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ABSTRACT 

&,&-resolution hquld-chromatographlc methods developed for analyzmg 
nucleotide pools at the nanogram level m four representative specres of ascomycetes 

(Pentctlitum cttrmum, Aspergtllus ntger, Fusartum montltforme, and Cladosportum 
Iterbarum) were used to study polysaccharlde blosynthesls Nucleotides extracted from 
the mycehal mat were preseparated from mterfenng polysacchandes, glycoprotems, 
and nucleic acids on a column of Blogel P-2 Resolution of I8 nucleotldes from each 
fungal species was accomphshed on AS-Pelhonex-SAX, pelhcular amen-exchanger 
by using a hgh-pressure hqmd chromatograph Nucleotldes were identified by 
comparing peak retention-times, by dlfferentlal u v absorption with two detectors m 
senes at selected wavelengths, and by acid or enzymlc hydrolysis with product 
identification by hquld chromatography Pynmldme bases exceeded punnes by at 
least three fold, and undme nucleotldes often constituted 60-80 mole percent of the 
total nucleotldes, extractable cytldme nucleotldes were neghglble Urldme 5’-(2- 
acetamldo-2-deoxy-a-D-glucopyranosyl dlsphosphate) is the preponderant nucleotlde 
throughout the growth cycles of all four species, amounting to 30-60% of all nucleo- 
tides present For all four fungal species, a burst of nucleotlde formatlon was observed 
after the first 48 h (15-30 pmol/g tissue), with fluctuations that eventually fell to 
0 1 pmol/g on the tenth day 

INTRODUCTION 

Upon nuhatmg a detaled study of the fungal biosynthesis of ammo sugars and 
the polysacchandes contimng them, it became apparent that few quantltatlve data 
exist concermng the cellular-poo1 concentrations of “sugar nucleotldes” and their 
precursors, the punne and pynmldme nucleotldes ’ Salvage of the bases, as well as 
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bloenergetlc utlhzatlon of the pyrophosphates in nucleotlde pools for activatton of 
glycosyl groups m acetaI-hnkage reactlons, dictates that there be a dynarmc system of 
feedback from this pool to all other aspects of carbohydrate metabohsm3 4 Fungi 
constitute an mterestmg study of these reactlons, as the bulk of their bxoenergetlc and 
synthetic abllltles IS mvested m polysacchande b!osynthesls 

Although several laboratorles have attempted to quantltate nucleotlde pools 
during_ funoal growth6-’ * 
tlon of nu:leotldes IS nob 

more-advanced methodology for resolution and quantita- 
available with the development of high-pressure hquld 

chromatography and iugh-resolutlon, pelhcular amon-exchange resms13-15 and 
conventlonal resms l6 These ngld, uniform-srze catlomc beads, combmed with low 
dead-volume fittmgs and sensltlve Row-through u v detectors, having Internal 
volumes of 10 j~l, now permit rapld, reproducible assay of nucleotldes at nanogram 
levels 1 ’ ’ ’ 

The present work apphes these recent advances extensively to establish 

quantrtatrve values for nucleotlde-pool concentrations m four ascomycetes, namely, 
Pct~crf/l~~t L ctrznum, Cladosporzzzm he] barzzm, Aspsgzllus nzger, and Fusarzum 
monritforme These four representatives are morpholoacaliy different, and synthesize 
hexosamme-contammg polysaccharldes m different amounts’ Data presented here 
are, therefore, Intended to guide future research on blosynthesls of fungal poly- 
saccharides Although the l~terature’3-‘8 presents apparently stratghtforward 
methods for nucleotlde analysis, the apphcatlon of these methods to fungi IS difficult 
because theu- large. vesicular, mycehai mats contam many extractable glycoprotems, 
polysacchandes, protems, nucleic acids, and a host of other secondary metabolltes 
from which the nucleot!des must be freed before quantltatlon This separation was, 
therefore, also undertaken to deveIop methodology apphcable to nucleotlde analysis 
m other complex bIologIca systems 

EYPERIMENTAL 

Evrractron of nucleotdes from frmngal cuirures - Four pure isolates of 
ascomycetes were obtamed from the fungal-culture collection of the Northern 
RegIonal Research Laboratory, Peona, Ilhno~s Aspergzilus nzger (NRRL 6009), 
Penzczlizum cztrznzrm (NRRL 6010), CZadosporzunz izerbarum (NRRL 6078), and 

I;usarzum momlzforme (NRRL 3 197) These orgamsms nere cultured m autoclaved, 
aqueous yeast extract (0 5% wt/vol, Dlfco, Detroit, Mrctigan) under uniform shaking, 
with each maculated flask contammg I50 ml of medmm Inoculation was effected 
wzth a wire transfer-loop from spores of myceha grown on slants of Sabouraud’s 
dextrose agar (Dlfco, Detroit, Mlcbgan) At appropnate Intervals dunng the growth 
cycle, the cultured bromass was Isolated by suctton through coarse filter-paper and a 
stamless-steel Buchner funnel equipped wth a metal screen (Mllhpore, Inc , Bedford, 
Massachusetts) The mycehal mat was washed on the filter W&I water, and welghed 
lmmedlately (3-10 g of damp biomass per sample) The filtrate was not preserved for 
analysis H-I this study Growth curves for the four fun@ were carefully estimated from 
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total accumulation of biomass A stationary phase was reached on the fifth or sixth 
day of growth in this medium for each organism, and nucleotlde levels were monitored 
until the tenth day 

The sample of mycehum was transferred to a Potter-ElvehJem tissue homo- 
genizer and extracted with cold, aqueous tnchloroacetic acid (10% wt/vol, iO-20 ml) 
The homogenate was quantltatlvely transferred to polypropylene tubes (50 ml) and 
centnfuged in a refrigerated centnfuge at 8009 The extraction with trlchloroacetlc 
acid was repeated twice more on the pellet m the homogenizer and the aqueous layers 
were combined The mycehal pellet was dried m a desiccator over potassium hydroxide 
under dlmmlshed pressure to obtam the dry-residue weight of sample The combmed 
aqueous layers were extracted 5 times with ethyl ether (presaturated with water) to 
remove trlchloroacetlc acid The aqueous layer (pH 2-3) was then adJusted to 

PI-I - 6 8 with potassmm hydroxide, freeze dried, and the residue reconstituted with a 
known volume (3-4 ml) of water (refer to Calculations for the relative quantltles) 
before analysis Solutions were frozen In vials until the next separation step 

Preplrrrficatlon offkngaC nudeotdes bv chr onzatograph on Bzogel P-2 mrlr xate 

elutzon - Polymers required separation from the nucleotldes prior to high-resolution, 
anion-exchange chromatography w:thout accompanymg accumulation of large 
amounts of buffer salts m the nucleotlde concentrate Earher methods employing 
borate complexes of the nucleotide”, or a volatile buffer” on polyacrylamlde-gel 
columns, were unacceptable The procedure devised used simple elutlon from a 
Blogel P-2 cclumn by water, separating the nucleotldes from the bulk of protein 
glycoprotem, polysacchande, and nucleic acid by what appears to be partltlon 
chromatography Biogel P-2 (200-400 mesh, Blo-Rad Laboratories, Richmond 
Cahforma) was swollen m double-dlstllled water and packed into three columns fitted 
with fine-mesh end-filters (2 5 x 50 cm, Pharmacla, Plscataway, N J ) These columns 
were connected In senes to the lY-j,hter, ISCO flow-through detector system 
described later for use with a Baclsch and Lomb Spectromc 700 spectrophotometer 
set at 254 nm Washing and elutlon of the column was effected with double-dlstllled 
water at 160 ml/h by using a M&on-Roy Mmlpump’R (Milton-Roy, Inc 
Phlladelphla, Pennsylvama) Eluate from the monitor was collected mechanically m 
5-ml fractions Samples of the tnchloroacetlc acid extract In a few ml of water were 
applied to the column by means of a hypodermic synnge and a four-way valve port 

A typical separation 1s shown m Fig 1, the nucleotldes emerged prmclpally In 
fractions 1 and 2 at the time-intervals stated The fractions were pooied as In Fig 1, 
lyophlhzed, and the lyoohlhzate taken up In I ml of double-dlstllled water for 
mJectlon Into the high-pressure uquld chromatograph 

Hlgh-pressure hqrtrd chromatograpl~y of nucIeotIdes - A Vanan-Aerograph 
LCS 1000 nucleotlde analyzer was used as the basic system Instead of the con- 
ventional long, narrow, anion-exchange column (3 3 m x 1 mm, I d ), a shorter and 
wider, stamless-steel tube (1 m x 2 1 mm, I d ) was dry-packed with AS-PelhoneuT”- 
SAX, strong aruon-exchanger (Reeve Angel, Chfton, N J ) This packing IS composed 
of pelhcular, hard-core glass beads (37-57 jtrn diameter) having a 1-2 pm-skin of 
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SAMPLE TCA EXTRACT OF A nrger (30ml) 

COLUMN BIOGEL P-2 

CAR R I ER WATER 

FLOW RATE 161 ml/h 

FRACTtDN 3 

\ 

FRACTION 2 
/ 

FRACTION 1 

I 1 I I l- 
1 2 3 4 5 

TIME (h) 

FIN 1 Example of preseparatmn on polyacrylamrde gel @agel P-2) of nucIeotldes extracted from 

fungi (A nrger) Other species gave slmlldr results 

anron-exchange groups To pack the column, the stamless-steel tube was fitted with a 
2 l-mm, stamless-steel fatted disc havmg a 15-pm pore size (Reeve Angel, Clifton, 
N J ) Small amounts of resin were added, and the column was tapped on the floor for 
45 set between additions of resin until the column was filled A 10 cm x I mm (I d ) 
precolumn was connected to the column by a 1 59-mm to 3 17%mm stamless-steel 
umon The precolumn was then packed by the same method A 3 175mm stamless- 
steel end-plug was drIlled through with a 1 59-mm bit A flat-ended, 3 175-mm drill 
was used to clear the Inner wail of the end plug so that the column could be Inserted 
completely mto the port Ieadmg to the detector, so as to mnumize any aead volume 
that could cause turbulent mlxmg The I-m column was colled m one loop to fit mto 
a thermostated oven 

Nucleotlde analysis was effected by use of a lmear buffer-gradient The con- 
centrated buffer was &f potassmm dlhydrogenphosphate (J T Baker, Co, reagent 
grade), pH 4 3, and 0 25M potassium chlonde The dilute buffer was 25mhi potassrum 
drhydrogenphosphate, pH 3 6 Both buffers were passed through an 0 &urn MllllporeB7 
filter (M&pore Corp , Bedford, Massachusetts) before use, to remove dust and 
bacteria The column flow-rate was 24 ml/h, the column pressure, 500 lb mW2 
(gauge), and the column temperature, 70” Pnmary detectron employed a u v 
detector momtonng at 254 nm 

For consecutive momtormg of the sarne nucleotlde peaks at two wavelengths, 
the exit port of the pnmary detector was connected In senes by low dead-volume, 

starnfess-steel capllIary tubmg (1 59 x 0 229 mm, I d ) and low dead-volume umons to 
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a 19+1, IO-mm ilght-path, flow-through cell (rated 200 lb in-‘, Instrumentation 
SpecIalties Corporation, Lmcoln, Nebraska) The cell was fitted into the sample 
compartment of a Bausch and Lomb Spectromc 700 single beam, variable wavelength, 
u v -vlslble spectrometer (generally set at 280 nm) To monitor fluorescent peaks, ap 
Ammco Fluoro-colonmeter havmg a flow-through cell (volume 40 ~1) was slmllarly 
connected, in senes with the elXuent of the cell from the Spectromc 700 instrument 
All three detectors were connected to separate recorders Peak-area molar response- 
factors were calibrated for each separate detector 

Identifcatlon of nucleotides, calculatron of sample quantltres from detector 

responses, and recotery of standard nucleotrdes after extt actlon mth trrchloroacetlc 

acid - In both the standard mixtures (hlgn-punty nucleotldes obtained from Sigma 
Chemical Co, St Louis, Mlssoun, and P-L Blochemicals, Inc , Milwaukee, 
Wlsconsm) and the biologIca extracts, nucleotldes were Identified by their retention 
times, by “spiking” the standards, and comparmg the ratlo of peak areas at two 
different wavelengths (usually 254 and 280 nm) Retention times of both standards and 
fungal nucleotldes are shown m Figs 2-5 Furthermore, sugar nucleotldes and other 
nucleotldes were ldentlfied by enzymlc hydrolysis with snake-venom Fucleotldase II 
(pyrophosphatase, Sigma Chemical Co , St Louis, Missouri) To 50 ~1 of the 
nucleotlde preparation were added 10 ~1 of hl magnesmm chloride, and approximately 
one Dg of snake-venom nucleotidase II The hydrolyzed nucleotldes were collected 
remJected, and products identified UDP-hexosamme peaks were also identified by 
acid hydrolysis (8&1 hydrochloric acid for 2 h at 95”), evaporation of the acid under 
vacuum, dlssolutlon of the residue m pH 2 3 citrate buffer and quantltation of 2- 
ammo-2-deoxy-glucose or -galactose by means of a Beckman ammo acid analyzer’ ‘, 
with the computer Integration and ammo sugar program prepared for this In- 

strument** Fluorescence detectlon was valuable for monltormg the nucleottde 
chromatograms to rule out the posslblhty of fluorescent lmpurltles Purmes and 
pynmldmes were determined by cation-exchange chromatography after hydrolysis 1r 
88% formic acid and elutlon with 0 01~ ammomum dlhydrogenphosphate, pH 5 56 

Recovery of standard nucleotldes from the trichloroacetlc acid extract was 
performed by the same procedure described The nucleotlde standards were prepared 
gravlmetrlcally The standards were also passed through a prepurlficatlon step on 
Blogel P-2 (see later for details) Recoveries were calculated as an average, percentage 
recovery after anion-exchange resolution of the mixture and calculation of peak-area 
ratios for mdlvldual components (m order of elutlon as m Fig 4), affording the 
followmg results, 

CMP 1042% UMP 97 8% AMP 101 4% GMP 1001% 
CDP 103 5 UDP 103 7 ADP 99 4 GDP 98 8 
CTP 102 9 UTP 1000 ATP 98 8 GTP 99 9 

These values averaged 100 9% for all nucleotldes, mdlcatmg that there 1s complete 
recovery of nucleotides and that none were decomposed durmg the extractlon 

procedure 
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016 

008 

I 

SAMPLE2 10 pi_ TRICHLOROACETIC AClD EXTRACT OF 

A mger (FRACTION 1) 

0 ! I 0 I 10 20 r 1 

30 40 
I 

50 6(3 70 
TIME [mln) 

FE 2 Chromatogram mon.tcred at 254 nm for nucleotldes m fracuon 1, Fg 1. 

I SAMPLE 10 PL TRICHLOROACETK ACID EXTRACT OF 

A ntger (FRACTION 1) 

-c 
0 

--I - 10 , 20 , 
30 40 50 

TIME (mm) 
60 

FIN 3 Chromatogram momtared at 280 am for nwleahdes ID fraction 1, Ag 1 
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SAMPLE ~O~.ILTRICHLOROACETIC ACID 
EXTRACT OF 

A nm?r (FRACTION 2) 

a 

TIME (mlr) 

Fig 4 Chromatogram monitored at 254 nm for nucleotldes In fractron 2, Fsg 1 

006 

1 

SAMPLE 20 pL TRICHLOROACETIC ACID EXTRACT OF 

A nrger (FRACTION 2) 

- 
0 10 20 30 40 50 

TIME htn) 

Fig 5 Ch-omatogram monitored at 280 nm for nuckotldes m fraction 2, Rg 1 
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For each nucleotlde InJected, the peak area (peak height x peak width at half 
height, mm) was plotted agamst the amount InJected (nmol) The slope of tbs plot 
1s the peak-area response-factor for each oucleotxde The slope calculated m the range 
of hnear response on the plot was used for quantitatlon 

Peak-area response-factors (plcomol/mm’) for nucleotldes determined at 
254 nm were as follows 

CMP 2031 UMP 1678 AMP 900 GMP 421 
CDP 1240 UDP 36 52 ADP 2100 GDP 1906 
CTP 99 35 UTP 32 72 ATP 22 72 GTP 24 93 
NAD’ 14 73 UDP-Glc 26 49 UDP-GlcA 21 83 GDP-GlcNAc 24 58 
GDP-Glc 14 27 GDP-Man 17 96 

By using the foregomg Information, the formula for calculatmg the quantity of 
each nucleotlde m the fungal biomass IS as follows 

moles of nucleot:de 
= 

gram of lyophlhzed 
mycelium 

lyophlhzed weight, m grams, of mycelmm extracted 

The total volume of each fungal-nucleotlde sample from the extract was 
usually 1-2 ml, and the volume Injected was 5 or 10 ~1 The we&t of lyophrllzed 
mycehum ranged from 0 3-l 0 g Results for all four fun@ reported m Tables T-IV 
were calculated m this way Blanks m certam columns of Tables I-IV mdlcate that 
the correspondmg nucleotlde was not detected wtlun the lm~ts of thus instrument 
during the analysis Duplicate samples taken from the sample culture were pooled for 
each point m the growth curve and had an average standard-deviation of t3% 

RESULTS AND DISCUSSION 

Well-resolved separatrons of nucleotldes on the dry-packed, pelhcular anion 
exchanger (such as FIN 4) were reproducible dunng several years However, the 
columns were changed at six-monthly intervals to prevent loss of efficiency through to 
possible degradation of the resm The nucleotxdes themselves, m standards or 
extracts, were stable and showed degradahon only after several cycles of thawmg and 
refreezing The basic chromatograpluc-system described here IS a practical tool of 
great stab&y, proved m hundreds of nucleotide assays to perform m a manner that 
affords accurate determmatlons of the bxologcal medmm Column stablhty, per- 
formance, and response factors were momtored by penodlc InJectIon of standard 
nucleotides for compmson with earher analyses 



C
M

P 

U
M

P 

A
M

P 

C
M

P 

U
D

P.
G

lc
N

A
c 

C
D

P 

U
D

P+
 N

A
D

P 

A
D

P 

G
D

P 

3,
95

8 18
.2

1 

1,
65

0 7.
59

 

62
 0.
28

 

4,
80

8 22
.1

2 

88
3 4,

O
G

 

2,
13

6 9.
83

 

3,
05

7 14
.0

6 

18
1 0.

83
 

S8
@

 

0.
38

b 

49
2 3.

25
 

25
5 la

68
 

79
6 5.

26
 

6,
67

3 44
,f

l 

15
5 I.

21
 

1,
90

3 14
.8

6 

37
 0.
29

 

3,
74

9 
29

,2
8 

48
2 

fi
,G

ll 
3.

18
 

20
.3

9 

2,
80

9 
1,

24
4 

18
.5

7 
9.

12
 

68
 

17
6 

0.
45

 
1.

37
 

80
 I .
oo

 

27
 0.
34

 

13
 

0.
16

 

5,
43

4 
67

.8
3 

1,
19

8 
1,

57
4 

1,
53

7 
14

.9
5 

10
.9

7 
16

.4
1 

75
 

99
9 

55
1 

0.
94

 
6.

96
 

5.
88

 

I7
4 I.

21
 

71
 0.
49

 

34
 0.
24

 

I2
 0.
08

 

8,
98

7 62
.6

5 

26
 0.
28

 

I8
4 1.

96
 

14
4 1.

54
 

25
 0.
27

 

5,
13

1 
54

.7
9 

45
3 4.

43
 

95
 0.
93

 

12
9 1.

26
 

3,
33

3 
32

.5
9 

2,
61

1 25
.5

3 

7%
 7.
39

 

95
 

0*
03

 

10
8 0.

69
 

23
8 1.

52
 

41
3 2.

64
 

5,
65

3 36
.1

3 

1,
02

4 6.
54

 

1,
64

3 10
.5

0 

38
4 2.

45
 

1,8
51

 18
.5

6 

1,
36

3 13
.6

7 

32
 

0.
32

 

1,
11

2 Il
.1

5 

1,
91

9 19
.2

4 

68
3 6,

85
 

45
2 45

3 

(T
af

t fe
 co

ttt
in

ue
d o

tt 
p.

 4
62

) 

k 



462 C. Y. #O, FL M. TifCNAfR, J. R. %‘ERCELf.OTTS 



ANALYSIS OF NUCLEOTIDE PSOLS 

TABLE II 

QUANTITATIVJZ RELATIONSHiPS OF TOTAL NUCLEOTIDES DURING GROWTH CYCLE OF 

Penrcillrum crtrrnum 

463 

20 40 64 90 114 I37 I65 I85 

UMPO 7,21Sb 2,295 
49 45f 31 81 

AMP 

GMP 

UDP- 
GlcNAc 

CDP 

I,378 
944 

101 
0 69 

793 
5 43 

UDP+ 
NADP 

ADP 

158 
1 08 

3,350 
22 95 

GDP 

CTP 

UTP 

ATP 

306 509 
2 10 706 

799 118 
5 47 I 64 

GTP 

UDP-Gal + 
UDPGlc 

GDPGlc 

393 149 372 2046 88 194 
2 69 2 07 3 67 9 86 1 59 2 23 

GDP- 100 
Man 0 69 

Total” 14,596 7,217 

114 
1 58 

1,395 
19 34 

1,286 
17 83 

960 
13 31 

293 
406 

12 
0 17 

83 
1 15 

829 
1685 

551 
11 20 

25 
051 

2,313 
47 00 

1,834 3,563 
18 08 1705 

128 
1 26 

1,521 3,100 
27 47 35 62 

231 395 
4 17 4 54 

14 
0 25 

2,672 8,157 
26 34 39 33 

1,281 
6 18 

2,824 4,110 83 
51 00 47 23 5764 

484 
9 84 

168 
3 41 

50 
1 02 

174 
3 54 

153 
3 11 

173 
3 52 

407 1,341 98 493 
401 6 47 1 77 5 67 

502 487 114 240 
495 2 35 206 2 76 

368 147 
1 77 1 69 

1,680 
8 10 

4,071 806 
40 13 3 89 

147 549 
1 45 2 65 

151 
0 73 

148 
2 67 

276 
4 98 

1 11 340 223 23 
002 011 164 403 0 26 

4,921 10,144 20,742 5,537 8,702 

61 
42 36 

144 

“No CMP was detectable “nmol/g of lyophdlzed mycelrum =Mole % of all nucleotldes present 
‘Refers to nmoles of all nucleoades per gram of lyophlhzed mycehum 
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TABLE III 

QUANTITATIVE RELATIONSHIPS OF TOTAL NUCLEOTIDES DURING GROWTH CYCLE OF 

Fusarrum monrlrforme 

Nucleotrde Grouh tjme (h) 

43 67 99 I21 143 167 191 215 

UMP“ 1,788 4,174 2,211 1,846 
5 24’ 1648 1244 1093 

AMP 2,355 163 22 2,332 
6 91 064 0 12 13 81 

GMP 24 
0 07 

UDP- 10,791 13,502 9,998 6,940 
GlcNAc 31 66 53 31 56 27 41 10 

CDT 4,231 
1241 

UDP+ 1,406 1,076 1,259 4,130 
NADP 4 13 425 709 24 46 

ADP 1,524 2,362 827 604 
4 47 9 33 4 6.5 3 58 

GDP 312 130 46 
0 92 0 51 027 

CTP 137 106 613 
040 0 60 3 63 

UTP 2,070 966 621 
6 07 3 81 3 50 

ATP 3,142 1,005 1,670 117 
9 22 3 97 940 0 69 

GTP 435 191 69 
1 28 0 75 039 

UDP- 
Gal+ 2,071 
UDPGic 6 08 

UDP- 1,590 1,567 564 
GlcA 4 67 6 19 3 17 

GDP- 2,206 191 420 258 
Mm 647 075 2 36 I 53 

3-0: al* 34,080 25,327 17,767 16,886 

279 343 
646 8 91 

169 65 
3 92 1 69 

12 5 
0 28 0 13 

I 948 2,215 
45 13 57 53 

240 158 
9 07 4 56 

655 1,686 
24 76 48 66 

149 190 463 140 
345 4 94 17 50 404 

316 370 215 20 
7 32 9 61 8 13 0 58 

144 
3 34 

270 
626 

142 
3 29 

132 
3 43 

93 33 
3 52 095 

296 866 
11 19 24 99 

887 
20 55 

479 
12 44 

51 
1 32 

86 
3 2.5 

564 
21 32 

33 
1 25 

537 
1550 

25 
0 72 

4,316 3,850 2,645 3,465 

“No CMP was detectabie *nmolig of iyophked mycelmm =Mole% of all nucleotldes present 
dRefers to nmoles of all nucleotIdes per gram of lyophlllzed mycelmm 
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TABLE IV 

QUAN-CITATNF REL4TIONSHIPS OF TOTAL NUCLEOTIDES DURING GROWTH CYCLE OF 

CIadosporrum herbarum 
Nucleotrde Growth time (h) 

44 70 96 120 244 187 234 

CMP 

UMP 

AMP 

GMP 

UDP-GlcNAc 

UDP + NADP’ 

ADP 

GDP 

CTP 

UTP 

ATP 

GTP 

97” 
0 78b 

1,698 
13 71 

136 
I 10 

83 
0 67 

6,301 
50 a7 

752 
6 07 

916 
7 39 

712 
13 90 

70 
1 37 

11 
021 

1,477 
28 82 

201 
3,92 

1,991 
38 86 

137 
1 11 

454 
3 67 

299 
241 

1,330 329 
10 74 6 42 

UDP-Gal+ UDPGlc 318 
621 

UDP-GlcA 

GDPGlc 

GDP-Man 184 15 
1 49 029 

Total“ 12,387 5,124 

608 446 
19 51 6 85 

203 516 
6 51 793 

26 31 
0 83 0 48 

568 7,363 
18 23 20 93 

771 1,671 
24 74 25 66 

337 486 
10 82 746 

155 69 
4 97 1 06 

107 351 432 
3 43 5 39 728 

293 999 787 
9 40 1534 13 27 

297 190 
4 56 3 20 

176 
2 70 

48 106 
1 54 1 63 

3,116 6,511 

597 
1007 

339 
5 72 

1,612 
27 18 

1,277 
21 53 

400 
6 74 

233 
3 93 

718 528 
19 92 13 71 

98 223 
2 72 5 79 

12 23 
0 33 0 60 

632 947 
17 53 24 58 

741 373 
20 55 9 68 

153 563 
4 24 1462 

152 74 
4 22 1 92 

83 
2 30 

279 
7 74 

132 
3 43 

503 
13 06 

23 
0 60 

141 
3 91 

356 
9 88 

143 
3 71 

150 
3 98 

15 
0 39 

63 24!I 155 
1 06 6 66 402 

5,930 3,605 3,852 

“nmol/g of Iyophlhzed mycelmm *Mole% of all nucleot&s present CNo CDP was detectable 
“Refers to nmoles of all nucleotxles per gram of lyophillzed mycelmm 
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As a preparative tool, a column of Brogel P-2 was employed to prepunfy and 
concentrate the nucleotrdes from the tnchloroacetrc acrd extract Attempts to bypass 
this preseparatron step resulted m unacceptable results through poor resolution and 
sensrtrvrty of nuclcotrde detection, loss of hneanty m absorbance, peak tathng, and 
other factors Tn Frg 1, the fractions I and 2 still contamed some polysacchande and 
protem, as determined by ammo acid analysis and by g 1 c of their hydrolyzates 
However, fractron 3 m Fig I contamed the bulk of these non-nucleotrde materials,, as 
determined by protein determmatron, phenol-sulfunc acrd assay for carbohydrates, 
and punne-pyrtmldme determmatron after hydrolysis m 88% formrc acrd It was not 
expected that the polysacchandes and other products would be retained so long on the 
column of Brogel P-2 In attemptmg the prepunticatron of nucleotrdes on Brogel P-2 
wnh water elutron, It was anticipated that the matenal of higher molecular werght 
would emerge rn the void volume (with some nucleotrdes possibly complexed m their 
matnx) This expectation would be consrstent wrth normal gel-filtratron behavior 
However, we suggest that elutton wrth water partrtrons the higher-molecular weight 
mater-ml through the prnmary amide hydrogen-bonds and residual free carboxylate 
groups of the acrylamrde gels as a statronary phase, while at the same time some 
molecular sievmg of the nucleotrdes takes place The present procedure on Brogel P-2 
IS comparable to that reported by Khymlg, m winch he used borate complexes of the 
nbonucleosrdes on Brogel P-2 to effect separatron of nbonucIeotrdes (at the void 
volume), nucleosrdes, pynmrdmes, and punnes, m that order of elutron 

ldentrficatron of the nucleotrdes by drfferentral u v absorptton through the use 
of detectors m series has proved m this work to provide an effective method of 
charactenzatlon By usmg relatively mexpensrve, spectrophotometnc equipment 
found m most laboratones, mdrcatrons are grven for subsequent steps m charac- 
tenzatron of a peak Because the detectors were sensrttve to as little as 50 nanograms 
of nucleotrde m a peak, It was not always practrcal to collect the very smallest peaks 
for hydrolytrc studres and product exammatron However, by vrrtue of the pre- 
purification on Brogel P-2, the peak retention-times became very reproducible and, 
by “sprkmg” the column with standards, became quite reliable for the variety of 
nucleotrdes present m the fungal extracts 

Fractions 1 and 2 from the Brogel P-2 column were momtored consecutrvely at 
two different wavelengths (254 and 280 nm, see Fogs 2 and 3, and 4 and 5) Visual 
comparison of the relative peak-areas at the two wavelengths for any one nucleotxde 
mdrcates the reproducrbrhty of the absorbance ratro Thrs ratro was determined for 
each nucleotrde and used as a physical constant in its tdentrficatron Advantage was 
taken of absorbance ratros for rdentrfymg sugar nucleotrdes before and after 
hydrolysis by pyrophosphatase The result was that, m Frgs 2 and 3 or 4 and 5, the 
peaks for pyrophosphate-hnked dmucfeotrdes (NADf, NADP+, UDP-Glc, UDP- 
GIcNAc, UDP-GlcA, and the hke) drsappeared after treatment with pyrophosphatase, 
wrth correspondmg elevatron m the mononucleotrde peaks resulung from the cleavage 

A drstmct advantage rn the use of hqurd-chromatographuz methods IS the small 
amount of fungal mycelmm needed to effect determmatron of nucleotxdes Thus, m 
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other expenments on these growth studies, even fungi grown on solid, damp, corn 
meal could be extracted, and a complete resolution of nucleotldes performed with 
hrgh recovery Apphcation of this nucleotlde method to many kmds of micro- 
orgamsms and tissues seems feasible as a general method for comparative turnover 
of nucleotldes during growth 

In Tables NV, the results of momtonng nucleotlde turnover during fungal 
growth are hsted In the eukaryotrc orgamsm, there are many comphcatlons In 
mterpretmg the metabolic meaning of nucleotlde concentrations at various times in 
the growth cycle3-5 These problems wrth analysis of nucleotlde turnover are brought 
about by action of nucleases on polynucleotldes, by Cte SOLO synthesis of purlne and 
pynmldme nucleotldes, and operation of salvage pathways for the nucleotldes The 
present study emphasizes the blosynthesls of the polysaccharlde precursors, the 
nucleoslde 5’-(glycosyl dlphosphates) Hassld has considered the bloenergetlcs of 
formanon of the latter as reactive intermediates” The efficiency of quantltatlve, 
enzymrc converslon of the nudeoslde 5’-(glycosyl dlphosphates) mto polysaccharldes 
zn vztro IS very high’, and the equlhbrlum constants for the glycosyl-transferase 
reactlon he far to the right However, the dynamics of formation of nucleoslde sugar 
dlphosphates zn DZZO could be one source of regulation of poiysaccharlde blosqnthesls 

As no other stnct quantltatlon of nucleotlde levels on a mole-percent basis 
throughout the growth cycle of fungi has been reported, the data reported rn 
Tables I-IV for nucleoslde 5’-(glycosyl dlphosphates) give some concept, In form of a 
profile of what these levels are m the pool Earher work on analysis of nucleotldes In 
funo1’-12 was hmlted to very long penods of time for product resolution, with the e 
result that the type of tabulation of products presented m Tables I-IV was lmpractlcal 
ln this study, duplicate cultures of each species could be extracted, and the nucleotldes 
resolved, peaks Identified, and components quantltated durmg a s’lort period of time 
This 1s no crltlc1s.m of the excellent work reported m references 7-12, but rather an 
extension and confirmation of the painstaking work reported therem In fact, the 
nucIeotIdes that were posmvely identified by high-pressure hquld chromatography 
are probably not the only nucleotldes present, and as many as a dozen minor, 
umdentlfied peaks are present m chromatograms such as Fig 4 Balllo ldentlfied 26 

nucleotide-refated compounds In an acid extract of Flcsarzzrm species Interestmgly, 
Balho’s estimate of the nucleotldes present was 1500 pmol1100 g dry-weight of 
mycelmm’, and the results for the four ascomycetes reported here are generally of a 
similar order of magnitude at the peak of nucleotlde production ~~moI/IOO g) 
A nzger, 2173, P crirznum, 1459, F monzlzforme, 3408, and C izerbnrzznz, 1238 jlmoles/ 
100 g (Tables I-IV), the last seems to be lower m total nucleotlcles throughout the 
growth cycle 

Total nucleotldes m nmol/g of dry-weight tissue Increase sharply for all four species 
dunng the first 40 h of growth (see totals, Tables I-IV) The washed mycehum could 
not have simply absorbed this quantity of nucleotlde from the ye&St-extract medium 
wbch has nucleotlde concentrations that are relatively much lower (baseline values of 
100 nmoljg) With nses and falls, evident throughout the cycle, al1 four species cease 
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growth with much lower nucleotlde totals than after the first 4.0 h With depletion of a 
hmltmg metabollte as the probable cause for growth levels to have stopped where 
they did, under the same circumstance of growth, P cr~rurrrm not only had the 
shortest growth-time span, but also the lowest nucleot:de level at the end of tfils penod 
Analysis for total weight of mycehum and extent of hexosamme blosynthesls for 
these four orgarnsms rn separate expenmentsz3 mdlcated that both values mcrease 
slgmoldally almost to the end of the growth cycle of the orgamsm, whereas the 
changes m nucleotlde levels are more paraboloid All the curves for total nucleotldes 
display more than one maximum, and the concentrations of mdlvldual nucleotides 
themselves oscillate through peaks Assays of the culture titrates are not included m 
these studies However, rt should be noted that al! of the fun@ studied do secrete 
nucleosldes into the medmm, but little phosphoryIated nucleotlde These extra- 
cellular nucleosides are probably Important m terms of recovery of the pool size 
through reabsorption. Previous workers have found ths same phenomenon with 
respect to nucleosldes m the medium’ ’ 

In the present work, the findmgs of Bezborodov et al 1 1 I2 and others6-lo are 
confirmed that, regardless of the age of the fungal cuIture, or cultlvatlon cond,tlons 
for ascomycetes, the preponderant nucleotldes m the fun@ studled are undyhc acid 
denvatlves (60-80% of all nucleotldes) Such dominance by tne pyrlmldme pathway 
IS contrasted to the very low content of cytldylrc acid denvatlves (Tables I-IV) One 

explanation could be a rapld turnover of cytosme, and salvage through Its deammase 
after utrhzatron to recover undme of the pool In general, the bases were, In de- 
creasing order of concentration urldme Z adenme > guanme > cytosme (Tables I- 
TV) 

Although it IS assumed that nucleoslde sugar dlphosphates are pnnclpally 
utrlrzed m polysacchande blosynthesls (Tables I-IV), of all the sugar nucleotldes, 
urldme 5’-(2-acetamido-2-deoxy-ct_D-glucopyranosyl dlphosphate) (UDP-GlcNAc) 
preponderates, even surpassing other nucleotldes m the four species studied Hexo- 
samme-contammg polysacchandes and glycoprotems represent only a lesser part of 
the tota glycan of these orgamsmsz3, with (1+3)-fl-D-glucan bemg the prmclpal 
structural polysaccharlde Other workers 6-1 * have reported high levels of UDP- 
GlcNAc m fun@, but these earher studies were not on as quantltatlve a basis as the 
present work The culture medium contams httle hexosamme (2-ammo-2-deoxy-D- 
glucose or -galactose) at the outset UDP-GlcNAc and UDP-GalNAc were not 
resolved from each other on the anion-exchange column Hydrolysis and analysts of 

hexosammes m the collected UDP-GlcNAc peaks by use of an ammo acid analyzer 
showed that -Z 1% of the hexosamme m the UDP-hexosamme IS 2-ammo-Sdeoxy-D- 
galactose, although other work m this laboratory 23 has confirmed that both of the 
foregoing hexosammes are present m the fungal glycosammoglycans produced, m the 
ratlo of about 4 parts 2-ammo-2-deoxy-D-glucose to 1 part Zammo-2-deoxy-D- 
gaIactose UDP-Glc and UDP-Gal are only moderate!y resolved from the UDP-NAc 
hexosammes, although the resolution was adequate for quantitatlon of each 

AtkmsonL4-27 defined the energy charge of mtracellular nucleotides as 
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E = (ATP + 1/2ADP)/(ATP + ADP + AMP) After extensive hterature survey, very 
few examples of nucleotlde analyses durmg growth of ascomycetes could be found 
Srzuth and Valenzuela-Perez have published data from which the enkrgy charge of the 
ascomycete A nzger could be calculated ” The value of E thus calculated from then 
data for funs ranges from a ratio of 0 35 to 0 57 (Table V) The average E value 
calculated from Tables I-IV 1s 0 60 for A nzger, 0 63 for C herbarztm, 0 60 for F 

monzlzforme, and 0 45 for P cztrznzrm (Table VI) Although E has been shownz4-” 
to fall within a narrow range of 0 85 to 0 90 for a wide vanety of organisms (not 
mcludmg ascomycetes), values calculated from the data by Smith and Valenzuela- 
Perezz8 and m Table VI show that E IS possibly smaller when calculated on the basis of 
total biomass of fun@ Values determmed m ths study he very close to the range 
pubhshed by Srmth and Valenzuela-Perez These data are remforced by a recent 
report by Subramaruan2’, who, on careful analysis of the energy charge of A flavus, 

found E to fall m the range of 0 31 to 0 51 dunng normal growth leading to bro- 
synthesis of aflatoxm Given the blologtcal fluctuations made apparent by plotting 
vaIues m Tables I-IV L’S time, an addItiona explanation of these low energy-charges 

TABLE V 

ENERGY CHARGE OF A nrger CALCULATED FRO’4 LITERATURE VALUES’S 

Spormg mycelmmD Non-spormg mycekunP 

Growth time (h) 24 4a 12 96 24 48 72 96 
E EIlC 040 041 0 57 0 53 0 35 0 50 0 50 0 46 
E I” 048 0 45 

=A mger m llquxd medium Calculations made from values for AMP, ADP, and ATP reported by the 
authors 

TABLE VI 

ENERGY CHARGES CALCULATED FROM TABLES I-Iv FOR FUNGI DURING GROWTH CYCLES 

A nrger 
Time (h) 

E 

C herbarrtnr 

Time (h) 

E 

F n~onrhfornxe 
Time (h) 

E 

P cmmunl 
T1-ne (h) 

E 

45 51 71 120 142 165 189 

0 56 0 50 0 28 0 79 0 78 0 66 0 67 KY 0 60 

44 70 96 120 144 187 234 

0 75 0 53 0 56 0 62 0 65 0 67 0 61 E,, 0 63 

43 67 99 121 143 167 191 215 

0 56 0 62 0 83 0 12 0 58 042 0 78 098 E.y 0 60 

20 40 64 90 114 137 165 

0 45 0 50 0 29 051 0 67 0 54 0 19 -JZ” 0 45 
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could he m the multmucleated chambers of the hving cells of fungal mycehum Some 
of these cells are newly drvrded, whereas others are old or dying The E value found 
for these fung probably reff ects an average for healthy and old cells Values for other 
specres of mtcroorgamsms studted by Chapman, Fall, and Atkinson3’ and for 
nutrmonal and anaerobrc stress-condmons of S cerevi~zae by Ball and Atkmson3’, 
show explrcable devlatron from the value of 0 8-O 9 for Em healthy cells The present 
study Indicates that further work IS needed to explam anomalous energy-charge states 
of ascomycetes 

In conclusion, therefore, the methodology and results of this study on fungal- 
nucleotlde analysis and turnover are a starting pomt to further mvestlgatlons of 

perturbants of blosynthesls of fungal polysaccharldes The practrcal value of fungal 
polysaccharrdes warrants continued careful study of the metabohc regulatton leadmg 
to promotron of then brosynthesls, or represslon of undesrrable products The present 
assay method for fungal nucleosrde srlgar drphosphates wdl pemnt such a study of 
polysacchmde blosynthesls at the metabohc-precursor level 
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