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The intracellular level of S-adenosylmethionine increased as the yeast-phase
cells of Mucor racemosus were induced to convert to hyphae. This increase
correlated well with the time course of the conversion in cell type and was
independent of the metabolic changes caused by the shift to aerobic conditions.
There was no significant change in the intracellular level of spermidine, a

polyamine synthesized from putrescine and the propylamine group of S-adeno-
sylmethionine. Spermine was not detected. An examination of protein methyla-
tion revealed an increase in the methylation of total protein during the shift in
cell type and possible qualitative as well as quantitative changes in specific basic
proteins.

The dimorphic phycomycete Mucor racemo-
sus produces two vegetative cell types during its
life cycle: budding yeasts and branched hyphae.
The transition from one cell type to another in
M. racemosus and other species of Mucor has
been studied extensively and shown to be af-
fected by various environmental factors such as
the gaseous environment (4, 5), glucose concen-
tration of the medium (3, 7), and the levels of
cyclic AMP (17, 18). It has also recently been
shown by Sypherd et al. (21) that methionine or
one of its metabolites may be a key compound
during morphogenesis. In that particular study,
it was reported that a class of morphological
mutants (coy for conditional yeast) required
high levels of methionine for the transition in
cell type after being shifted to an aerobic envi-
ronment. Methionine, however, was not required
for the growth of this class of mutants.
The present study was undertaken to investi-

gate the role of methionine in the dimorphism
of M. racemosus. Methionine may be utilized
for protein synthesis or converted to its activated
form, S-adenosylmethionine (SAM), which in
turn serves as the methyl-group donor during
the methylation of most macromolecules or as a
precursor in the synthesis of cystathionine, cys-
teine, or other such compounds. SAM also serves
as the propylamine donor during polyamine bio-
synthesis. In light of this, we have examined the
relative size of intracellular SAM pool levels
during the morphological transition and begun
a systematic examination of methylated com-
pounds that may be important during morpho-
genesis. The polyamine pools were also exam-
ined.

t Present address: Biology Programs, The University of
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MATERIALS AND METHODS
Organism and medium. The organism used

throughout this study was M. racemosus (M. lusitan-
icus) ATCC 1216B. Sporangiospores, which served as
the inoculum in all experiments, were prepared from
mycelia grown on YPG agar. After incubating the
plates for 5 to 7 days at room temperature, we added
a small amount of sterile distilled water to each bottle,
scraped the sporangiospores gently from the mycelial
mat with a glass rod and washed them several times
with sterile water. The semi-defined growth medium
used in all experiments was that described by Peters
and Sypherd (19) supplemented with 0.5% peptone
(9a).
Culture conditions. Anaerobic cultures (budding

yeasts) were routinely prepared by inoculating a flask
containing the semi-defined medium with 1 x 10i
sporangiospores per ml. The culture was then placed
in a 28°C water bath gyratory shaker for a period of
18 to 20 h. CO2 gas was constantly bubbled through
the culture to maintain an anaerobic environment. A
shift in vegetative cell type (yeast to hyphae) was
effected by changing the gaseous environment from
CO2 to air. The change in morphology occurred over
a 2- to 3-h period after the shift to air.
Measurement ofrelative levels ofintraceliular

SAM. Samples (5 ml) of yeast- and hyphal-phase
cultures, previously labeled with L-[3S]methionine
(600 Ci/mmol) at a final concentration of 1 gCi/ml,
were removed at specified time intervals during the
shift and filtered through membrane filters. The cells
collected on the filters were washed with cold medium
and placed into cold 1.5 N perchloric acid for 1 h. The
cell extract was then centrifuged (12,000 x g, 10 min)
to remove the insoluble material and neutralized (to
a pH of 2 to 3) with cold 2 M KHCO3. The resulting
white precipitate was removed by centrifugation. The
supernatant, containing the SAM, was lyophilized and
subsequently dissolved in 100 pil of 0.15 M acetate
buffer (pH 5). Any insoluble material still present at
this stage was removed by centrifugation. A sample of
each extract, along with authentic SAM, was applied
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to cellulose thin-layer chromatography plates (20 by
20 cm) and resolved in one dimension in a solvent
system containing ethanol, water, and acetic acid (65:
34:1). The plates were dried and sprayed with ninhy-
drin (UV-absorbing compounds were located before
spraying). The SAM in the extracts was located by
calculating the Rf value of a SAM standard and iden-
tifying ninhydrin-positive, UV-absorbing compounds
which comigrated with the standard. Autoradiography
was then performed and used to authenticate SAM
(Rf of the putative radioactive SAM in the extract was
identical to that of authentic SAM) and to delineate
the area of the radioactive compound on the plate.
This compound was scraped from the plate and placed
into a scintillation counting solution consisting of PPO
(2,5-diphenyloxazole; 0.4%) and POPOP (1,4-bis-[2]-
(5-phenyloxazolyl)benzene; 0.01%) in toluene. The ra-
dioactivity in the sample was measured by liquid scin-
tilation spectroscopy. The identity of the suspected
SAM in the extracts was also authenticated by paper
chromatography (on Whatman no. 1 chromatography
paper), employing a solvent system consisting of bu-
tanol, acetic acid, and water (60:15:25), and by identi-
fying it as a sulfur-containing compound after spraying
the plate or paper with a platinum reagent (22). The
method of Lowry et al. (13) was used to quantitate
total cellular protein.
Measurement of total protein methylation lev-

els. Aliquots (5 ml) of yeast- and hyphal-phase cul-
tures were removed and labeled with L-[nS]methio-
nine (0.1 pCi/ml) and L-[methyl-3H]methionine (1 ,uCi/
ml) for 1.5 h. The specific activity of the tritiated
methionine was 27 Ci/mmol. Cycloheximide (200 ,ug/
ml) was also added at the onset of the labeling period
to stop protein synthesis. After the labeling period an
equal volume of 10% trichloroacetic acid was added to
the samples, and these samples were then heated at
900C for 30 min. The hot trichloroacetic acid-precipi-
table material was collected on glass fiber filters,
treated to remove lipids (10), and placed into the
scintillation counting solution previously described to
determine the amount of radioactivity. The ratio of3H
to 5S counts served as an indicator of the level of
protein methylation during the morphological transi-
tion.
Two-dimensional electrophoresis of methyl-

ated polypeptides. Budding yeasts grown under C02
or hyphae 3 h after the shift were labeled with 40 IpCi
of [methyl-3H]methionine per ml in the presence of
400 ,ug of cycloheximide per ml for 1 h. Cells were
harvested by filtration, washed with distiUed water,
and broken by grinding under liquid N2. Ground ma-
terial was suspended in buffer containing 0.01 M Tris-
hydrochloride (pH 7.4), 5 mM MgCl2, 50 pg of phen-
ylmethylsulfonyl fluoride per ml, and 50 pg each of
RNase and DNase, incubated for 15 min on ice, and
then lyophilized. Lyophilized material was extracted
with a solution of 0.5% sodium dodecyl sulfate, 9.5 M
urea, 5% ,-mercaptoethanol and 0.2% ampholytes
(LKB) (pH 3.5 to 10) for 15 min at room temperature,
followed by an equal volume of a solution containing
9.5 M urea, 4% Triton X-100, 1.6% ampholytes (pH 5
to 7), 0.4% ampholytes (pH 3.5 to 10), and 5% /B-
mercaptoethanol for an additional 15 min at 250C.
Any remaining debris was removed by centrifugation

at 480 x g for 10 min at room temperature, and the
supernatant was stored at -20°C. Of cellular protein,
95 to 99% was solubilized by this procedure.

Two-dimensional gel electrophoresis was performed
as described by O'Farrell et al. (16). Non-equilibrium
pH gradient gels used in the first dimension were 120
mm and contained 1% each of ampholytes (pH 6 to 8
and 8 to 9.5). Electrophoresis in the first dimension
was for 3.5 h at 400 V. The resolving portion of the
second-dimension sodium dodecyl sulfate-polyacryl-
amide gels was 14 cm in length, and the gels were
prepared, electrophoresed, and stained as described
previously (9). Gels were destained in 10% isopropanol-
10% acetic acid, processed for fluorography (6), and
exposed to preflashed (12) Kodak XR-5 X-ray film at
-70°C.
Measurement of the intracellular level of pol-

yamines. Cell samples (25 ml) taken at various times
during the transition in morphology were collected on
membrane filters, washed with cold 20mM phosphate
buffer (pH 7.2), and then placed into 2 ml of 0.2 N
perchloric acid for 1 h. After the extraction period the
samples were centrifuged (17,500 x g, 15 min) to pellet
the cell debris, and the supernatant was lyophilized.
All glassware that came in contact with the polya-
mines was treated with triethylchlorosilane (5% in
toluene) before use to prevent the adsorption of the
polyamines to the glass. The lyophiized samples were
then dissolved in 400 pl of 0.5 M Na2CO:I (pH 9.8) and
dansylated by adding 200 pl of dansyl-chloride (0.02%
in acetone). The dansylation was allowed to proceed
in the dark for 2 h. The dansylated derivatives were
extracted with benzene, resolved in activated silica gel
plates with a solvent system consisting of cyclohexane
and ethyl ether (1:9), and immediately quantitated by
measuring fluorescence intensities on a scanning den-
sitometer (20). The fluorescence of the dansylated
derivatives was enhanced by spraying the thin-layer
chromatography plates with a 2:1 mix of isopropanol-
triethanolamine before scanning.

RESULTS
Levels of SAM. Cells used for SAM meas-

urements were grown in semi-defined medium
and allowed to go through yeast-to-hyphae mor-
phogenesis by a shift from C02 to air. Samples
of the culture were removed at intervals
throughout the shift and processed as detailed
in Materials and Methods. The intracellular lev-
els ofSAM increased threefold, as shown in Fig.
1, reached a high point 2 h after the shift, and
remained at that level for 2 to 3 h after the shift.
The time course of the increase correlated well
with the morphogenetic change of the organism
since the majority (70 to 80%) of the budding
yeast initiated germ tube formation during the
1- to 2-h interval after the shift to air. Thereafter,
the remaining yeast cells initiated germ tubes
and those with germ tubes continued to extend
the hyphae and form branches perpendicular to
the central hyphal element.
We tested the possibility that the increase in
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FIG. 1. Intracellular concentration ofSAM during
an air-mediated shift in vegetative cell type (yeast

- hyphae). Aliquots (5 ml) of yeast- and hyphal-
phase cultures which had been labeled with L-['S]-
methionine were removed at specific time intervals
throughout the shift and processed as described in
Materials and Methods. The cells were grown in
semi-defined medium and labeled 3h before removing
the first yeast-phase aliquot.

SAM levels was due to the onset of aerobic
metabolism. This was done by inducing hyphal
development by shifting CO2 yeast cells to 100%
N2 (14). All other experimental conditions were
identical to those utilized in the C02-to-air shifts.
The N2 atmosphere allowed for the transition in
cell type under entirely anaerobic conditions
(14). The intracellular concentration of SAM
again increased to a level similar to that seen
during C02-to-air shifts (Fig. 2). In addition, the
kinetics seen in the C02-to-N2 shift also corre-
lated well with the morphogenetic shift from
yeast to mycelia.

Intracellular concentration of polya-
mines. Because of the increase in intracellular
SAM levels, we began a systematic examination
of compounds, such as polyamines and methyl-
ated proteins, whose synthesis or modification
depends on the availability of SAM. Our ration-
ale was that the observed increase in SAM might
be necessary to support an increase in polyamine
biosynthesis or the methylation of macromole-
cules.

Figure 3 shows that the concentration of pu-
trescine increased about fivefold during the con-
version of yeast cells to hyphae; spermidine,
however, showed no significant increase. Sperm-
ine was not detected, which is in agreement with
the findings of Nickerson et al. (15).
Protein methylation. We examined the ki-

netics of protein methylation and qualitative or
quantitative changes in the methylation of spe-
cific proteins during the conversion of yeast cells
to hyphae. The data from the total protein meth-
ylation experiments are presented in Fig. 4 and

5. The data paralleled those seen with SAM; the
methylation of proteins increased after the shift
to air, reached a maximum 2 h after the shift,
and generally followed the time course of the
morphogenetic change. It should be pointed out
that the threefold increase in protein methyla-
tion was within the same range as the increase
in SAM levels. When morphogenesis was in-
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FIG. 2. Intracellular concentration ofSAM during
an N2-mediated shift in vegetative cell type (yeast
hyphae). Aliquots (5 ml) of yeast- and hy hal-phase
cultures which had been labeled with L-[ S]methio-
nine were removed at specified time intervals
throughout the shift and processed as described in
Materials and Methods. The cells were grown in
semi-defined medium and labeled 14 h before remov-
ing the first yeast-phase aliquot.
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FIG. 3. Intracellular concentration ofpolyamines

during an air-induced shift in vegetative cell type
(yeast -* hyphae). Aliquots (25 ml) of yeast- and
hyphal-phase cultures were removed at specific time
intervals during the shift and processed as detailed
in Materials and Methods. The cells used in this
experiment were grown in the defined medium of
Peters and Sypherd (19). s, Spermidine; p, putrescine.
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FIG. 4. Protein methylation during an air-induced
shift in cell pe (yeast - hyphae). Aliquots (5 ml) of
yeast- and hyphal-phase cultures were removed at
specific time intervals, pulse-labeled with L-[35S]-
and L-[methyl-3H]methionine in the presence of cy-
cloheximide, and then processed as described in Ma-
terials and Methods. The ratio of3H to 3S served as
an indicator ofprotein methylation relative toprotein
synthesis.
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FIG. 5. Protein methylation during a nitrogen-in-

duced shift in vegetative ceU type (yeast -. hyphae).
Aliquots (5 ml) of yeast and hyphal cultures were
removed at specified time intervals, pulse-labeled
with L-[35S]- and L-[methyl-3H]methionine in the
presence of cycloheximide, and then processed as
described in Materials and Methods. The ratio of3H
to 3"S served as an indicator ofprotein methylation.

duced by C02-to-N2 shifts, the peak of the in-
crease in protein methylation occurred approxi-
mately 1 h before the peak observed in C02-to-
air shifts. The same was also true of the SAM
data and the transition in cell type. It was deter-
mined that cycloheximide inhibited protein syn-
thesis by 98% over controls.

Specific proteins, methylated during the yeast
and hyphal phases, were identified by two-di-

mensional gel electrophoresis. Figure 6 is a com-
posite of the gel patterns of basic methylated
proteins from yeast cells produced under C02
(Fig. 6A) and hyphae grown in air (Fig. 6B).
Methylated polypeptides with a pI of less than
6 were not detected (data not shown). Equal
amounts of protein were applied to the first-
dimension gel after extracting total cellular pro-
tein as described in Materials and Methods. The
gel patterns show quantitative changes in the
methylation of several basic proteins' during the
transition of yeasts to hyphae. The data do not
reveal whether the increased methylation is due
to increased levels of'particular polypeptides or
more' rapid turnover of the labeled methyl
groups. The data do, however, substantiate the
results in Fig. 4 and 5, showing an overall in-
crease in the level of methylation of proteins. A
control experiment performed with L-[35S]me-
thionine instead of L-[methyl-3H]methionine
demonstrated that there were no detectable pro-
teins'labeled during the pulse period when cy-
cloheximide was added to the culture.

DISCUSSION
It is clear from the data presented in Fig. 1

and 2 that the intracellular levels of SAM in-
creased during the conversion of budding yeasts
to hyphae. The increase began as early as 1 h
after the shift to air, reached a' maximum at 2 h
and remained at that level for several hours after
the shift. The relative level of SAM, at its high-
est point, represented a threefold increase over
that seen when the culture was in CO2. Differ-
ences in'the SAM content of the different vege-
tative cell types have also been reported in other
dimorphic fungi (1, 2). Balish and Svihla (2), for
example, reported that a mycelial mutant of
Candida albicans had a higher intracellular
concentration of SAM than did the yeast-phase
strains that were examined. A subsequent study
by Balish (1), however, reported a decrease in
the SAM pool during the medium-induced'con-
version of yeast to hyphae in C. albicans.

It is also interesting to note that the kinetics
of the increase in M. racemosus correlate well
with the time course of the conversion in vege-
tative cell type. The majority of yeast had initi-
ated germ tube biogenesis 2 h after the shift to
air. Thereafter, what occurs is primarily elon-
gation of the preexisting germ tubes and forma-
tion of branches. This correlation also held true
when cells were shifted from C02 to N2 (Fig. 2)
and demonstrated that the increase in SAM was
dependent on morphology and not the gaseous
environment. Yeast cells shifted to N2 (Fig. 2)
showed similar increase in SAM levels but
reached a maximum approximately 1 h earlier

C02 - 02

X

C02- N2
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FIG. 6. Fluorographs comparing polypeptides methylated by Mucor yeast and mycelia. Cells grown as

yeast under C02 or mycelia 3 h after replacement of C02 with air were labeled, extracted, and subjected to
two-dimensional gel electrophoresis as described in Materials and Methods. Equal amounts of total protein
were applied to first-dimension gels from each sample. (A) Yeast-methylated polypeptides, 12,400 cpm of hot
trichloroacetic acid-precipitable material applied to gel. (B) Polypeptides methylated by aerobic mycelia,
94,000 cpm of hot trichloroacetic acid-precipitable material applied to gel. Molecular weights were estimated
from the mobilities of RNase, DNase, rabbit muscle actin, and the subunits of Bacillus subtilis RNA
polymerase (9). Migration in the first dimension was toward the negative electrode.

than the cells shifted from C02 to air. The time
course of germ tube formation in cultures trans-
ferred from C02 and N2 was also advanced ap-
proximately 1 h. We conclude that the increase
in SAM levels is a correlate of morphogenesis
and not an artifact due to changes caused by
aerobic environment. There was no change in
the SAM levels in experiments with budding
yeasts kept under C02 (data not shown).
The search for changes in the levels of intra-

cellular compounds that depend on SAM for
their synthesis did not support the idea that the
increased levels ofSAM were needed to support
an expansion in polyamine pools. The data in
Fig. 3 show an increase in putrescine but fail to
demonstrate any significant change in spermi-
dine, which is synthesized from putrescine and
the propylamine group of SAM.
The data obtained from the protein methyla-

tion experiments (Fig. 4-6), in contrast to the
polyamine data, show the positive correlations
of elevated SAM levels and increases in protein
methylation. General quantitative changes are

illustrated in Fig. 4 and 5. Notice that the kinet-
ics of the increase in the level of general protein
methylation paralleled and were of the same

magnitude as the increases in the level of SAM.
In an effort to corroborate the observed in-
creases in protein methylation, the major meth-
ylated protein (protein no. 1) shown in Fig. 6

was cut from gels representing yeast- and hy-
phal-phase cultures. This protein was then
eluted and hydrolyzed to identify and quantitate
the methylated residues. The level of methylly-
sine and dimethyllysine, the only methylated
residues in this protein, increased more than
twofold during the shift in cell type. In addition,
it was shown that the increase in protein meth-
ylation was not due to an aerobic environment
(Fig. 3) but instead appeared to be a correlate of
morphogenesis. Moreover, the increase in meth-
ylation, as well as the increase in SAM, occurred
at a time when the majority of yeast cells were

engaged in germ tube formation. The experi-
ments using C02-to-N2 shifts further
strengthened this idea because it allowed us to
advance, by approximately 1 h, the time course
of the increases. When the time course of germ
formation was examined, it was discovered that
this particular parameter had also been accel-
erated to where it again correlated with the
increases in SAM and protein methylation.
The specific proteins affected by the changes

in methylation during a shift in cell type are
shown in Fig. 6. The question of whether the
methylation of these proteins was essential for
the change from yeast to hyphae can only be
answered by further experimentation. It must be
determined, for example, whether an increase in
the degree of methylation involves new or pre-
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viously methylated residues on the protein mol-
ecule (e.g., methyl-group turnover). In addition,
if the evidence indicates that the increase in-
volves the same type of amino acid residue(s),
then it must be determined whether this reac-
tion involves new peptides or merely a quanti-
tative change in support of an increase in the
rate of synthesis of that particular protein. The
involvement of protein methylation in the con-
trol of cellular processes is not without prece-
dent. Kondoh et al. (11) recently reported a
methyl-accepting protein required for chemo-
taxis in Escherichia coli, and Dilberto et al. (8)
presented evidence which suggests that protein
methylation may be involved in the process of
exocytosis. The question dealing with the in-
volvement of these proteins in the morphogen-
esis of M. racemosus can be answered by exper-
iments involving morphogenic mutants or by
inhibitors of SAM synthetase or protein meth-
ylases. The characterization of the coy mutant,
mentioned in the Introduction, should provide
some definitive answers about the involvement
ofSAM and protein methylation during the shift
in vegetative cell type.
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