delimited by the cell wall (Figure 1A). Therefore, it is possible to expose 249 

several internal regions of the capsule by this method. The amount of radiation used to induce 250 

capsule release has no significant effect on cell viability (7). We then measured the relative size 251 

of the capsule compared with the size of the cell body. After each irradiation time, there was a 252 

significant reduction in the relative size of the capsule (Figure 1B, p<0.002 in all the 253 

comparisons).  Around 70% of the capsule volume (data not shown) was released after 20 254 

minutes of irradiation, and longer irradiation times (30 and 40 minutes) exposed inner regions 255 

that remain very close to the cell wall (about 1 om distance). Subsequent immunofluorescence 256 

analysis showed that after 40 minutes of irradiation, some capsular polysaccharide still remained, 257 

as evidenced by mAb 18B7 binding (see below). However, using this method, several arbitrary 258 

layers of the capsule were exposed. Exposure of these layers, which differ in their distances from 259 

the cell wall, were dependent on the dose of i-radiation (Figure 1C). 260 

In interpreting our results, we considered the possibility that the observed decrease in 261 

capsule size was the result of an inner collapse mediated by i-radiation, and not the release of the 262 

polysaccharide from the capsule exterior. To assess the mode by which i-radiation released the 263 

cryptococcal capsule, the inner capsule was labeled with complement, by incubating the cells in 264 

serum, and then exposed the cells to i-radiation. Complement (C3) binds to the polysaccharide 265 

capsule in the inner part of the capsule, in an interaction that is mediated by the formation of a 266 
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covalent bond linkage and can be easily observed by fluorescence (71, 72). We observed that 267 

when the cells were first placed in serum followed by irradiation, the signal produced by C3 was 268 

unaffected, remaining at a location close to the cell wall (Figure 2). Alternatively, we coated 269 

cells with varying amounts of mAb 18B7, followed by exposure to 20 minutes of i-radiation. 270 

mAb 18B7 is known to bind to the outer regions of the cryptococcal capsule (71, 72). 271 

Immunofluorescence showed that at low antibody concentrations (10 og/mL), irradiation 272 

resulted in decreased capsule size as well as release of bound mAb 18B7 (Figure 3). It is 273 

noteworthy that the binding of the Ab at these concentrations to the capsule did not change the 274 

size of this structure indicating that only i-radiation was responsible for capsule size changes in 275 

our conditions. We did not use higher concentrations because they have been reported to deform 276 

the capsule (68). Therefore, exposure to i-radiation results in a gradual release of the capsule 277 

which occurs at the capsule exterior, without affecting inner capsular regions.  278 

During these experiments, we also observed that mAb 18B7-coated cells were more 279 

resistant to capsule shedding by i-radiation, in a concentration dependent manner (Figure 3). The 280 

binding of 18B7 in antibody concentrations above 100 µg/mL completely prevented the release 281 

of the capsule measured by capsule size after India Ink staining (figure 3, see 20 minutes 282 

irradiation), which was confirmed by measurement of capsule relative size by India ink, and by 283 

capture ELISA to detect GXM in the supernatants of i-irradiated cells (data not shown). 284 

 285 

Polysaccharide density as a function of capsule radial distance. To study the 286 

polysaccharide density of the capsule, we first measured the volume released after different 287 

irradiation times by India Ink, and the amount of GXM (capture ELISA) or total polysaccharide 288 

(phenol sulfuric acid method) in the corresponding fractions. Significant amounts of GXM 289 

(figure 4A, black bars) and total polysaccharide (data not shown) were released after each 290 

irradiation time. However, this amount released did not correlate with the amount of volume lost 291 

by the cells (figure 4A, line). The density of the various capsular regions was then calculated 292 

(Figure 4B) from the amount of GXM released per cell (in µg), per volume (µm
3
). The capsule 293 

GXM density was lowest at outer regions (~1.5 to 3 µm from the cell body), and dramatically 294 

increased at the inner regions (up to ~1.5 µm from the cell body). Interestingly, at the region 295 

closest to the cell wall, density decreased. This profile was also seen when total polysaccharide 296 

density was calculated (data not shown). The density profiles obtained from total polysaccharide 297 
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and GXM measurements were similar, strongly suggesting that the total polysaccharide content 298 

in the capsule correlated with GXM concentration. These observations are consistent with data 299 

indicating GXM is the major component of capsule mass. In addition, these results indicate that 300 

polysaccharide distribution varies as a function of radial distance in the capsule.   301 

 302 

Structure of capsule layers observed by scanning electron microscopy. We examined 303 

i-irradiated cells by scanning electron microscopy (SEM) to ascertain whether the measured 304 

differences in density correlated with the visual appearance of the cells. We observed that i-305 

irradiation exposed distinct regions of the capsule which differed in structural packing and 306 

organization (Figure 5). Non-irradiated (untreated) cells appeared to be surrounded by two levels 307 

of organized polysaccharide (see figure 5, time 0 panel). The outer capsule seemed to be a 308 

diffuse web of fibers, while the inner capsule resembled a dense net. Irradiation for up to 20 309 

minutes removed the outer layer, but did not affect the visually dense region, which is consistent 310 

with the high density region predicted by calculation (see figure 4B). This tight network of 311 

polysaccharide around the cell body differed from the capsule organization observed for cells 312 

prior to capsule enlargement (un-induced). Comparisons to the cap67 mutant, which lacks a 313 

capsule, confirmed that even after 40 minutes of irradiation, some capsular polysaccharide 314 

remained associated with the cell. These results are consistent with differential organization of 315 

polysaccharide fibers according to their radial location in the capsule, although assumptions on 316 

the nature of capsule structure based on electron microscopy must be made with caution. SEM 317 

sample preparation requires serial dehydration, which may affect final capsule structure. 318 

Regardless, the SEM data are consistent with the density calculations (see figure 4B), and 319 

suggest that capsule enlargement is accompanied by a significant increase in the amount of 320 

polysaccharide in the capsule.  321 

 322 

Charge distribution throughout the capsule. C. neoformans cells are highly negatively 323 

charged, due to the large amount of glucuronic acid present in the capsule. As a consequence, the 324 

zeta potential obtained for non-encapsulated C. neoformans strains and other fungi is much lower 325 

than for encapsulated cryptococcal cells (49). Consequently, we measured the zeta potential of 326 

the cells after different doses of i-irradiation (Fig. 6). Untreated cells had the lowest zeta 327 

potential, at -37 mV. Zeta potential increased as a function of decreasing capsule thickness, 328 
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suggesting that the charge distribution is not equal throughout the capsule. In regions where the 329 

density was predicted to be higher, zeta potential did not significantly change.  330 

 331 

Sugar composition and elemental analysis of the different polysaccharide fractions. 332 

To determine if the changes observed in polysaccharide density and charge were related to 333 

changes in the sugar composition of the capsular regions, the carbohydrate composition in the 334 

different polysaccharide fractions was analyzed. No significant differences were observed in the 335 

sugar composition of the different fractions (data not shown), but subtle differences in the molar 336 

ratios may have been masked by the large volume of capsule released in the first 20 minutes of 337 

irradiation. Therefore, we prepared two different fractions of the capsule by irradiating cells for 338 

20 minutes, collecting supernatants, washing cells in H2O and resuspending in new medium for 339 

20 minutes further irradiation. We chose 0-20 minutes and 20-40 minutes, since the fractions 340 

obtained with these irradiation times corresponded to the low and high density regions of the 341 

capsule, respectively. However, no difference was detected in the sugar composition of the 342 

different fractions (Table 1). The presence of galactose indicates that GalXM is also released in 343 

the corresponding fractions.  In addition, the elemental composition of the 0-20 minute and 20-344 

40 minute fractions was analyzed for carbon, oxygen, nitrogen and hydrogen (Table 2). There 345 

was no difference in the proportion of these elements, a finding which is in agreement with the 346 

results obtained from the sugar composition. The relative paucity of nitrogen is consistent with a 347 

capsular structure composed almost entirely of polysaccharide with little or no protein. 348 

Concerning the sugar analysis, this was performed on supernatants from cells irradiated for 5, 10, 349 

20, 30 and 40 minutes (without washes), and the results were the same (data not shown). The 350 

proportion of the elements measured is similar to the values obtained with purified GXM 351 

(McFadden, DC, personal communication) which confirms that most of the mass obtained from 352 

the capsule is GXM. 353 

 354 

Antigenic properties of the different regions of the capsule.  Given the apparent mass 355 

density and charge differences in the capsular layers, we evaluated changes in the antigenic 356 

structure of the C. neoformans capsule after graded exposure to i-radiation. Previous studies 357 

used Scatchard analysis to calculate the number of binding sites and binding affinity (Ka) of the 358 

188
Re labeled mAb 18B7 for the capsule after enlargement (17). We performed Scatchard 359 
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analysis using 
188

Re labeled 18B7 for cells irradiated for 0, 10, 20, 30, 40 minutes (Table 3). 360 

Surprisingly, the number of binding sites and (Ka) showed that while the number of binding sites 361 

was equal throughout the capsule, the affinity of the antibody for the binding sites dramatically 362 

changed. The higher affinity binding sites for 18B7 were located at the outer and inner capsular 363 

regions (layers 1, 4 and 5).  The central regions of the capsule (layers 2 and 3) had lower affinity 364 

binding sites.  365 

The number of binding sites in the capsule remains relatively constant regardless of the 366 

irradiation time. In contrast, the mass density, charge and affinity of mAb 18B7 changed as a 367 

function of capsule radial distance. Therefore, we chose to evaluate whether the constant of 368 

number of binding sites represented an average of 18B7 binding throughout the capsule, skewed 369 

by binding at high affinity inner sites. When 18B7 binding was visualized by 370 

immunofluorescence using secondary antibodies, an annular binding pattern (71) was seen at the 371 

perimeter of the capsule and scanning electron micrographs showed a similar mAb cross-linking 372 

the capsule surface (14). To investigate if this was a consequence of the secondary mAb failing 373 

to penetrate the capsule surface, and to compare the results obtained from the Scatchard analysis, 374 

we visualized the distribution of 18B7 within the capsule, by using a mAb 18B7 directly 375 

conjugated to FITC and confocal microscopy. The cell wall of C. neoformans was labeled with 376 

calcofluor, and an IgM to GXM (12A1) was used to visualize the capsule edge. The fluorescence 377 

of each label was analyzed by confocal microsopy, and signal intensity plotted per µm distance 378 

(Figure 7).  379 

MAb 18B7 distributed throughout the capsule, although a distinct gap of fluorescence 380 

was observed between the cell wall (calcofluor signal) and mAb 18B7. We also observed that 381 

there was a gap between the signal of 18B7 and the capsule edge, since the fluorescence of mAbs 382 

18B7 and 12A1 did not co-localize at the capsule edge. The same results were obtained when we 383 

used a mAb 18B7 conjugated to TRITC, or when we detected capsule edge using mAb 13F1 384 

(results not shown). Localization of mAb in the capsule by confocal microscopy was consistent 385 

with the idea that the number of binding sites seen from Scatchard analysis in non-irradiated 386 

cells and cells irradiated for 10 or 20 minutes includes binding sites in the inner capsule, 387 

although the binding sites exposed after 30 or 40 minutes most likely represents new epitopes 388 

that are not accessible initially by mAb 18B7 due to the high density of this region.  389 

 390 
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Cell age affects the susceptibility to -radiation. We observed that the amount of 391 

capsule released after i-radiation was dependent on capsule age. In preliminary experiments, C. 392 

neoformans cells incubated for 7 or 14 days in capsule enlargement medium, seemed to become 393 

resistant to i-radiation (Figure 8A). In these conditions, the size of the capsule did not 394 

significantly change after one day of incubation, as already reported (72). Capsule age could be 395 

an important factor when considering host infection and survival of the yeast in the environment. 396 

After irradiating cells 0, 20 or 40 minutes, the decrease in capsule size was measured (Figure 397 

8B). After 7 and 14 days incubation, the capsule size of the population was heterogeneous; 398 

therefore, the average volume was measured using hematocrit tubes (37). This heterogeneity is 399 

most likely resulting from the limited period of budding that occurs in capsule enlargement 400 

media before nutrient exhaustion. The new buds generated do not have enough nutrients to build 401 

a capsule or grow in size. Nonetheless, when the decrease in capsule volume was measured as a 402 

percentage of the original capsule for overnight induced cells, and cells with 7 and 14 days 403 

induced capsule, the cells with 7 and 14 days induced capsule were increasingly more resistant to 404 

i-radiation. This suggests that over time, changes occurred in the enlarged capsule of C. 405 

neoformans, that may be due to changes in the capsular structure and cross linking of GXM 406 

fibers. 407 

A method to distinguish budded progeny from cells inoculated into the capsule inducing 408 

media was developed to enable a more precise analysis of the effect of capsule age on i-radiation 409 

sensitivity. Cryptococcal cell wall was labeled with sulfo-NHS-LC-biotin prior to inoculation 410 

into capsule induction media. The biotin covalently binds to the cell wall, and does not segregate 411 

to the bud. In this way, the original inoculum of cells after incubation with TRITC conjugated 412 

streptavidin, and immunofluorescence was identified.  After biotin labeling, cells were incubated 413 

overnight or for 7 days in capsule inducing media, and irradiated for 0, 20 or 40 minutes. The 414 

capsule edge was visualized by mAb 18B7 and detected by secondary antibody. Capsule size 415 

was measured on biotin-positive cells (Figure 9A). After 7 days incubation in inducing media, 416 

biotin-positive cells had a larger capsule size after i-irradiation when compared to cells 417 

incubated overnight, measured by capsule volume percent decrease (Figure 9B) or by 418 

comparison of changes in capsule relative size (Figure 9C). The percent capsule decrease 419 

calculated here reproduced the values calculated using hematocrit volume measurements of the 420 

heterogeneous population (Figure 8B). 421 
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Finally, to get insight into whether there were structural differences between young and 422 

old induced capsule, we performed scanning electron microscopy on cells incubated in capsule 423 

inducing media for 7 days and irradiated for 0, 20 or 40 minutes (Figure 10, compared to figure 424 

5). We observed the accumulation of a high density of polysaccharide fibers in a significant 425 

portion of the population throughout the capsule, when compared to overnight induced cells 426 

(Figure 10, figure 5). In addition, it was obvious that fibers on i-irradiated cells were longer in 427 

length than those observed on overnight induced cells. This is another indication of i-radiation 428 

resistance in older capsule cells.  429 
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DISCUSSION 430 

 431 

i-irradiation causes radiolysis of water resulting in short-lived free radicals that can react 432 

with polysaccharides and break glycosyl linkages (45, 58).  Therefore, it is likely that capsule 433 

release following i-irradiation occurs as a result of free radical attack on the capsule (7). Several 434 

lines of evidence discussed below suggest that this free radical attack only occurs on the outer 435 

surface. Cryptococcal cells labeled at the inner capsule by C3 did not show any changes in the 436 

organization of this region, as manifested by changes in the radial position of the C3 label. 437 

Although previous work had shown that i-radiation exposure resulted in release of C3 binding 438 

region of the capsule (72), those studies involved cells with small, non-induced capsules where 439 

i-radiation resulted in almost a total release of the polysaccharide. For cells with large induced 440 

capsule, C3 binds to the innermost layer, which is not released by i-radiation. In a supporting 441 

experiment, we observe that coating of the capsule with mAb 18B7 conferred protection to i-442 

radiation to the capsule at high antibody concentration, while at lower concentrations the mAb is 443 

removed from the outer capsule by i-radiation induced attack. Protection of the capsule from i-444 

radiation by antibody is consistent with the observation that antibody prevents polysaccharide 445 

shedding (36). In antibody coated cells, the immunoglobulin could quench free radicals produced 446 

by i-radiation and reduce polysaccharide release by protecting the GXM. In this regard, the 447 

observation that antibody binding blocks the capsule release induced by free radicals could be an 448 

important consideration when studying the immunoregulatory effects of extracellular GXM 449 

during host infection. Overall, our results imply that the products of radiolysis formed after i-450 

radiation treatment react preferentially with capsule surface polysaccharides.  451 

 452 

Capsule density varies dramatically at different regions of the capsule, with a trend for 453 

decreasing density as distance from the cell increases. Previous reports support these changes in 454 

density in the capsule (24, 51), although one account was based on mAb (Fab fragments) 455 

accumulation in the capsule (24), where it is possible that the penetration of the mAb to the inner 456 

regions was compromised. Our results give direct quantitative measurement of the 457 

polysaccharide distribution. When we compared capsule density with the results previously 458 

described in the literature we found consistent results (24), although our density values are 459 

higher than that reported. We think this difference is due to the experimental approach, since our 460 
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conditions (measurement of released GXM) presumably detect epitopes in GXM that are not 461 

accessible when the polysaccharide fibers are entangled within the capsule. The fact that 462 

independent experimental approaches gave consistent results confirms that capsule density varies 463 

as a function of the radial density. Interestingly, the density of the capsule peaked at about 1 µm 464 

from the cell and subsequently decreased at the most inner region, in agreement with micrograph 465 

images obtained after high-pressure freezing of the capsule (51). Although not understood, it is 466 

possible that this inner region is strongly attached to the cell wall, and plays an important role in 467 

stabilizing the capsule and providing a structural framework for the addition of new fibers in the 468 

higher density region. These changes in polysaccharide density after capsule enlargement 469 

support the current model of capsule growth, in which the newer fibers of polysaccharide 470 

intercalate between the existing ones, enlarging the capsule distally (41, 72). This model supports 471 

our observations because it predicts an increase in density proximal to the cell wall, where this 472 

intercalation would occur, and a decrease in density distal to the cell wall, where extension 473 

occurs. In addition, the higher density in the inner capsule offers an explanation for its increased 474 

resistance to i-radiation. Our results are consistent with previous findings that revealed that the 475 

inner part of the capsule was more resistant to release by DMSO (24) or i-radiation (6). This 476 

density distribution suggests a protective role during the interaction with the host, since it could 477 

prevent the penetration of molecules such as defensins and antibodies into the cell, on the basis 478 

of molecular size (24). Moreover, recent findings indicate that atypical India Ink penetration into 479 

the capsule does not permeate the inner high density regions of the capsule, instead forming an 480 

equatorial ring-like structure at the mid-capsule (70).  481 

By exposing different regions of the capsule structural, differences in physical and 482 

antigenic properties were demonstrated. We observed changes in the zeta potential of the cells, 483 

decreasing as the radius of the capsule increased. This is in agreement with previous findings that 484 

showed a similar correlation between the zeta potential and capsule volume of different 485 

crytococcal strains with varying capsule size (49). We do not have a clear explanation for this 486 

result. The slight difference in the glucuronic proportion could be partially responsible for this 487 

effect. Zeta potential is the electrostatic potential of the area that surrounds the particle that it 488 

measured (55) and does not directly reflect the charge of the particle. The measured zeta 489 

potential is proportional to the charge of the particle, dependent on the dielectric constant and 490 

viscosity of the medium, and on the mobility of the particle. Since the medium remained the 491 
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same between samples, the difference in the zeta potential in the irradiated cells suggests 492 

dissimilarities the exposed capsule layers that affect the characteristics of the surface around the 493 

cells. Changes in zeta potential may have significance in host interactions, since they have been 494 

proposed/shown to  affect the outcome of the phagocytosis (1, 60). 495 

We also studied the antigenic properties of the different regions of the capsule by 496 

Scatchard analysis of mAb 18B7 binding to GXM. Our observations suggest that there is a great 497 

immunogenic variance within the capsule, and that there are high and low affinity binding sites 498 

present. To further understand the localization of this antibody, we analyzed the distribution of 499 

fluorescently conjugated mAb 18B7 by confocal microscopy, and showed that in fact this mAb 500 

localizes to the middle-outer regions of the capsule, but not to the region closest to the cell wall. 501 

The antibody is most likely unable to reach the epitopes at inner regions due to the increased 502 

density of the fibers, since these inner epitopes became available for antibody binding only after 503 

30 and 40 minutes irradiation. Furthermore, antibody cross-linking of fibrils in the outer layers of 504 

the capsule may reduce penetration of subsequent molecules (68). This implies that for cells 505 

irradiated for less than 30 minutes, where the high density region of the capsule was unexposed, 506 

the determined number of binding sites is actually a measure of the binding sites in the entire low 507 

density capsule region. Intuitively, the actual number of binding sites per capsular region would 508 

only be a fraction of the total binding sites. This more closely correlates with the density trend. 509 

The localization of mAb 18B7 to the inner capsule, where there are epitopes with moderate high 510 

affinity, could represent a mechanism for immune evasion, since circulating antibodies would 511 

have to compete for binding at the capsule edge and interior. Binding at the latter location would 512 

render the antibody unavailable for Fc receptor binding on phagocytic and antigen presenting 513 

cells. All this together suggests that the difference in epitope distribution in the polysaccharide 514 

capsule could represent a relevant mechanism for the interaction between the pathogen and the 515 

host. 516 

In addition to the differences in epitope distribution or organization, we found no 517 

significant differences in C, H, O proportions or in the sugar composition throughout the capsule. 518 

We found a trend toward decreasing glucuronic acid in regions closer to the cell wall. Previous 519 

reports (6) have described a difference in glucuronic acid, with this sugar being in significantly 520 

lower concentration in the inner regions of the capsule. Although our results might appear to be 521 

in discrepancy, the previous report used a combination of DMSO and i-radiation to release the 522 
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capsule, a treatment that also removes the inner part of the capsule, a region that remains 523 

attached to the cell in our conditions. In addition, DMSO can affect intracellular membranes and 524 

release some intracellular polysaccharides, which could further alter the measured sugar 525 

composition. 526 

Finally, we have established that the susceptibility of cells to i-radiation decreases with 527 

capsule age. Our findings suggest that capsule age is associated with important changes in 528 

capsular structure, in either cross-linking and/or in the amount of polysaccharide present in the 529 

structure. This is a very significant finding, as the concept of capsule age is an important factor 530 

during host infection. Previous reports show that after incubation in capsule inducing media, the 531 

capsule grows in size but reaches a limit that correlates to cell size (72). The observations 532 

presented here indicate that with age, the capsule no longer grows in size, but becomes denser by 533 

accumulation of polysaccharide, as suggested by the SEM images. This implies that during in 534 

vivo infection, where the fungal cells may stay in the lung for long periods of time, there are two 535 

major changes that occur in the capsule. First, enlargement in size (early response), which occurs 536 

during the first hours of infection (22), and second, increase in density and cross-linking (late 537 

response), which would require several days. The first response would prevent phagocytosis of 538 

the fungal cells by phagocytic cells present in the lung (30, 31, 44, 71). The second mechanism 539 

would protect the fungal cells against the immune defense mechanisms found in the granulomas, 540 

such as free radicals, that could damage the fungal cell. Our results have important implications 541 

during the last stage, since increasing the amount of polysaccharide in the capsule could protect 542 

the cell against a large number of molecules, such as free radicals, defensins or antibodies, or by 543 

blocking penetration. In addition, it is known that the capsule suffers rearrangements in vivo to 544 

allow for adaptation to different organs and crossing of the blood-brain-barrier (12, 23). 545 

Furthermore, it has been described that prolonged incubation of C. neoformans in serum reduces 546 

the reactivity of its capsular polysaccharide to mAbs (43), indicating that the capsule may 547 

undergo rearrangements in vivo that allow for evasion of the host immune response, in this case, 548 

by avoiding Ab binding.   549 

The results of this study present a detailed study of several undefined aspects of the 550 

cryptococcal capsule, the main virulence factor of this fungal pathogen. This structure is 551 

heterogeneous and complex in its radial organization, and this complexity increases with capsule 552 

age, as factors determining the amount and cross-linking of the polysaccharide fibers manifest. 553 
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This complex organization provides insight into the protective role of the capsule during 554 

interactions of C. neoformans with the host. 555 

 556 

 557 
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FIGURE LEGENDS 770 

 771 

Figure 1: Kinetics of capsule decrease after -radiation treatment. A) Cells from C. 772 

neoformans strain H99 with induced, large capsules were exposed to i-radiation for 0, 5, 10, 20, 773 

30 or 40 minutes, capsule size was observed by India ink staining of suspended cells. A 774 

representative cell from each time point was chosen to illustrate the effect of i-radiation on 775 

capsule size. Scale bar, 10 om. B) Capsule relative size from at least 20 cells was measured as 776 

indicated in Material and Methods. The average and the standard deviation of the relative size of 777 

the capsule are plotted. C) Schematic showing the capsular regions of C. neoformans strain H99 778 

exposed after i-irradiation. 779 

 780 

Figure 2: Bound complement is unaffected by -radiation induced changes in capsule size. 781 

Cryptococcal cells with induced capsule were incubated in mouse serum to allow complement 782 

deposition on the capsule, which localizes and covalently binds to the inner capsule. Cells were 783 

then irradiated for 0, 5, 10, 20, 30 or 40 minutes, and immunofluorescence performed to detect 784 

complement localization (green fluorescence, FITC). To detect capsule edge, mAb 18B7 was 785 

added after the serum incubation, and then detected with GAM-IgG-TRITC. For each time point, 786 

upper left panel, light microscopy; upper right panel, rhodamine; lower left panel, FITC, and 787 

lower right panel, merge from both fluorescences.  Scale bar, 5 microns. 788 

  789 

Figure 3: -radiation of mAb-coated C. neoformans cells. Crytococcal cells with induced 790 

capsule were incubated with different concentrations of mAb 18B7. Cells were then irradiated 791 

for 20 minutes and compared to untreated cells. Immunofluorescence to detect 18B7 was 792 

performed using a GAM-IgG1-FITC Ab. The cells were suspended in parallel in India ink 793 

suspension to visualize the capsule. For each irradiation time: left column, cells suspended in 794 

India ink; middle column, light microscopy; right column, 18B7 localization, same field as the 795 

middle column. Note how cells present some aggregation, due to the “sticky” properties of Abs. 796 

Scale bar, 5 microns. 797 

 798 

Figure 4:  Polysaccharide density of the capsular layers. A) After i-irradiation for 0, 5, 10, 799 

20, 30 or 40 min, we calculated the total amount of GXM (grey bars) contained in each layer, per 800 
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cell (right axis), and compared this to the layer volume per cell (black line, and left axis). See 801 

Figure 1C for the spatial distribution of layers. B) Using the average amount of GXM per cell 802 

(Figure 4A) and the average volume per layer (Figure 1A), the average density of total GXM 803 

was calculated within the capsule regions. Experiment was duplicated with similar results, and 804 

one representative experiment presented.  805 

 806 

Figure 5: Scanning electron microscopy of -radiation exposed capsule regions. Yeast cells 807 

with induced capsule were irradiated for 0, 5, 10, 20, 30 and 40 minutes, and then used to 808 

prepare samples for scanning electron microscopy. Scale bar of large panes, 5µm; scale bar of 809 

insets, 0.5 µm. Scanning electron micrographs of cells in which the capsule was not induced 810 

(H99 grown in Sab), and of the acapsular mutant cap67 served as controls.. 811 

 812 

Figure 6: Zeta potential of the capsule after -irradiation. After irradiation for 0, 5, 10, 20, 30 813 

or 40 minutes, the zeta potential of the exposed capsule was measured, and compared to capsule 814 

relative size, as determined by India ink staining. The average and standard deviation in a 815 

representative experiment is shown.  816 

 817 

Figure 7: 18B7 epitope distribution in the C. neoformans capsule. Cells were i-irradiated for 818 

0, 20 or 40 minutes, then labeled with 18B7-FITC. The cell wall was detected using calcofluor, 819 

and the capsular edge detected by 12A1/GAM-IgM-TRITC . Pictures were taken using confocal 820 

microscopy. Panels show for each dose of i-radiation (top to bottom): merged 821 

immunofluorescence labels, 3D reconstruction (ImageJ software), 3D Z-slice (VOXX software), 822 

3D Z/Y-slice (VOXX), and fluorescent signal intensity profiles (ImageJ).  823 

 824 

Figure 8: Effect of capsule age on capsule sensitivity to -irradiation. (A) After incubating 825 

crytococcal cells in capsule inducing conditions overnight, 7 days, or 14 days, cells were i-826 

irradiated for 0, 20 or 40 minutes, and the population observed by India ink staining. (B) The 827 

decrease in capsule size of cells, based on hematocrit cell packing, as a result of i-irradiation for 828 

overnight (ズ), 7 days (ﾐ) or 14 days cultures (ﾒ). The calculations were based on the percent 829 

volume of the 0 minute (untreated) sample. Average capsule volumes were measured by 830 

hematocrit cell packing.  831 
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 832 

Figure 9: Biotin labeling of C. neoformans cells to identify older cells, and quantify -833 

radiation resistance. (A) Prior to induction, cells were labeled with EZ link sulfo-NHS-LC-834 

biotin. After overnight or 7 days incubation in capsule inducing conditions, cells were i-835 

irradiated for 0 (untreated), 20 or 40 minutes, and the original inoculation detected with 836 

streptavidin-FITC. The capsular edge was detected using 13F1 and GAM-IgM-TRITC. Scale 837 

bar, 10 µm. (B) The decrease in capsule size of cells as a result of i-irradiation, for overnight (ズ) 838 

and 7 day (º) cultures. The calculations were based on the percent volume of the 0 minute 839 

(untreated) sample. The average capsule volumes were measured for biotin-positive cells. (C) 840 

Capsule relative size from at least 20 cells, for overnight (open bars) or for 7 day (closed bars) 841 

cultures, which were then irradiated for different periods of time. Capsule relative size was 842 

measured for biotin-positive cells, by immunofluorescence.  843 

 844 

Figure 10: SEM comparison of young and old cells exposed to -radiation. C. neoformans 845 

cells were incubated overnight (upper row) or for 7 days (lower row) in capsule inducing 846 

conditions. Cryptococcal cells were then i-irradiated for 0, 20 or 40 minutes and imaged by 847 

scanning electron microscopy. Scale bars, 5 µm.  848 
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 850 

TABLE 1. Glycosyl composition analysis of supernatants from i-irradiated cryptococcal cells.  851 

 852 

                                         853 

 Mole percentage (%)
a
 854 

 855 

 856 

 Glycosyl Residue    0-20 minutes irradiated
b
     20-40 minutes irradiated

b
  857 

 858 

 859 

 Xylose (Xyl) 38.4 35.9 860 

 Glucuronic Acid (GlcA) 10.1 7.4 861 

 Mannose (Man) 34.7 32.1 862 

 Galactose (Gal)  5.6 4.5 863 

 864 
a
 Values are expressed as mole percent of total carbohydrate. A representative experiment is 865 

shown. 866 

b
 Exposure time of C. neoformans strain H99 to"359Cs, which emits i-radiation at the dose of 867 

1388 rads/min. 868 
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TABLE 2. Qualitative elemental analysis of supernatants from i-irradiated cryptococcal cells 869 

 870 

                                         871 

 Weight Percentage
a 

872 

 873 

 874 

 Element      0-20 minutes irradiated
b
      20-40 minutes irradiated

b
  875 

 876 

  877 

 Carbon 40  40 878 

 Hydrogen  6  6 879 

 Nitrogen 0.7  0.5 880 

 Oxygen  45   44 881 

 882 
a
 Values are expressed as weight percentage of each element analyzed. 883 

b
 Exposure time of C. neoformans strain H99 to"359Cs, which emits i-radiation at the dose of 884 

1388 rads/min.  885 

 886 

 887 

 888 

 889 
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TABLE 3. Scatchard analysis of H99 capsular regions exposed by i-radiation 890 

 Irradiation time
a
  Ka ( x 10

7
, M

-1
)

b
              Binding sites per cell (x 105)b  891 

 892 

 893 

 Untreated  29.0  5.9 894 

 10 minutes  4.9  7.0  895 

 20 minutes  5  7.4 896 

 30 minutes  12.0   4.6 897 

 40 minutes  8.0   7.3 898 

 899 
a
 Exposure time of C. neoformans strain H99 to"359Cs, which emits i-radiation at the dose of 900 

1388 rads/min. 901 

b
 Determined by Scatchard analysis as described in (33). The experiment was done in duplicates, 902 

obtaining very similar results. A representative experiment is shown. 903 

 904 
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