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Abstract:
Candida albicans is a polymorphic and opportunistic fungus. As a saprobe C. albicans exists in the
yeast (Y) form. Upon tissue invasion, mycelial (M) forms are produced. Cyclic AMP is one of many
factors that have been studied as possible initiation factors in morphogenesis. However the methods
used have involved environmental parameters that do not reflect the in. vivo situation. Through the
presence of an inhibitor of morphogenesis, morphogenic autoregulatory substance (MARS) produced
by Y form cells the effects of cAMP were reevaluated by a system that more closely reflects the in vivo
situation. In comparing levels of cAMP, no difference was found between the M and Y forms at the
early time periods. There was an increase in the M form over the Y after morphogenesis was
completed. These data indicate that cAMP is probably not important as an initiation factor in
morphogenesis. Dimorphism assays are usually cell destructive techniques. Nuclear magnetic
resonance (NMR) spectroscopy is an alternative method that allows live cells to be studied with out
disrupting cellular integrity. The Y and M forms were found to be distinguishable from each other by
NMR. Spectra obtained from 10 min incubated cells was different for the M and Y forms. However
identification of specific peak differences was not possible because of reproducibility problems
encountered. Therefore base line studies of the NMR spectra of yeasts were begun. C. albicans, C.
tropicalis. C. krusei, C. guillermondii, C. pseudotropicalis and Torulopsis glabrata were used in an
attempt to identify yeasts by their NMR spectra. Each of the species resulted in different NMR spectra
that were reproducible. Twenty four C. albicans strains were grown under the same standard
conditions. Three spectral types were noted, but no identification of strains was possible. Base line
studies were done on C. albicans in order to determine what changes in growth conditions that affect
the cells will change the NMR spectra. Changes in media, temperature of incubation, and growth phase
of the organism change the NMR spectra. There were also effects on the cells and therefore the spectra
due to continuous passage, mouse passage and mixed culture of the C. albicans cells. Variables
involved in the growth of cells must be studied throughly before continuing with this complex
problem. 
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ABSTRACT

Candida albicans is a polymorphic and opportunistic 
fungus. As a saprobe Cx. albicans exists in the yeast (Y) 
form. Upon tissue invasion, mycelial (M) forms are 
produced. Cyclic AMP is one of many factors that have 
been studied as possible initiation factors in 
morphogenesis. However the methods used have involved 
environmental parameters that do not reflect the in vivo 
situation. Through the presence of an inhibitor of 
morphogenesis, morphogenic autoregulatory substance 
(MARS) produced by Y form cells the effects of cAMP were 
reevaluated by a system that more closely reflects the in 
vivo situation. In comparing levels of cAMP, no 
difference was found between the M and Y forms at the 
early time periods. There was an increase in the M form 
over the Y after morphogenesis was completed. These data 
indicate that cAMP is probably not important as an 
initiation factor in morphogenesis. Dimorphism assays are 
usually cell destructive techniques. Nuclear magnetic 
resonance (NMR) spectroscopy is an alternative method 
that allows live cells to be studied with out disrupting 
cellular integrity. The Y and M forms were found to be 
distinguishable from each other by NMR. Spectra obtained 
from 10 min incubated cells was different for the M and Y 
forms. However identification of specific peak 
differences was not possible because of reproducibility 
problems encountered. Therefore base line studies of the 
NMR spectra of yeasts were begun. Cx. albicans, C. 
tropicalis, C, krusei, C, guillermondii, C. 
pseudotropicalis and Toruloosis glabrata were used in an 
attempt to identify yeasts by their.NMR spectra. Each of 
the species resulted in different NMR spectra that were 
reproducible. Twenty four C. albicans strains were grown 
under the same standard conditions. Three spectral types 
were noted, but no identification of strains was 
possible. Base line studies were done on Cx. albicans in 
order to determine what changes in growth conditions that 
affect the cells will change the NMR spectra. Changes in 
media, temperature of incubation, and growth phase of the 
organism change the NMR spectra. There were also effects 
on the cells and therefore the spectra due to continuous 
passage, mouse passage and mixed culture of the C. 
albicans cells. Variables involved in the growth of cells 
must be studied throughly before continuing with this 
complex problem.
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INTRODUCTION

Candida albicans is a normal inhabitant of the 

mucocutaneous regions of the human oral cavity, upper 

respiratory tract and intestinal tract (23, 59). This 

endogenous species of yeast usually does not produce 

disease in healthy individuals. However, through 

alteration of host innate or acquired immune mechanisms, 

an opportunistic infection may occur. Many factors can 

compromise the host and possibly lead to disease. Among 

these factors are: Dendocrine dysfunction; 2)physiologic 

changes such as pregnancy or early infancy; 3)prolonged 

antimicrobic therapy; 4)immune deficierices; and 

5)iatrogenic factors like indwelling catheters and 

surgical procedures (37, 59, 78). The range of diseases 

caused by Candida spp. is collectively called 

candidiasis. Candidiasis can vary from acute to chronic, 

superficial to disseminated disease (23, 59).

The most common etiologic agent of candidiasis is 

Candida albicans. Ci albicans is a polymorphic fungus. As 

a saprobe, the organism exists as a budding yeast. 

However, during tissue invasion, it undergoes morphologic 

change to form hyphae, pseudOhyphae and yeast cells 

(34). Other dimorphic fungi such as Histoplasma 

caosulatum. Blastomyces dermatitidis. and Sporothrix 

schenckii have been studied and morphogenesis has been
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shown to be an important link to pathogenesis (59). In 

these latter cases the tissue form is the yeast form and 

the saprobic form is a mould.
The presence of hyphae and yeast cells in tissue of 

candidiasis patients has led to a controversy over which 

is the important form for pathogenesis. Investigators 

have shown that with natural and experimental infections 

the lesions may consist only of the yeast (Y) form (57, 
79). However most investigators have implicated the 

mycelial (M) form in pathogenicity, perhaps due to it's 

ability to escape phagocytosis (19, 20, 43).

Studies on the polymorphic nature (or dimorphism) 

of Candida albicans were primarily directed towards 

surveying factors in vitro for their effect on 

morphogenesis. Some factors, for example proline (16, 17, 

40) and zinc (4, 68, 81), when added directly to growing 

cultures promote an increase or decrease in Y— >M 

conversion. Intracellular levels of substances such as 

cyclic AMP (14, 53) and activities of enzymes like N- 

acetylglucosamine kinase (5, 62) and phosphofructokinase 

(12, 61).have been looked at in both the Y and M forms 

and differences in concentrations or activities have been

noted.
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The studies on dimorphism in Clm albicans were 

done by many researchers in various labs, using different 

strains of organisms, types of media, methods of Y— >M 

conversion, protocols for cell breakage, extraction of 

the cellular products, and enzyme assay.methods. This has 
led to conflicting data and confusion over the question 

of the role of specific factors in dimorphism. For 
example N-acetyl-D-glucosamine is one of many factors 

that have been implicated by different researchers to 

both promote (36, 49, 66, 69) and inhibit (77) Y— >M 
conversion. In an effort to dispel some of the confusion 

surrounding dimorphism a standard system that perhaps 

more closely reflects the In vivo situation was used to 

reevaluate an extensively studied factor, cyclic AMP.

Cyclic adenosine 3’,S’-monophosphate (cAMP) has 

been studied as a possible factor in intracellular 

regulation of fungi (54, 73, 74). cAMP has been shown to 

be involved in the development of the cellular slime 

mould, Dictvostelium discoideum (80) and is implicated as 

important in the Y— >M form conversion in Histoplasma 

capsulatum. In Hi. capsulatum. it was found that the level 

of cAMP was approximately five times higher in the M form 

than the Y form, and that addition of dibutryl cAMP 

resulted in a Y— >M conversion (47, 51).
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Work with the dimorphic fungus Mucor racemosusT by 

Sypherd et al (41, 55) indicated the reverse situation 

with Mucor. Intracellular levels of cAMP increased 

dramatically in the M-->Y conversion, before any visual 

signs of morphologic change. The level of cAMP reached a 

maximum at the time of conversion and dropped back to 

normal levels during exponential growth of the organism 

indicating that cAMP may be important in initation of 

morphogenesis.
cAMP levels in Ct albicans have been studied by 

other groups of researchers. Both Niimi et al. (53) and 

Chattaway et al. (14) reported that the Y— i>M conversion 

in Ct albicans was accompanied by a rise in cAMP. 

Chattaway et al. (14) reported that the increase in cAMP 

only occurred when early stationary phase (18 h) SO0C 

grown Y cells underwent a Y— >M conversion under the 

following conditions. The conditions were a temperature 

shift to 37°C, nutritional shift from Sabouraud broth 

with glucose to a starch, yeast extract, peptone broth 

(11) and the addition of partially purified serum protein 

(13). Niimi et al. (53) used early stationary phase (18 
h) 37°C grown cells shifted to 30°C to induce the Y form 

cells and a shift to 40°C to achieve Y-->M conversion or 

M form cells. Niimi’s group (53) noted a higher level of 

cAMP in M vs Y form cells using this system of conversion
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in either of 2 different media.
A major problem with the work of Niimi (53), 

Chattaway (14) and other researchers, is the use of 

temperature shifts to induce morphogenesis. Many 

investigators maintain Y form cells by growing them at 

28-30°C. T o acheive a Y— >M conversion, cells are shifted 

from 28 or 30°C to 37 or HO0C. This shift in temperature 

probably does not reflect what happens during a natural 

progression from commensalism to disease. Cjt albicans as 

a saprobe or member of the normal flora grows at 37 C as 

Y cells on the surface of mucosal membranes. Thus, a 

temperature shift does not occur upon invasion of tissue 

and formation of hyphal forms.
A better way to induce the Y— >M conversion may be 

the use of morphogenic autoregulatory substance (MARS) 

produced by the Y form cells of C. a_lc_an , (30, 31 , 32). 
This substance promotes cell replication but suppresses 

germination (Y— >M conversion) under conditions that 

would normally promote germination. Through the use of 

MARS both M and Y forms can be studied at the temperature 

of 37°C, using the same medium with only the addition of

MARS to suppress germination.
Another major problem in research on dimorphism in 

Ct albicans is the 2 different approaches used in
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studying dimorphism. Many investigators have studied the 

M and Y forms after completion of morphogenesis (52). 

These studies were done to determine differences in 

antigens (46, 71), cytoplasmic proteins (6, 8, 45) and 

cell wall compositions (11, 22, 70) of the 2 distinct M 

and Y forms. However, an alternative approach is to study 

the cells prior to a change in morphology and look at 

factors that may play a role in initiation of this 

morphogenic process. Problems arise when investigators, 

studying cells that have completed the morphologic 

change, try to make conclusions about initiation events. 

An example of this is the work of Niimi, et al. (53) and 

Chattaway, et al. (14) who report a rise in cAMP at the 

time of morphologic evidence and assume that cAMP was 
involved in initiation.

The studies described so far were done by 

traditional biochemical methods. For these investigations 

cells were, broken open. The resulting cellular contents 

were studied through biochemical analyses for enzyme 

levels, RNA concentrations and concentrations of pathway 

intermediates. This process disrupts cellular integrity 

and compartmehtalization. Membranes become broken and it 

should be expected that control substances of enzyme 

activity, such as allosteric effectors, are diluted away. 

This would lead to results that do not reflect the levels
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within the cell. A technique that is not invasive and 

would therefore reflect the intracellular situation would 

be preferable.
Nuclear magnetic resonance (NMR) is an alternative 

method which allows subcellular analyses without 

disruption of cellular integrity. This form of 

spectroscopy relies on the existence of a magnetic moment 

in some isotopes of atomic nuclei. When placed in a 

stationary magnetic field these nuclei behave like tiny 

bar magnets, aligning with or against the field. When the 

nuclei in the magnetic field are pulsed with a range of 

radiofrequencies the nuclei absorb energy of a specific 

frequency that is dependent upon the chemical environment 

of the atoms of interest. Each chemically unique nucleus 

will therefore absorb energy of a certain resonant 

frequency. Once pulsed the nuclei are allowed to decay 

and the emission of the absorbed energy results in a free 

induction decay (FID) which is then Fourier transformed. 

The result is a spectrum of different energy shifts 

compared to a standard. This spectrum can be directly 

related to the atoms of the different compounds.

In living systems, the NMR nuclei most commonly 

examined are  ̂̂ P , and (60, 6 4, 65). There are 2 

ways to use these nuclei to study living systems through
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NMR. The first method is called natural abundance NMR 

because the NMR isotopes used are those that naturally 

occur within cells. There is a limited sensitivity 

however and only high concentrations (0.01 M), of low 

molecular weight, compounds will be seen. ^1P accounts for 

nearly 100% of all phosphorus found in natural occurrence 
and therefore is readily detectable in living systems by 

natural abundance NMR. 3^p has been used to look at 

phosphorus pools in both cell extracts (26, 38, 39) and 

intact organisms (2, 7, 25). 13C has also been used in 

natural abundance work (39> 48, 72) although not to the 

full potential because of the low natural abundance of 

13C nuclei.
The second method involves the addition of labelled

compounds to metabolizing cells. ^3C is ideal for this

work because it has a low natural abundance of only 1.1
I 3%. This allows the cell sample to be enriched with a C 

labelled compound and there will be very low natural 

background of 13C. The metabolism of the labelled 

compound can be followed by following the changing peak 

heights of intermediary metabolites in a spectrum over 

time (3,18, 21, 26).
3 1 p NMR has been used to study dimorphism in Cjm 

albicans bv Cassone et al. (9). Cassone et al. (9) looked 

at the Y-->M form conversion in Cj. a I bicans by using many

/ 'Cl*-!!' f, . r I '■ I*' V I f'lVi ' Tc > c* ■' t i ‘_*i»iiy •*■ Si' I1 I  4 ^  'Vf O U  I I
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of the same methods used by Niimi et al. (53), Chattaway 
et al. (14) and others. The I form cells were grown in a 

nondefined (yeast-extract, glucose) medium at 28°C and 

incubated for 8, 40 or 48 hours before NMR analysis. The 

Y— >M conversion was acheived by inoculating 24 h Y form 

cells into a second medium at the higher temperature of 

37°C. M form cells were harvested at 90 and 240 min. for 

NMR analysis. Although the use of temperature and 

nutritional shifts are standard procedure in most 

laboratories for Y— >M form conversion, these procedures . 

may lead to uncertain results when using the NMR 

approach. The differences in spectra obtained due to 

changes in either temperature, media or growth phase of 

organism can be drastic. Also the use of chemically 

defined media is important for reproducibility of spectra 

and attempts at identifying intracellular compounds, 

because of the known and consistent ingredients in 

defined media.
A Y— >M conversion system that does not depend upon 

a temperature shift (ie,, all growth at BY0C) and 

utilizes a defined medium, would reduce the variables 

encountered by Cassone, et al. (9). In addition, the use 

of MARS as a germination suppressor would control for the 

effect of the nutritional shifts. However, in working out
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a system of Y— >M conversion that reflected the in vivo 

situation and was compatable with NMR, another group of 
variables was encountered. Dimorphism is not a simple 

biological event in which the Y form converts into 100% 

true hyphae. A number of intermediate forms, apparently 

each with their own biochemistry, form during a Y— >M 

conversion. This results in a multitude of spectra due to 

the varying phenotypes.
Along with this problem is the strain variation of 

C. albicans. In the early 1960*5, Hasenclever, et al.

(27, 28, 29) described 2 serotypes A and B of Cj. 

albicans. Since we found that the spectra between strains 

vary the different spectra may relate to these antigenic 

groups of Ci. albicans. Also specific strains of Ci. 

albicans appear to change with time in their ability to 

achieve Y— >M conversion and also in NMR spectra.

Biological applications of NMR are just beginning 

to be investigated. This study examined the 
reproducibility of NMR spectra of Ci. albicans under 
varied environmental conditions. The study adressed 

the stability of the organism and the resulting NMR 

spectra, under prolonged culture passage, animal passage 

and mixed culture conditions. Experiments that involved 

different environmental conditions such as media, 

temperature and growth phase of the organism were

10



perfomed. This study establishes base line NMR spectra 

for further study of the complex events in fungal 

dimorphism.
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MATERIALS AND METHODS 

Organisms

Candida albicans strain 194. Strain 394, used in 

all experiments on morphogenesis, was a gift from R.P. 

Morrison (University of Oklahoma, Norman, OK). For use in 

experiments, the yeast was grown in glucose (2%), yeast 

extract (0.3%), peptone (1%) broth (GYEP) at 37°C under 

constant aeration by rotation of flasks at 160 rpm 

(incubator shaker, New Brunswick Scientific, Edison, NJ) 

and transferred every 48 h. Under these conditions over 

99% of the cells were yeast (Y) form. The organism was 

stored on potato flakes agar (PFA) slants (58) at 4-6°C 

and transferred every 6 months.

Other strains.species and genera used for NMR 

analysis. Candida albicans strains 16-149 were obtained 

from the Clinical Microbiology Laboratories, University 

Hospital, University of Washington, Seattle, WA.

C. albicans strains 158-164 were a gift from Dr. T.G. 

Mitchell (Duke University, North Carolina). All strains 

were clinical isolates passed in culture no more than two 

times before being received. Ci. albicans strains 172-175 

were obtained from the American Type Culture Collection 

(Rockville, Maryland). Cz. tropicalis. Cz. krusei. Cz. 

psuedotropicalis. C. euillermondi and Torulopsis glabrata 

were from the Montana State University mycologic culture
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collection. All organisms were stored on PFA slants. 
Biochemical confirmation of species was performed on all 

strains, species and genera by using API strips from 

Analytab■Products, Ayerst Labs (Plainview, N.Y.).

Media
Germination medium (GM-2). GM-2 was prepared from a 

10x stock solution (Table I) by adding I part stock to 7 

parts sterile deionized water and 2 parts sterile, 0.05M 

pH 7.4 (at 37°C) tris(hydroxymethyDaminomethane 

hydrochloride buffer (pH 7.4 TRIS buffer).
GM-2 with morphogehic autoregulatory substance 

(MARS). Cell filtrates containing MARS were prepared as 

previously described from our laboratory (31, 32). 

Briefly, medium made of 2 parts sterile 0.05M, pH 7.4 (at 

37°C) Tris buffer and 8 parts sterile deionized water was 

inoculated with a 48 h GYEP grown Ct albicans 394 (3x 

washed with sterile 0.15N NaCl) to acheive 2x10® Y 

cells/ml of medium. The cultures were incubated for 15-18 

h at 37°C in sterile, glass I liter graduated cylinders 

without shaking. After incubation, suspensions were 

centrifuged at ISOOxg for 2 h and the supernatant fluid 

was collected and filtered through a 0.45 urn porosity 

membrane filter. The filtrates were lyophilized and
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Table I. Formulation for 10x concentrated GM-2

Ingredients3________ Amount(mg/1)

folic acidb 10

L-arginine HCl 1266

L-methionine 150

L-proline 692

L-histidine 420

glucose 5000

d-biotin 10

(NH4)2SO4 250

NaH2PO4.H2O 413

Na2HPO4.IBH2O 717

a All chemicals are products of Sigma Chemical Company 
(St. Louis, MO) except glucose and (NHj4)2SOiI (J.T. 
Baker Chemical Company, Philipsburg, NJ)

b component was heated into solution, the other 
components were added, and the final solution was 
sterilized by filtration through 0.45 urn porosity 
membranes (HAWP, Millipore Corp., Bedford,MA)



15

reconstituted with Ix GM-2 to achieve a 2-4x 

concentration of MARS.

Synthetic amino acid medium for fungi (SAAMF).

SAAMF at a concentration of 2x was prepared by combining 

19.Sg of glucose and one packet of SAAM base powder 

(Table 2) in 500 ml sterile deionized water. The mix was 

heated to 40-50°C for 1-2 h while stirring, then 

sterilized by membrane filtration (0.45 urn porosity). 

SAAMF broth (SAAMFB) was prepared by adding 500 ml of 

sterile deionized water to the 2x SAAMF, resulting in I 

liter of Ix SAAMFB. SAAMF agar (SAAMFA) was prepared by 

adding 500 ml of 2x SAAMF to 500 ml 2% agarose (catalog # 

27392-444, VWR, San Francisco, CA) in deionized water for 

a final agarose concentration of I%.

Germination Assessment

The percent of germination, in experiments 

involving dimorphism in Candida albicans, was calculated 

by counting the number of germ tubes in I 00 groups of 

cells. The morphological forms of C5. albicans were 

categorized as germ tubes, pseudotubes, or yeast forms 

according to previous descriptions (10, 33). A germ tube 

was defined as a cell with a length at least twice that 

of the mother cell and with parallel walls throughout
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Table 2. Formulation for Synthetic Amino Acid Medium Base

Ineredientsa Amount(m
L-arginine 1050

L-Iysine 580

L-histidine 310

L-tyrosine 360

L-tryptophane 100

L-phenylalanine 320

L-cystine 240

L-methionine 150

L-threonine 480

L-Ieucine 520

L-isoleucine 520

L-valine 460

L-proline 1000

glycine 500

L-glutamic acid 2520

L-asparagine 1000

d-glucose 1000

fumaric acid 1500

sodium pyruvate 1000

ammonium acetate 500

K2HPO4.BH2O 500
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Table 2 (cont'd)

______ Ingredients AmountC mg/1)
MOPSb 16450
Trisc 10450
biotin 0.5
folic acid 5
choline chloride 25
nicotinamide 5
d-calcium pentothenate 25
pyridoxal HCl 5
thiamine HCl 5
riboflavin 5
i-inositol 25
MgCl2 anhydrous 95.35
FeCl3.6H20 2.7
ZnSO4 .TH2O 0.8
MnSO4 .4H20 0.36
CaCl2 anhydrous 5.57
phenol red 2

a GIBCO catalog # M00898, all components come premixed 
from GIBCO (Grand Island, New York)

b MOPS= 2-(N-morpholino)propane sulfonic acid

c Tris= 2-amino-2-(hydroxymethyl)-1,3-propanediol
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the length. Blastoconidia with no more than.3 attached 

buds were designated as yeast forms. All other 

morphologies not fitting into either category were termed 

pseudotubes.

Cyclic AMP Assay

Preparation of cells. The cells from 100 ml of a 

24h Ci albicans 394 culture grown in GYEP were washed 3x 

with sterile 0.15 N NaCl or deionized water. Forty 
milliliters of GM-2 or GM-2 + MARS in 50 ml Erlenmeyer 

flasks were inoculated with the washed cell suspension to 

a final density of 5x10^ cells/ml of medium. The cultures 

were incubated at 37°C, I 80 rpm in a shaking water bath 

(Gyrotory Water Bath Shaker, New Brunswick Scientific, 

Edison, NJ) for between 0.5 and 4 h. [Some difficulty was 

encountered In optimizing the final protocols. For more 

information see Appendix I].
cAMP extraction. After incubation, a sample of 

cells was. removed from each culture flask and the percent 

of germination determined. The cells were collected by 

membrane filtration (25 mm, 0.45 urn porosity) and the 

filter was placed in 2.5 ml of 6% ice-cold 
trichloroacetic acid (TCA) within 30 sec of removal of 

the flask from the water bath. The samples were subjected
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to 5 cycles of freezing (dry ice: ethanol bath, -70°C) 

and thawing (water bath: 37°C), filters were removed and 

the TCA mix was extracted 3x at 23-27°C with an equal 

volume of water-saturated diethyl ether. The remaining 
ether was evaporated off under a stream of nitrogen gas, 

and the sample was centrifuged at 1 500xg for 15 min. The 

supernatant fluid was removed, and 2M Tris base was added 

to achieve a pH ô f 7. The neutralized supernatant fluid 

was then lyophilized. The pellets were frozen (-70°C) for 

use in protein determination.
Protein determination. Each frozen pellet was 

resuspended in 0.5 ml of IN NaOH, boiled for 20 min and 

centrifuged at 1500xg for 15 min. The supernatant fluid 

was removed and assayed for protein concentration by the 

method of Lowry (44).
gAMP assay. The lyophilized samples were 

reconstituted in 0.5 ml of acetate buffer. An 125I cAMP 

RIA kit [New England Nuclear(NEN), Boston, MA] was used 

to determine cAMP content of the samples by following 

the NEN procedure for acetylated samples. (For further 

enzyme studies see Appendix III.)

Cell Preparation For NMR

, Dimorphism studies on C. albicans 394. The cells 

from 500 ml of a 48h Cj. albicans 394 culture grown in GYEP
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were washed 3x with sterile 0.15 N-NaCl. Eight hundred 

milliliters of GM-2 or GM-2 + MARS in each of 30 1-liter 

Erlenmeyer flasks were inoculated at 5x10^ cells/ml of 
medium and incubated at 37°C under constant aeration by 
rotating at 160 rpm. After incubation flasks were placed 

in an ice-water bath and samples were taken for percent 

germination assessment. The cells from the 30 1-liter 

flasks were pelleted by continuous flow centrifugation at 

5000 x g in an RC2-B Sorvall centrifuge. The pelleted 

cells were washed 3x with 0.15 N NaCl and 0.5-2x10**® 

cells were transferred to a 10 mm NMR tube, which was 

held on ice until NMR analysis.

Strain and genera variation. From cultures 

maintained at 4-6°C on PFA slants, 2 ml of SAAMFB in 5 ml 

tubes were inoculated and. incubated at 37°C overnight 

under constant aeration by rotating at 160 rpm. One 

hundred and fifty milliliters of SAAMFB in 250 ml 

Erlenmeyer flasks were inoculated with 2 drops of the 

overnight culture and incubated at 37°C, 160 rpm for 24h. 

For growth curve experiments the 150 ml of SAAMFB was 

inoculated to a total cell density of I 0® cells from 24 h 

cultures grown in 10 ml of SAAMFB. Cells obtained for 

28°C temperature experiments were grown in a shaking 

water bath at 160 rpm. Cells were collected, washed 3x
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with 0.15 N NaCl and 0.5-2x1010 cells were packed into a 

10 mm (OD) NMR tube, on ice.
NMR of mixtures of C. albicans. One hundred 

and fifty milliliters of SAAMFB in 250 ml Erlenmeyer 

flasks were inoculated with Ca. albicans 16 and Ca. albicans 

113, 109 or 122 and incubated at 37°C, 160 rpm for 24h. 

Strain 16 was used because it does not agglutinate with 

an agglutinating monoclonal antibody (H-9, # 35 antibody 

isolated in Dr. Cutler's lab by Diane Brawner). The other 

strains (113, 109, and 122) used always gave a 3 or 4+ 

agglutination with the antibody. After incubation, the 

mixed cultures were plated onto SAAMFA and incubate^ at 

37°C for 24 h. Isolated colonies were , tested with the 

antibody and specific colonies were chosen on the basis 

of agglutination. Cells from these colonies were used to 

inoculate SAAMFB. The cultures were grown for NMR 

analysis following the strain and genera procedures.
NMR of C. albicans passed through mice. The cells 

from 10 ml of a 24 h SAAMFB culture of different 

C . albicans strains were washed 3x with sterile 0.15 N 

NaCl, and suspensions of 1x10? cells/ml were prepared. 

BALB/cByJ mice, obtained from Jackson Laboratories (Bar 

Harbor, ME), were injected intravenously with 0.1 ml of 

the washed cell suspensions. The mice were sacrificed 3 

days after injection. The kidneys of the mice were

• -
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removed, homogenized and plated on SAAMFA following the 

procedure in our lab (15). The plates were incubated at 

37°C for 24 h and cells from isolated colonies were used 

to inoculate 150 ml SAAMFB in 250 ml Erlenmeyer flasks 

for incubation following strain and genera procedure.

NMR Parameters

13C NMR spectra o,f the cells were recorded at 2°C 

by means of a Bruker WM-250 spectrometer working at 62.83 

MHz, interfaced to an Aspec-2000 computer, under 

conditions of broad band decoupling. The field/frequency 

ratio of the spectrometer was locked onto a coaxial D2O 

sample and referenced with an internal tetramethylsilane 

(TMS) capillary. For the dimorphism studies, each sample 

was recorded as an BK data file of 5000 accumulated free 

induction decays (FIDS) obtained by 55° pulses with an 

acquisition time of 0.2 sec, relaxation delay of 0.2 sec 

and sweep width of 20000 Hz. Strain and genera variation 

experiments were stored as BK data files obtained by 600 

scans of 85° pulses with an acquisition time of 0.54 sec, 

relaxation delay of 3 sec and sweep width of 15151.51 Hz. 

The Bk FIDS were truncated to 4k, Fourier transformed and 

then the power spectra were obtained and used in

evaluation.
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RESULTS

Cyclic AMP and Dimorphism 

To determine if cyclic AMP (cAMP) plays an 

important role in morphogenesis using the system of MARS 

suppression of germination ( Y— >M conversion ), 

intracellular levels of cAMP were evaluated, Candida 

albicans strain 394 (5x105 cells/ml) in duplicate flasks 

of GM-2 or GM-2 + MARS were incubated at 37°C for 0.5, I 

and 3 h time periods. After incubation, the cells were 

collected, lysed, extracted and centrifuged. The 

supernatant fluid was analyzed with an 125I-CAMP 

radioimmune assay kit (New England Nuclear) to determine 

intracellular levels of cAMP. There was no significant 

difference in cAMP levels (Figure I) between germinating 

(GM-2) and germination-suppressed ,(MARS-treated) cells 

noted at the early time periods ( 0, 0.5 and. I h). 

Multiple repetitions of this experiment, as well as 

experiments looking at other intermediate time periods, 

all revealed no increase in cAMP. Only when the Y-->M 

conversion was morphologically complete at 3 h did the 

cAMP in the M form cells increase.

NMR and Dimorphism

To determine if different morphological forms of 

Candida albicans have different NMR spectra, 5x1O5
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Figure I. Germination and intracellular cyclic AMP levels 
of Candida albicans. The bars indicate levels 
of cAMP assayed at 4 different time periods. 
Shaded bars are cAMP levels of cells under 
germinating conditions (GM-2). Open bars are 
levels under conditions of suppressed 
germination (GM-2 + MARS). Curves represent 
percent germination measured every 0.5 h of the 
experiment.
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cells/ml in flasks of GM-2 or GM-2 + MARS were incubated 
at 37°C for 3 h. The cells were collected, washed and 
packed into a 10 mm (GD) NMR tube. The spectra obtained 

(Figure 2) were reproducible over multiple repetitions 

when percent germination and morphologies between runs 

were similar, and the temperature in the NMR sample was 

2°C. The Y control spectrum was obtained on Y cell's that 

were not released into GM-2 or MARS + GM-2. Since the Y 

control cells were grown in GYEP but not released into 

GM-2, these cells served as a control of the media 

difference from maintenance in GYEP to experimentation in 

GM-2 by noting peak differences in the spectra. The 

control cells also showed any changes in the strain that 

had occurred over continuous passage in GYEP. The base 

line spectra obtained serve as a source of comparison 

between runs and as a control see that the spectrometer 

is running properly.
For ease of discussion of figures, all spectra were 

divided into 3 sections. Section I (10-35 ppm) was 
referred to as the aliphatic region. This region 

contains most of the peaks for aliphatic carbons, for 

example methyl side chains on amino acids and methyl and 

methylene carbons on fatty acids (I, 42, 48). The region of 

peaks due to the hydroxyl, ether, sulfhydryl and amine
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10 ppm

Figure 2. 1^C NMR spectra of 3 h incubated Candida 
albicans cells. I) suppressed germination 
(MARS), 2) germinating (GM-2) and 3) control or 
0 h cells. Letters designate specific peaks, 
the chemical shifts (ppm) of which were 
referenced to IMS.
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linkages to carbon was referred to as the carbohydrate 

region (I, 42, 48). The carbohydrate region was divided 

into, section II (50-65 ppm) and III (65-85 ppm). Within 
all of these sections individual peaks were labelled with 

letters. The letter designations on all figures are the 

same and therefore the same letter in any 2 spectra, on 

any 2 figures refer to the same peak.
The signal/noise ratio was also used to compare 

spectra. Noise is the random background of peaks due to 

both the instrument and the environment. Peaks that are 2 

times the noise level are considered real. Since noise is 

a constant, the signal/noise ratio of any specific 

environmental conditions and cells was consistent (67)»

There were similarities and differences between the 

MARS-treated cells (Y), M (GM-2) and Y control spectra. 

Section III (65-85 ppm) and peaks J (59.5 ppm),.K (60.6 

ppm) and N (63.1 ppm) in the carbohydrate region are 

examples of differences apparently due to media. There 

was a reduction in section III and peaks K and N but an 

increase in peak J In the GM-2 and GM -2 + MARS released 

cells as compared with the Y control cells grown in GYEP.

Peak B (27 ppm) in the aliphatic region is an example of

a peak that is constant in all 3 spectra. I/ 

(30.7 ppm), D (33.2 ppm), ' E. (54.3 ppm) and

depend on the morphology of C. albicans.: A reduction in

• •
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peak C and an increase in peaks D, E and F were observed 
in Y spectra under control conditions and MARS-treated 

cells. The reverse was true for M form cells which, 

gave reduced peaks D , E and F and an increase in peak C.

The second NMR experiment was to examine early time 

periods during morphogenesis in an attempt to detect 

compounds which correlate with initiation of 

morphogenesis. The NMR spectra of cells grown in GM-2 or 

GM-2 + MARS for 10 min are shown in Figure 3. Although 

after the 10 min incubation period both GM-2 and GM-2 + 

MARS appear the same morphologically, there were 

differences in the NMR spectra. Peaks B (27 ppm) and D 

(33.2 ppm) in the aliphatic region and peak N (63.1 ppm) 

in the carbohydrate region were reduced under germinating 

conditions in comparison with the Y cells in either MARS- 

treated or control conditions. Changes were also noted in 

the relative peak heights of peaks T (70.8 ppm), Y (73.2 

ppm) and Z (76.1 ppm) under germinating conditions by 10 

min of incubation.

NMR Spectra of Other Yeasts

NMR spectra of 4 other species of Candida (Cju 

krusei. C. trooicalis. C. pseudotropicalis and C2. 

guillermondi) and one member of the genus Toruloosis
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Figure 3. 1^C NMR spectra of 10 min incubated C,albicans
cells. I) suppressed germination (MARS), 2)
germinating (GM-2) and 3) control or 0 h cells.
Letters designate specific peaks, the chemical
shifts (ppm) of which were referenced to TMS.
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(T. elabrata) were compared with Ci albicans NMR spectra. 

All cells grown under the standard conditions of 24 h 

incubation in SAAMF at 37°C showed significant 

differences in NMR spectra. Ci trooicalis and Ci krusei 

gave consistently better signal/noise ratios than Ci 
guillermondii (Figure 4). C. guillermondii has peaks of 

greater intensity in the aliphatic region I (10-35 ppm) 

than the other 2 species shown. There also are different 

ratios of peaks in the carbohydrate region II (50-65 ppm) 

and III (65-85 ppm) in the 3 species. For example, in Ci 

trooicalis the peaks in section III are greater in 

intensity than section II, whereas the reverse is true 

for the other 2 species. Figure 5 is a comparison of the 

spectra of C. albicans. T. glabrata and Ci 

Dseudotrooicalis. The aliphatic region I is more 

pronounced in these species as compared with the 3 

species in Figure 4. The relative peak heights of peaks 

in the carbohydrate regions II and III are similar in Xt 

glabrata and Ci albicans, however the individual peaks 

vary notably.

Strain Variation NMR

To determine if all strains of Ci albicans have the 

same NMR spectra and if identification and fingerprinting 

of the strains was possible, NMR spectra from 25 strains
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Figure 4. NMR spectra of different species of
CandidiL. D  Cj. innninalia, 2 ) Cj. knnaai and 3) 
C, guillermondii. Letters designate specific 
peaks, the chemical shifts (ppm) of which were 
referenced to IMS.
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Figure 5. NMR spectra of different species and
genera. I) Candida DseudotroDicalisf 2)
Torulopsis glabrata and 3) CL albicans (118).
Letters designate specific peaks, the chemical
shifts (ppm) of which were referenced to IMS.
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of CL albicans were analyzed. All strains were grown 

under the standard conditions of a 24 h incubation in 

SAAMF at 37°C. No identification of individual strains 

was possible due to the range of intensities observed in 
multiple repetitions of the same strain. However, 3 major 
spectral patterns (designated type I, 2 and 3, Figure 6) 
emerged from this analysis (Table 3). Nineteen strains of 

C. albicans produced the type I spectrum which was 

defined by the increased complexity in carbohydrate 

region III (65-85 ppm). In addition other peak 

differences were noted among the 3 spectral types in 

section II (50-65 ppm) of the carbohydrate region. Cjl 

albicans strain 11 8 was used as the typical type I 

organism. Type 2 was defined as spectra with few or no 

peaks in the aliphatic region I (10-35 ppm), 3 notable 

peaks in the carbohydrate regions II and III and 

generally few peaks in the spectra overall. The signal/ 

noise ratio in type 2 spectra was consistently better 

than type I or 3. C2. albicans strain 122 was used as the 

typical type 2 organism in further studies. Five of the 

Cjl albicans strains fell into the type 2. One strain,

117, had a different enough spectrum to be put into a 

third group of spectra. Type 3 spectra are characterized 

by no notable peaks in the carbohydrate region III, but 

significant peaks in section II.
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Figure 6. 13C NMR spectra of the 3 types of Cj, alhicana
spectra. I) type I (£j_ S-lMcans. 118), 2) type 2
(C. albicans 122) and 3) type 3 (Cj. alkis.sns
117). Letters designate peaks, the chemical
shifts (ppm) of which were referenced to IMS.
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Table 3. albicans strains and spectral types

NMR spectral Cjl albicans strains3
types

I 16 (5), I 04 (9), 105 (3),
I 12 (I), 115 (I), I I 8 (33),
129 (2), 130 (I), 131 (I),
138 (2), 149 (2), 158 (2),
159 (2), 160 (2), 161 (2),
163 (2), 164 (2), 9938 (I)

2 109 (6), 113 (3), 122 (27),
135 (8), 147 (6)

3 117 (4), 172 (3), 173 (2)

4 174 (2), 175 (2)

a = the number in the parentheses refers to the total 
number of spectra obtained from the given strain
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The grouping of Cjl albicans strains on the basis of 

NMR spectral patterns led to questions as to whether this 

grouping related to the antigenic typing of C.albicans 

serotypes A and B. Four known A and B serotyped organisms 
were obtained from ATCC and grown under standard 

conditions for NMR analysis. The type B organisms were 

grouped with type 3, since the spectra were similar. The 

type A's had some similarities with the other types, but 

did not fall into any one particular type. Therefore a 

fourth type was designated. However there are too few 

organisms and not enough spectra to establish a base line 

spectra.

Environmental Effects on Spectra 

Various strains of Cjl albicans were tested to see 

if similar spectra would be obtained under different 

environmental conditions. The first environmental factor 

looked at was the growth phase of the organism. The cells 

for the growth curve experiments were grown under the 

standard conditions of SAAMF at ST0C5 but incubated for 

different lengths of time. Since the cells were grown in 

SAAMF before transfer to SAAMF for this experiment, there 

were no media effects in the spectra. Figure 7 shows . 

spectra of 3 time periods (4, 7 and 20 h) in the growth 

of Cjl albicans 122 (type 2). The signal/noise ratio is
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Figure 7. 13C NMR spectra of 3 different time periods in
the incubation of CL. albicans 122 (type 2).
I) 20 h, 2) 7 h and 3) 4 h incubations. Letters
designate specific peaks, the chemical shifts
(ppm) of which were referenced to IMS.
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significantly better in the later time periods (20 h). It. 

is possible to note the increase in peaks N (63.1 ppm) 
and S (70.4 ppm) in the carbohydrate region that were 

noted at the later time periods along with a decrease in 
most other peaks. In this strain of C2. albicans the 

spectrum achieved by 20 h doesn't change through at least 
48 h.

Figure 8 shows spectra of C2. albicans 118 (type I) 

at 3 different time periods (7, 20 and 24 h) in the 

growth curve. Again the signal/noise ratio was better in 

the later time periods (20 and 24 h). The aliphatic 

region shows notable changes with an increase in peaks B 

(27 ppm) and.D (33.2 ppm) with time. Within the 

carbohydrate region II (50-65 ppm) there was a constant 

peak K (60.6 ppm), peaks that increased with time like F 

(54.8 ppm) and N ( 63.1 ppm), and peaks that decreased 

with time like peak H (57.6 ppm). Peak J (59.5 ppm) first 

decreased and then later increased with time. Peaks S 

(70.4 ppm) and T (70.8 ppm) decreased in peak height at 

20 h, but then increased at 24 h, whereas peak V (72.2 

ppm) decreased with time. Unlike the growth curve NMR 

analysis for 122 however, the NMR pattern of 118 

continued to change as a function of cell incubation time 

on out to the test limit of 48.h.
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Figure 8. NMR spectra of 3 different time periods in
the growth of C. albicans 118 (type I).
I) 24 h , 2) 20 h and 3) 7 h incubations. Letters
designate specific peaks, the chemical
shifts (ppm) of which were referenced to IMS.
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Next the similarity of spectra from the same (X 

albicans strain in different media with all other 

conditions the same was studied. The 3 media used were 

SAAMF (see Table 2), GYEP (glucose, yeast extract and 
bacto-peptone) and Sabouraud dextrose broth (neo-peptone 

and glucose). Figure 9 shows spectra of Cjl albicans 118 

(type I) in these 3 media. There were some similarities 

between the 3 media in the aliphatic region. For example, 

peaks B (27 ppm) and D (33.2 ppm) had relatively the same 

peak heights in all 3 media. The carbohydrate region 

differed however. Peaks F (54.8 ppm), J (59.5 ppm) and K 

(60.6 ppm) varied in relative heights to each other in 

the different media and the peaks varied in height 

between spectra. Section III (65-85 ppm) in the 

carbohydrate region was the most different in both the 

set of peaks and.relative intensities. The signal/noise 

ratio was significantly better for organisms grown in 

GYEP and SAAMF than in Sabouraud broth.
The next environmental factor tested was different 

incubation temperature. Two different strains of Cjl 

albicans (a type I and a type 2) were incubated in SAAMF, 

for 24 h at'28° and at 37°ci NMR spectra obtained from 
analysis of Cjl albicans 122 (type 2) was essentially the 

same for cells incubated at 28° or 37°C, therefore only 

the 37°C incubation spectrum was shown (Figure 10).
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Figure 9. NMR spectra of CL albicans 118 in 3
different media. Cells incubated in I) GYEP, 2)
Sabourauds Dextrose and 3) SAAMF. Letters
designate specific peaks, the chemical shifts
(ppm) of which were referenced to IMS.
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Figure 10. 1^C NMR spectra of Cj. albicans incubated at 2
different temperatures. I) Cjl albicans 122,
37°C, 2) I 18, 37°C and 3) I 18, 28°C. Letters
designate specific peaks, the chemical shifts
(ppm) of which were referenced to IMS.
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C. albicans 118 (type I) was very different for the 2 

incubation temperatures. The aliphatic region I (10-35 

ppm) was markedly decreased in the 28°C spectrum over the 

standard 37°C. The carbohydrate regions II (50-65 ppm) 

and III (65-85 ppm) showed a reduction in the number of 

peaks as well as differences in peak heights in the 28°C 

spectra. The resulting 28°C 118 (type I) spectrum looked 

very similar to a standard 37°C 122 (type 2) spectrum.

NMR of Other Effects on the Cells 

Several different experiments were done to 

determine if spectra were stable when Cjl albicans cells 

were incubated under standard conditions but with other . 

variables. One experiment involved the incubation of 2 

different strains of Cjl albicans in the same flask of 

SAAMF for 24 h, at 37°C. Strains were separated by 

plating and isolating colonies on SAAMF. Isolated 

colonies were then tested with a monoclonal antibody to 

identify the 2 strains. Then NMR spectra of both were 

obtained. Ci. albicans strains were also injected into 

mice and the spectra before and after mouse passage were 

compared. Another experiment involved the continual 

passage of strains of Cj. albicans in SAAMFB over a period 

of months. The NMR spectra of the cells was taken 

periodically and compared for changes..
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All 3 experiments showed there were changes in the 

spectra (figure 11). There was little.effect in the 

aliphatic region of any of the spectra, as was seen in 

peaks B (27 ppm) and D (33.2 ppm) which were similar in 

all 3 spectra. However there was a major difference in 

peak A (16.7 ppm) which was increased after mouse 

passage. The mouse passage spectra showed the most 

notable changes of all the spectra. For example, peaks F 
(54.8 ppm) and J (59.5 ppm) had similar peak ratios in 

the standard and continuous passage, but the peaks were 

reversed in the mouse spectra. However, there were 

similarities in the carbohydrate region, evidenced by the 

ratio of peaks R (69.7 ppm) to K (60.6 ppm). These peaks 

were similar in all 3 spectra. Section III (65-85 ppm), 

had similar peaks in all 3 spectra, although peak heights 

varied especially in the continuous passage spectrum. The 

continuous passage spectrum had a lower signal/noise 

ratio than the standard spectrum. The mixed strain NMR, 

although not shown, had a spectrum similar to the 

continuous passage spectrum.
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Figure 11. 1 NMR spectra of C. albicans 118 incubated 
under other environmental conditions. I) 
continuous passage cells, 2) mouse passage 
cells and 3) a standard spectrum. Letters 
designate specific peaks, the chemical shifts 
(ppm) of which were referenced to IMS.



46

DISCUSSION

Dimorphism in Candida albicans is a complex 

problem. Specific factors that regulate the morphogenic 

process have been studied (24, 35, 50, 56, 63, 75, 76). 

However, investigators have used many different strains 

of organisms, media, temperatures for growth and methods 

to acheive yeast (Y)— > mycelial (M) conversion.

Correlation and comparison of all of the data have been 

difficult because of these many different protocols.
One of the main differences in protocols of various 

investigators is the method used to induce a Y— >M 

conversion. The most common induction is by temperature 

shift,. which involves changing the incubation temperature 

from approximately 28° at which Y are maintained, to 37°C 

to acheive the Y— >M conversion. The temperature shift 

approach was used by both Niimi, et al. (53) and Chattaway, 

et a I. (14) to look at cyclic AMP levels in the Y and M 

forms of Cjl albicans. However this temperature shift 

probably does not reflect the in vivo situation of a 
normal flora organism causing an opportunistic disease 

because both the saprobic (Y) and parasitic (Y and M) 

forms of Cjl albicans grow at 37°C. Therefore cAMP in Cj. 
albicans was reevaluated using MARS to suppress the Y— >M 

conversion rather than a 25°C temperature.
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In using MARS as a suppressor of germination both Y 

and M cells were grown at the same temperature of 37°C„ A 

defined minimal medium (GM-2) was used to grow the Y and 

M forms. The addition of MARS which is produced by Y form 

cells to maintain Y cells is the only difference in Y and 

M conditions. The MARS system is therefore a well defined 

system, using a nutritional shift rather than temperature 

shift. The MARS system is important in order to 

understand how the morphogenic process occurs in humans 

under conditions which favor tissue invasion, namely 37°C 

and nutritional shifts.
Data obtained from using MARS as a suppressor of 

germination indicated that there was no significant, 

difference in cAMP levels at the early time periods 

studied. If cAMP was involved in the initiation of the 

morphogenic conversion, increased levels of cAMP would be 

expected before any morphologic signs, however this was 

not found to be true. Niimi, et al. (53) and Chattaway, et 

al. (14) reported an increase in cAMP at approximately one 

hour into the Y— >M conversion. Our data support the 

fact that an increase in cAMP was seen in the M form 

cells at 3 h or at a time when phenotypic expression of 

morphogenesis is noted. However this is not evidence 

that cAMP is important as an initiation factor.
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It is also important to note that the cAMP studies 

as well as man/ other typical biochemical approaches are 

in vitro assays that entail breaking cell membranes and 

therefore use invasive methods. NMR is an alternative 

method that is not as sensitive, but has the advantage of 

being able to be used to study live cells without 

disrupting cellular integrity.

Cassone, et al. (.9) was the first group of 
researchers to look at dimorphism in albicans using 

NMR spectroscopy. These workers used ^1P-NMR 

spectroscopy in an attempt to study the complex problem 

of dimorphism by looking for differences in the Y and M 

forms. However, Cassone et al. (9) used two different 

media and two different temperatures to grow the Y and M 

form of C. albicans. Since, as we have found, NMR 

spectroscopy is very sensitive to differences in the 

nutritional and physical environment of the cells to be 

studied, experiments addressing the effect of the 

different temperatures and media should have been done. 

There must be control spectra of temperature and media 

effects in order to tell which compounds in a spectrum 

are due to dimorphism only.
The MARS system contains a control for the changing 

medium from Y maintenance to Y— >M inducing medium. Yeast, 

cells to be used in NMR experiments' were maintained at
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37°C in GYEP. These cells were washed and introduced into 

GM-2 or GM-2 + MARS for a given time and then NMR spectra 
obtained. Spectra from cells in GM-2 (germinating), GM-2 
+ MARS (suppression of germination) and also spectra for

Y cells from the inoculum were obtained. The Y control 

spectra when compared with the Y MARS spectra should 

indicate compounds that appear because of nutritional 

shift from the GYEP medium to GM-2. Therefore compounds 

in the GM-2 cells but not in MARS or the Y control are 

compounds that are important for dimorphism.

1^C studies of 3 h cells using this system 

indicated that compounds were specific for the M and Y 

forms as is evidenced by the differing peaks between 

spectra in Figure 2. Peaks D (33.2 ppm), E (54.3, ppm) and 

F (54.8 ppm) are evident in the Y spectra, whereas peak C 

(30.7 ppm) increased in the M form cells. NMR spectra of

Y and M cells from the early time periods (10 and 20 min) 

have indicated that there are specific compounds that 

initiate morphogenesis (Figure 3). The change in ratio of 

peaks T (70.8 ppm), Y (73.2 ppm) and Z (76.1 ppm) in 

section III (65-85 ppm) of Y and M spectra indicated 

there were different carbon intermediates formed, but 

identification of these has not been done.
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Although the above experiments were interesting 

their interpretation was difficult because of the 

following problems associated with Y— >M conversion 

studies in general and because of the lack of solid base 

line data considering the stability of NMR patterns^ When 

a Y cell undergoes conversion to the M form there are 

many forms in which the cells can appear. The 

morphological forms of Ci albicans were categorized as 

germ tubes, pseudotubes, or yeast forms (10, 33). The 

group of cells called pseudotubes can vary greatly in 

morphology since they are all of the morphologies not 

fitting into either of the other two categories. 

Converting 100 Y cells into 100 true germ tubes is 

usually not possible even under ideal conditions. The 

percentage of germ tubes can also vary from experiment to 

experiment and seems to be governed by as yet 

unidentified factors. The NMR detects these different 

forms of varying morphologies in terms of their varying 

biochemistries. Until morphogenesis is more standardized 

in the lab, NMR may not be the best technique to study 

dimorphism.
To effectively use NMR in studies on dimorphism it 

is also important to understand how to achieve 

reproducible spectra. That is, for a given strain under a 

set of conditions, how reproducible were the NMR patterns
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taken at various times? During the course of this 

research a strain of Ci albicans under intensive study. 

had unexplainably stopped germinating and thus another 

strain of Ci albicans was substituted to allow 

continuation of the experiments. It was noted, however 

that the NMR spectra of the 2 different strains were 

similar but not identical. Examination of earlier data 

showed that the I form control cells of the strain used 

in the initial studies seemed to have a changing spectrum 

with time.
While using NMR spectroscopy to study Candida 

morphogenesis, problems like those mentioned above were 

encountered because of apparent instability of spectra. 

This led to several questions about factors that will 

ultimately effect the NMR spectra. First, we wanted to 

see if the NMR patterns seen with Ci albicans were unique 

or if all Candida sp. would have similar spectra. Second, 

If the spectrum of Ci albicans was unique when compared 

to other species, how do individual strains compare? It 

was noted that the NMR spectra of several different 

strains of Ci albicans were different. Perhaps 

identification of different strains would be possible 

through NMR. Third, what environmental factors that 

affect the growth of Ci albicans will also affect the
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spectra? Growth phase, temperature of incubation and 

media differences were all looked at. The last questions 

dealt with whether continuous media passage of cells, 

mixed culture or mouse passage of cells would effect the 

NMR patterns.
•In setting out to answer the questions, posed and 

study the factors involved, a standard system was devised 

to obtain the cells for NMR analysis. A defined medium 

(SAAMF), and a 24 h incubation at 37°C were chosen as the 

parameters for the studies. Maintenance of the stock 

cultures was on slants that were stored at 4-6°C, rather 

than continuously transferring the cells.

To answer the first question of how do different 

species of Candida spectra compare, several species of 

Candida (C. krusei. C0 oseudotropicalis. C. tropicalis 

and Ca_ guillermondii) and Torulopsis glabrata were looked 

at with NMR spectroscopy. The spectra were reproducible 

for each species and differed between species (Figure 

4,5). In comparison to Cj. albicans, the aliphatic region 

(10-35 ppm) of C. tropicalis, C. krusei and Cjl 

pseudotropicalis were reduced to few peaks. Within the 

carbohydrate region (50-85 ppm) many of the same peaks 

were noted in all species. However each species had a 

different ratio between peaks as well as individual 
intensity variances of specific pedksV Ari example was
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peak S (70.4 ppm) which was a major peak in (X albicans 

but was not significantly present in any of the other 

species. Therefore it was quite possible to distinguish 

species with NMR.

To answer the second question of strain differences 

and identification, 24 strains of Cjl albicans were 

incubated as specified above and then the spectra 

accumulated with the NMR. Three major groups of spectra 

were identified. Nineteen Cji. albicans showed type I 

spectra, 5 were type 2 spectra ■ and I strain belonged to 

type 3. Within the groups no identification of strains 

was possible because of similar peaks in all spectra and 

the range of intensities of any one peak obtained from 

different spectra of the same strain of Cjl albicans. 

However, the fact that there are 2 distinct types did 

lead to the possibility of these groups being related to . 

the antigenic groups A and B of isolates of C2. albicans , 

described by Hasenclever, et al (27, 28, 29).

In order to answer the question that these 3 groups 

were in fact the A and B serotypes of .C2. albicans, 4 

known serotyped organisms were obtained from the American 

Type Culture Collection (ATCC). However when the ATCC 

strains were run in the NMR^under standard conditions, 

the B's looked like type 3, and the A's didn't fit any
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category found so far. Therefore the A's were put into a 

type 4 category until further investigation can be done. 
One possible explanation for the ATCC strains being very 

different from all other strains of Ci albicans looked at 

could be length of storage. The ATCC cultures had been 

lyophilized, some for as long as 10 years before we 

received them. Some early experiments with fresh and 

lyophilized cells showed that the spectra from 

lyophilized cells do show changes compared to fresh 

cells. However, since the cells were passed 4 times in 

SAAMF broth before any spectra were run and multiple 

repetitions have given the same spectra, it's unknown 

whether lyophilization was the cause of the different 

spectra for the ATCC cultures. It may be that there are 

many more types of spectra than we have been able to 

detect with the small group of organisms we have looked 

at and further invvestigation would reveal other similar 

type 4 organisms.

The third question to answer was what environmental 

and physical factors that affect the growth of cells will 

effect the NMR spectra obtained. For the growth phase 

studies a type I and 2 Ci albicans were incubated for 4, 

7, 20 and 24 h in SAAMF and the NMR spectra compared 

(Figure 7,8). The Ci albicans type 2 was usually 

characterized by 3 major peaks in the carbohydrate region
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(50-85 ppm) in a 24 h spectrum. However the early (4, 7 

h) spectra include many more peaks in the carbohydrate 

region as well as peaks B (27 ppm) and D (33.2 ppm) in . 

the aliphatic region, that were not present in the later 

spectra. The Cjl albicans type I spectra had the same 

peaks at 7, 20 and 24 h, although the ratio of peak, 

heights differed. All of the changes in the spectra can 

probably be explained by the different metabolism 

occuring in the cells at different times in the growth of 

the cells. Since the NMR spectra are combinations of 

carbon peaks that relate to the compounds within the 

cell, the spectra directly.reflect the metabolism of the 

cells.

A difference in metabolic pathways was also 

reflected in the media studies. Three different media 

based on different nutritional sources were used to grow 

a C3, albicans type I (Figure 9). Although the 3 spectra 

obtained were similar, the carbohydrate region (50-85 

ppm) of each had different relative peak heights, as well 

as some differing peaks. Therefore each spectrum 

apparently reflected the different nutritional sources 

and metabolism of the organism in that medium.

Temperature had the most interesting and drastic 

effect on the cells and therefore the NMR spectra (Figure
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10). When the Cju albicans type I cells were lowered from 

an incubation temperature of 37°C to 28°C the spectra 

lost many of the carbohydrate region (50-85 ppm) peaks. 
The loss of peaks in the 28°C spectrum resulted in a 
spectrum that was indistinguishable from a type 2 C. 

albicans spectrum,' with the 3 major peaks in the 

carbohydrate region and reduced peaks in the aliphatic 

region (10-35 ppm).
The last set of questions considered dealt with 

reproducibility of spectra from cells passed continuously 

in culture, passed in animals and mixed with other 

strains. The first question of continuous passage, 

relates to the problems in the dimorphism experiments.

The cells for experiments were maintained in continuous 

culture by transferring every 48 h over a period of 

months. It was noted with the dimorphism experiments that 

the spectrum of the strain used in the studies was 

beginning to change over the course of the experiments 

resulting in a more complex spectrum. It was postulated 

that the continuous transferring could be causing the 

problems in the instability of the culture and ultimately 

the spectra. Therefore several strains of Cjl albicans 

were passed continuously ih SAAMF over several months and 

periodic spectra were obtained. It was shown that the 

spectra do change over time through the addition of extra
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peaks to the spectra, primarily in the carbohydrate 
region (50-85 ppm). This same phenomenon of extra peak 

addition was also seen in the strains that were mixed 

together and in the strains that were passed through 

mice. Even though in both of these latter experiments the 

strains were passed at least 2 times in SAAMF after 

passage and before NMR.
NMR does have an important place in biological 

applications and ^MR is a good addition to the

standard use of ^p. At this point, however NMR is 

primarily useful for simple problems under very 

controlled conditions. However, with more study perhaps 

the more difficult problems of dimorphism can be 

approached with confidence.
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Appendix I :

Techniques of Measuring cAMP

The techniques used to measure cAMP, in the 

experiments presented, were not arrived at easily. The 

procedures for the experiments can be divided into 4 

parts. These are: preparation of Cjl albicans cells; cAMP 

extraction; cAMP assay; and protein determination.

Erratic results were obtained throughout the 

experimentation until the final protocols were acheived.

Problems in the cell preparation first occurred when 

the Cj_ albicans strain 9938, used for experimentation 

continually failed to germinate (see appendix II). 

Therefore strain 394 was used to replace 9938. Duplicate 

and later triplicate flasks of each time period were grown 

to test for cAMP content. Finally it was determined that 

duplicate flasks and duplicate samples from each flask 

was the best way to check for consistency of results. The 

shaking incubator used was a water bath rather than a hot 

air incubator for a more constant temperature during the 

experiments.

Changes in protocol occurred the most often in the 

cAMP extraction procedures. The fipst protocol tried was 

based on work done by Paznokas and Sypherd (17). First, .
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cells were collected by membrane filtration (100 mm, 0.45 

urn) and the filter was placed in 2.5 ml of ice-cold 0.1 N 

HC1. The samples were subjected to 3 cycles of freezing 

(methanol: -50°C) and then thawing (water bath: 37°C). 

Filters were removed and the samples centrifuged at 1500 

rpm for 10 min. The supernatant fluid from the sample was 

removed and flash evaporated until dry, then stored 

frozen.
The first problem area was the filtration of 

samples to add to the HC1. This was a slow process with 

some loss of material. Centrifugation, an easier process 

for separating cells was then tried. However, it was 

learned that levels of cAMP can change very quickly, 

within 10-30 sec. Therefore filtration was tried again 

but with 50 ml syringes and 25 mm filters. This proved to 

be the fastest (under 30 sec from incubator to HC1) and 

with washing to improve recovery, the best method.

Freezing for freeze-thawing was first done in 12 ml 

centrifuge tubes in a -50°C methanol bath.,This was later 

replaced with a better method of placing the filters in 

10 ml beakers of HCl and freezing in a dry ice: ethanol 

(-70°C) bath. The method of flash evaporation of the 

samples in the first experiments was replaced by 

evaporation of the samples in a 60°C water bath under N2. 

The samples must be evaporated to complete dryness,
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because any HCl in the tubes will affect the final pH 

after reconstitution. Since the acetate buffer has little 

buffering capacity, the lowered pH can lead to false 
results of high levels of cAMP. Evaporation overnight and 

then heating for 2 h in a low temperature oven was then 

used.
Another method that used glass beads to break 

cells (8) was tried instead of freeze-thawing. However 

hyphae did not break well so a third protocol was tried. 

The new protocol was based on work done by Niimi, et aL 

(14). Several major changes from the Paznokas and Sypherd 

(17) protocol were used. First 6% TCA (made fresh every 

experiment) instead of 0.1 N HCl was used. After 5 cycles 

of freeze-thawing, the cells were extracted with diethyl- 

ether to remove the TCA and then bubbled with Ng to 

remove the ether. The sample was then centrifuged at 

1500 x g for 15 min and the supernatant fluid was 

lyophilized rather than evaporated. Aluminum oxide and 

Dowex (1x8, 20-50 mesh) columns (13) used by Niimi, et 

al. (14) were tried to further purify the supernatant 

fluid but no significant increase in yield of cAMP was 

obtained.
The cAMP assay kit used to determine the cAMP

O
content was another source of erratic results. First a jH
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competitive binding assay (3, 5, 6) from Amersham 

(Arlington Heights, Illinois) was employed. Experiments 

were done to show that a linear, increase in cell numbers 

did not produce a linear increase in cAMP. Erratic 

results between identical samples and quenching of random 

samples led to the switch to another kit. An RIA kit

(7, 22) from New England Nuclear (Boston, Mass.) worked 

well for all further experiments'.

Final problems occurred in the determination of 

protein concentrations. Some methods tried were the 

Biorad (Richmond, CA) protein assay kit (2, 19, 24) 

tested on the supernatant fluids from both 1.0 N NaOH 

boiled and glass bead broken cell pellets and also dry 

weights of pellets. None of these techniques were 

sensitive or reliable enough. Therefore pellets were 

boiled for 20 min in 1.0 N NaOH, centrifuged at 1500xg 

for 15 min and the supernatant fluid was tested with the 

Lowry method (12).
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Appendix II

Problems With Dimorphism

Among strains of CX albicans there is a range of 

abilities to germinate as well as the length, of time that 

any strain will germinate. The percent germination of 

strains will be high for varying lengths of time from 

several months to several years. Then germination will 

decline rapidly to a very low level. The cause of this 

phenomenon is unknown but the occurrence is common.

Strains kept in GYEP in continuous passage and 

transferred every 48 h, were used as starters for 

dimorphism experiments. There was a change in NMR spectra 

of the strains that were passed continuously in SAAMF. 

Background noise increased and several additional peaks 

were observed. It's unknown if these changes are related 

to the problems encountered in dimorphism.
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Appendix III ,

Enzyme Studies

Several enzyme protocols were worked out in order 

to look at enzyme levels in Ci albicans Y and M forms. 

Because of problems in Cjl albicans strain 394 germinating 

ability (Appendix II), the studies were not completed.

The final protocols are given.
Ornithine decarboxylase is the first enzyme in the 

biosynthesis pathway of polyamines. It is associated with 

increases in protein and RNA synthesis and there is some 

evidence that it’s regulation is linked to cAMP 

(I, 4, 20, 23). The protocol used to look at this enzyme 

is based on the work of Inderlied, Cihlar and Syphefd 

(9) on Mucor. These researchers found a 30-50 fold 

increase in activity in Y— >M conversion.
The first part of this protocol involves setting up 

a CO2 trap to capture the 14CO2 evolved in the reaction.

A modification of Sissons (21) trap was used (Figure 12). 

A polypropylene T-junction was attached via rubber tubing 

to a 10 x 75 mm test tube. The opposite end of the 

junction was attached by rubber tubing to a pasteur 

pipette that extends, down into the test tube. Tubing 

hooked up to an air flow was attached to one end of the 

pipette. The other end of the pipette had small tubing

/, ,’.',it/,:, -? / .vf.SVw L-'Ar-.,'.,'r n
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Figure 12. COg trap
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attached so that the tip won't break and the flow of air 

can reach down into the sample. The side arm of the T- 

junction was attached by tubing to another pasteur 

pipette that extends into a glass scintillation vial that 

contains Carbosorb (Packard, Downers Grove, ILL) an 

organic absorber.
Preparation of the cells for the assay was done 

according to the cAMP assay cell preparation method in 

the Materials and Methods section. The only modification 

was that approximately TO10 cells were necessary to 

detect the enzyme. Therefore more flasks must be run. The 

cells obtained were washed and suspended in 5ml of 0.1 M 

potassium phosphate buffer (pH 7.3) with 2mM 
dithiothreitol (DTT), I mM EDTA and 0.2 mM pyridoxal 5' 

phosphate. Ten grams of glass beads (0.45-0.5 mm) were 

added and cells broken and centrifuged (8). The 

supernatant fluid was frozen until needed for the enzyme 

assay.
The assay was begun by adding 50 ul of the

supernatant fluid to the 10 x 75 mm test tube in a BO0C

water bath. Then 50 ul of assay mix [DTT + EDTA +

pyridoxal 5* phosphate (same concentrations as the
I tibreakage buffer) + 0.5 mM ornithine + 50 nCi C- 

ornithine] was added to the tube. The tube was quickly 

vortexed, the COg trap added, clamps closed and incubated
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for 30 min. Just prior to the end of the incubation, 0.5 

ml of Carbosorb was added to the scintillation vial. At 

the end of the incubation, 0.1 ml 2 M HClOy was injected 

with a I cc syringe directly into the tube, air was 

hooked up and all clamps opened for 5 min. After 5 min, 4 

ml of scintillation cocktail [1.0 g PP0: 80 mL methoxy 

ethanol (J.T. Baker Chemical Company, Phillipsburg, NJ):

120 ml toluene (Research Products International 

Corporation, Elk Grove, ILL)] was added to the vial. The 

vial was capped and counted.

The second enzyme to study was glutamate 

dehydrogenase which has been looked at in other fungi 

(10, 11, 15, 16). The protocol used was based on Peters 

and Sypherd (18) work on Mucor. These researchers found 

the NAD dependent activity an order of magnitude higher 

in the M than Y form of Mucor.
The cell preparation was the same as for the 

ornithine decarboxylase enzyme. Approximately 1010 cells 

were needed and a 0.2 M potassium phosphate buffer (pH 

8.0) was used to suspend cells for breakage. Each enzyme 

sample was adjusted to contain a 0.001 M concentration of 

2-mercaptoethanol.
The assay was run in a Gilford spectrometer at 340 

nm, visible light with a blue filter. To a cuvette was.
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added 10O ul of sample, 100 ul buffer;, 100 ul 2 M NHltCl 

in buffer, 100 ul 0.3 M. c<-ketoglutarate in buffer and 500 
ul of deionized water. To start the reaction 100 ul of 

1.25 mM NADH or NADPH in buffer was added, mixed by 

inversion and read every 30 sec for 10 min.
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