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ABSTRACT 

The blue-green alga Agtnenelhun quadmplicatron (strain PR6) has been used 
to prepare photoblosynthetically 13C-labeled D-glucose, 2-U-(cc-D-glucopyranosyI)- 
glyceric acid (glucosylglycerate), Z-hydroxy-l-(hydroxymethyl)ethyl cc-D-gluco- 
pyranoside (glucosylglycerol), and a-D-glucopyranosyl /?-D-fructofuranoside (sucrose). 

When grown to a cell density of 4.4 g.L-’ (dry weight) under mtrate-mtrogen hmitmg 
growth conditions for 120 h, the algal cells contained 38% of the dry-cell weight as 

(1+4)-cc-D-glucan (amylose). About 1% of the dry-cell weight was glucosylglycerol, 
glucosylglycerate, and sucrose. Glutamate was obtained, together with carbohydrates 
of low molecular weight, when the cells were extracted with chloroform-methanol; 

D-glucose was recovered from the extracted cells by acid hydrolysis of the starch. 

The algae were grown by 
labeled carbohydrates and 

spectroscopy_ 

using 20 mol% [‘3C]carbon dioxide for preparation of 
for cellular component identtfication by whole-cell n.m.r. 

INTRODUCTfON 

We have described the biosynthesis of D-[U-13C]glucose using the tobacco 

leaf’. This system eives a 50-60% recovery of 13C as umformly ‘3C-labeled carbo- 
hydrates (starch, glucose, fructose, and sucrose); however, an SO- to go-day plant 
growth-period is required, and the products contain some endogenous (unlabeled) 
material. The unlabeled material gives the labeled compounds a lower 13C-enrichment 
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level than the labeling precursor ([13C]carbon dioxide). The blue-green alga Ag- 
menellum quadruplkatum (strain PR6) has been shown to produce high levels of 
carbohydrate when grown on uric acid, although the composition and amounts of 
each type of carbohydrate present in the cell were not determined’. Here we report 
the biosynthesis of uniformly 13C-labeled amylose from A. quadrrlplicatnm (strain 
PR6) using nitrate-nitrogen, limiting-growth conditions. In addition, the minor 
carbohydrates [2-O-(a-D-glucopyranosyl)glyceric acid (glucosylglycerate, l), 2- 
hydroxy-1-(hydroxymethyl)ethyl cc-D-glucopyranoside (glucosylglycerol, 2), and K-D- 
glucopyranosyl @-D-fructofuranoside (sucrose)] have been identified by using 13C 
n.m.r. spectroscopy. 

The appearance and accumulation of carbohydrates of low molecular weight 
in A. quadrnplicattmz grown under nitrogen-limiting conditrons are first described 
here; however, the presence of such other low-molecular-weight carbohydrates as 
galactosylglycero13, mannosylglycerate*, sucrose’, and polyhydroxy alcohols6 has 
been reported for other algal types. The presence of these low-molecular-weight 
carbohydrates in algae may be a direct result of nitrogen depletion in the cell that is 
accompanied by a loss of cellular protein and an increase in intracellular salt content. 
These carbohydrates have been shown by Craigie and McLachlan’ to play a role in 
osmoregulation; they have also shown that the intracellular level of carbohydrates of 
low molecular weight depends on the composition of the extracellular materials_ 

The preparation of uniformly r4C-labeled glycogen (mg amounts) using 
Anacysris nidulans has been described by Lehman and Wiiber’. Using nitrogen- 
limited incubation methods, they reported an accumulation of cell glycogen between 
30 and 90 h; however, the glycogen content of the cells is related to the chlorophyll 
concentration which, as stated by the authors, cannot be measured accurately during 
the reported glycogen accumulation-period. They further reported a yield of 5% 
by dry weight for glycogen from cells after incubation_ As discussed by Hough 
et aL9, this level is within the normal concentration range when fresh-water blue- 
green algae are grown under the conditions described. In practice, we have not found 
the carbohydrate-to-chlorophyll ratio useful when algae are incubated and/or grown 
under nitrogen-limiting conditions. 

EXPERIMENTAL 

Apparatus. - The algae were grown in an apparatus consisting of three 40-L 
polycarbonate chambers joined together on a common oscillating mechanism’*lO. The 
temperature of the medium (39”) in each chamber was controlled by a temperature 
controller that operated solenoid valves regulating the flow of coolant (at O”) from 
external refrigerated baths. Air circulation around the growth chambers was provided 
by fans. The chambers were illuminated from above and below the plane of oscillation 
with very high-intensity natural-outdoor fluorescent lamps. The light intensity was 
70,000 lux at the chamber surfaces. The chambers were oscillated horizontally 
(28 oscillations per min) to provide the necessary culture agitation. The pH of the 
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culture medium was maintained by the automatic addition of [13C]carbon dioxide. 
The external pH meters and controllers were set to maintain the pH of the growth 
medium between 8.2 and 8.4. As carbon dioxide was fixed by the algae, the pH of the 
growth medium rose to 8.4, and additional carbon dioxide was added to decrease 

the pH of the medium to 8.2. A positive pressure (10 cm of water) was maintained 
inside the chambers by venting the contained gases through gas-washing bottles filled 
with carbon dioxide-free, 5~ sodium hydroxide_ Unused [13C]carbon dioxide was 
recovered in this manner. 

CeII cuhrre. - The culture of blue-green algae was aseptically transferred 

from an agar slant to a 500-mL Bellco spinner flask and grown in liquid culture 

medium” for 3 days. When the culture density in the spinner flask reached 0.5 g.L-’ 
(dry weight), the culture was transferred to a 2.4-L flask and diluted with fresh growth 
medium. After 3 days of growth in the 2.4-L spinner flask, the algal suspension was 

transferred to 18 L of fresh growth medium. This solution was used to inoculate 

the growth chambers. Each of the three growth chambers was filled with 6 L of algal 
suspension and 14 L of fresh growth medium. Growth was monitored by measuring 
the culture density at 550 nm with a Bausch and Lomb Spectronic Model 20 spectro- 

photometer and by determining the dry weight of cells contained in 200 mL of growth 
medium. The change in culture density (dry weight of cells per liter of growth medium) 

I , I I I I 

Ttme (h) 

Fig. 1. Agnlerrelllrtn qttahplicatttttt (strain PR6) cell mass per unit vohrme for a 120-h growth 
period. The dry-cell weight was determined by removing 200 mL of algal suspension from each 
growth chamber. The cells were removed from the growth medium by centrifugation (5000 x g for 
10 min), resuspended in cold (4”) distilled water, washed twice, and lyophilized. Q 
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is shown as a function of time in Fl,. ‘0 1. Growth was terminated after 120 h of in- 
cubation. The cell suspension was removed from the growth chambers and rapidly 
cooled to 4” in cold, physiological saline. The cells were collected by centrifugation 
with a Sharples Model 16 open-type, continuous-flow supercentrifuge and were 

lyophilized and stored at -20”. 
Isolation of carbohydrates. - The labeled simple carbohydrates (glucosyl- 

glycerol, glucosylglycerate, and sucrose) were extracted from the dry algae with 

2 : I (v/v) methanol-chloroform. The cells (25 g dry wt) were suspended in 1 L of the 
methanol-chloroform solution_ The suspension was refluxed (65”) in a nitrogen 
atmosphere for 2.5 h, cooled to 25”, and filtered; the cell debris was washed with 
500 mL of 2: 1 (v/v) methanol-chloroform. The extract and wash solutions were 

cooled to 4’ and set aside. The cell residue was lyophilized to give 21 g of cell material 
which was suspended in 900 mL of 0.25hr trifluoroacetic acid (TFA). The solution 

was refluxed (95 “) for about 24 h. When the maximum concentration of D-glucose was 

achieved, as measured by enzyme assay (Calbiochem glucose reagent), the mixture 
was cooled to 4” and the unhydrolyzed ceil debris removed by centrifugation. The 

crude glucose solution was treated with 200 g of Dowex-1 x 2 (XI-100 mesh, OH-) 
to remove TFA, and the pH was adjusted to 6.5 with 10 g of Dowex-:-SOW x 2 

(50-100 mesh, Hi)_ The solution was concentrated to a thick syrup, and the glucose 
crystallized by adding ethanol. The crystalline glucose, m-p. 146-150”, weighed 13 g, 
and the specific rotation was [z]:’ f 51.2” (c 2.5, water)_ 

The solvent was removed from the methanol-chloroform extract, which \vas 

dissolved in 25 mL of water, and chromatographed on a column of Sephadex G-15 

(5 x 50 cm, water eluant, flow rate 60 mL.h- I). The order of elution was salt, sugars, 
and chlorophyll-lipid_ The eluant was monitored with a Waters Associates differential 

refractometer Model R404. The carbohydrate fractions were collected, concentrated 
to about 1 mL, and separated by chromatography on a 1 x 150-cm column of 
Dowex-SOW x 8 (200-400 mesh, Ba’+); the flow rate wasiZ 20 mL.h-‘. The order 

of elution from the column of Dowex-SOW with water was sucrose, glucosylglycerol, 
glucosylglycerate; the elution volumes were 7, 16, and 32 mL, respectively_ 

The carbohydrates were identified by their n-m-r. spectra and by enzymic assay. 
Sucrose was identified and the amount present determined enzymically by placing 
1 mL of Calbiochem glucose reagent in a 1-mL quartz cuvette; a Gilford Model 240 

spectrophotometer was nulled (340 nm) by using this solution. The sample to be 
assayed (5 ILL) was added to the glucose reagent, and the absorbance (340 nm) was 
measured after 5 min. An increase in absorbance indicated the presence of glucose 
in the sample. Then 2 !cL of phosphohexose isomerase (2000 units/ml) were added, 
and the absorbance (340 nm) was measured after 15 min. An increase In absorbance 

over that previously measured indicated that fructose was present in the solution. 
Additionally, 5 /tL of invertase (23,600 units/ml in 0.1~1 acetate buffer at pH 4.6) 
was added to the cuvette, and a third absorbance (340 nm) measurement was made 
after 15 min. An increase in absorbance over the second measurement indicated the 
presence of sucrose in the sample. Comparison of the absorbance changes for the 
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addition of each enzyme, with standard absorbance curves for D-glucose, D-fructose, 
and sucrose, permitted quantification of each of the carbohydrates. This assay is 
specific for D-&ICOSe, D-fructose, and sucrose, respectively, with the additron of each 
enzyme. The glucose and glycerol moieties of glucosylglycerol and glucosylglycerate 
were determined by Calbiochem glucose and glycerol reagents after 2 h of hydrolysis 
in 0.25M TFA. The glycerate moiety was determined by n.m.r_ spectroscopy. 

Nuclear magnetic lesoname spectroscopy. - The r3C-enriched cells of A. 
q~mdrtrplicatm~ that were to be used for n m.r. spectroscopy were taken aseptically 
from the growth chambers and raprdly cooled to 4”. They were removed from the 

Or0 0 
Ttme (h) 
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Fig 2. Cellular mtrogen (O;)) @--@ and cell D-glucose ( 96 of dry cell werght) 0-O plotted as a 
function of growth time. Cell nitrogen was determined by combustion and cell D-glucose concentra- 
tion by em~yn~c assay after actd hydrolysis (0 2.5~ trdluoroacetic acid) of the cekdar starch. 

Fig 3. Proton-decoupled n m r. spectra of washed whole cells of A. q~madt~rphztrrtn (strain PR6) 
enriched to the 70 mo[“,/, level with 1% The spectra correspond to (A) elapsed growth-time of 24 h, 
spectrum obtained at SO“, 20 000 pulses, (B) elapsed growth-time of 24 h, spectrum obtained dt 27”, 

69 000 p~.~lse~~: and (C) elapsed growth-time of 116 h, spectrum obtained at 27”, 23,000 pukes 
Comparison of the intensity ratlo of the ahphattc protein and lipld peaks (8 -30 p pm.) to the 
carbohydrate peaks (8 - 70 p p m.) between spectra (B) and (C) indicates a significant increase in the 
carbohydrate-to-protein ratio. 
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growth medium by centrifugation at 10,000 x g for 10 min. The cells were washed 

twice with 40-mL volumes of cold, normal, saline solution. After each wash, the cells 

were removed from the solution by centrifugation; they were resuspended by vortexing 
for 3 min. Following the second wash, the cells were suspended in 2.5 mL of cold, 

normal saline and placed in a 12-mm n.m.r. tube. A few drops of D,O were added 

to the cell sample to provide a lock. The cell concentration in the n.m.r. sample was 

0.25 g (dry weight) per mL of solution. 
Pulsed 13C n.m.r. spectra were obtained with a Varian IModel XL-loo-15 

spectrometer (25 MHz) interfaced to a Nova Model 1210 computer_ The spectra 

were recorded with a spectral width of 5000 Hz and 2048 spectral points. To better 
observe the broad resonances at high and low field, some spectra were recorded with 
a spectral width of 6666 Hz. The chemical shifts are reported relative to external 

tetramethylsilane. 

RESULTS AND DISCUSSION 

The growth rate of the algae is shown in Fig. 1. The cell mass produced during 

the 120-h growth period was 260 g (4.4 g.L-‘). The nitrate-nitrogen provided during 

growth was 0.2 mol for each of the three growth chambers; the nitrogen concentration 
was !LM after 48 h of growth. Intracellular accumulation of nitrogen and glucose is 
shown as a function of elapsed growth time in Fi g. 2. The intracellular nitrogen con- 
tent decreased throughout the growth perrod after the first 24 h of culture (Fig. 2). 

Cell nitrogen changed from 7.5 to 3.5% during the nitrogen-limiting growth period_ 

The cell glucose (amylose) concentration showed little change during the first 48 h 
of growth; however, when the itz vitro nitrate-nitrogen was reduced to less than lcsr, 
the rate of cell glucose (amylose) accumulation increased. Glucose levels, as accumu- 

lated starch, increased from about 11% of the dry cell weight at 48 h to about 38 “/o 
of the dry cell werght at 120 h; at this time, the growth period was terminated. The 
cell concentration and cellular carbohydrates did not change significantly with in- 
creased culture times up to 220 h. 

In addition to monitormg the changes in carbohydrate content of the cells by 
enzyme assay, progress of the experiment was also monitored by n.m.r. spectroscopy. 
The experiments were carried out using 20 mol% 13C cells to enhance sensitivity 
while minimizing complications due to 13C-r3C coupling which is observed at higher 
enrichment levels. The general appearance of the proton-decoupled, 13C whole-cell 
spectra of A. qrradruplfcatrrnr (Fig. 3) resembles that of the r3C spectra obtained for 
the blue-green alga Anac} stis niddam’3. In Fig. 4, the region between 0 and 40 p.p.m. 
relative to external tetramethylsilane is dominated by resonances of aliphatic hydro- 
carbons corresponding to saturated portions of lipid molecules and saturated amino 
acid residues from cellular protein; the region of the spectrum between 60 and 110 
p.p.m. is dominated by carbohydrate resonances arising from mono-, oligo-, and poly- 

saccharides; the broad peak centered at 130 p.p_m. corresponds to unsaturated carbons 
of fatty acids, as well as aromatic carbon atoms of protein residues; and the broad 
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resonances in the region 170 to 180 p-p-m. correspond to carbonyl resonances of 
esterified fatty acids and peptide carbonyl groups. The general appearance of the 

spectrum (Fig. 3A) is similar to that for A. niddmzs and is in strikmg contrast to the 
spectra obtained for cells habmg a high proportion of polyunsaturated fatty acids, 
which lead to sharp resonances in the aliphatic and unsaturated regions of the 
spectrum. 

The carbohydrate regions of both the A. qrmadmplrcatrmt and A. nidulatrs 
spectra are dominated by broad polysaccharide resonances which, on the basis ofi 
chemical shift14, indicate the composition of an cc-( I +4)-linked glucose. The primary 
small carbohydrates in the spectrum of A. nidulans are U- and /?-D-&lCOSe which 
appear to be present in the ratio expected at thermodynamic equilibrium. On the other 
hand, the primary low-molecular-weight carbohydrates in A. quadt rrplicatrrnz are 

glucosylglycerol and sucrose. Although many of the carbohydrate resonances are 
poorly resolved in the whole-cell spectra (Fig. 3C), characteristic resonance shifts 
corresponding to the anomeric carbon atoms are readily observed. These Include a 
resonance peak at 98.8 p-p-m., corresponding to the C-l resonance of cc-D-glucose 
in glucosylglycerol, and resonance peaks at 93.2 and 104.7 p-p-m., correspondmg 

to the glucose and fructose anomeric carbons of sucrose, as well as the broad peak 

centered at 100.9 p_p.m_, which corresponds to the anomeric carbon atoms of the 
polysaccharide. 

Although some aspects of the progress of the nitrogen-depletion experiment 
can be monitored by n.m.r. spectroscopy, it is worth emphasizing that quantitating the 
various classes of cellular constituents from these spectra can lead to erroneous 

results_ This reflects primarily underestimating the concentration of those constituents 

having very broad resonances, as well as lower NOE values due to slow molecular 
tumbling. A particularly good illustration of this effect is the disappearance of the 

13C resonances of dipalmitoylleclthin bilayers or vesicles below the phase-transltion 
temperature of 41 o as described by Levine et al.“. These effects are illustrated in the 
present case by a comparison of whole-cell spectra obtamed prior to nitrogen de- 

pletion (24 h into the experiment) and those run at 27’ (Fig. 3B) and 50” (Fig. 3A). 
At the higher sample-temperature, the anomeric-carbon resonance corresponding to 

the polysaccharlde has increased dramatically relative to the corresponding resonances 
of the small metabohtes. This is primarily due to the greater internal mobility and 
consequent sharpening of the oligosaccharide resonances. Nevertheless, by obtaining 
spectra at a constant temperature, It is possible to follow qualitatively the changes 
in protein and carbohydrate composition of cells and to obtain information about 

metabolic processes involvmg the small metabohtes. 

Following depletion of the avallable mtrogen, a significant decrease in mtenslty 

of the protein resonances and a correspondin, u increase m Intensity of the poly- 

saccharide resonances were observed (Fig. 3C). These changes appear to parallel 
the changes in cellular carbohydrate concentration as determined by acid hydrolysis 
and enzymic assay_ The presence of an additional small carbohydrate metabolite 

having resonance shifts close to those of glucosylglycerol became apparent in the 
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TABLE I 

13c CHEMICAL SHIFK OF LOW-MOLECULAR-WEIGHT CARBOHYDRAIIZS 

Compound Carbon position (p-p m.)a 

Glucose moiety Glycerol- 
derir ed moiely 

I 2 3 4 5 6 I z 3 

Glucosylglycerol~ c 
Glucosylglycerate~ 
Glucosylglyceric acidc 
Methyl z--o-ghtcopyranoside 
Glycerol 
Glycerate 
Glyceric acid 

98.9 (73.1) (74 2) 70.5 (72.7) (61.7) (62.6) 79.9 (61.6) 
98.7 (73 3) (74 5) 70.7 (72 8) 61.7 17X.0 80.3 643 
98.7 (736) (74.1) 70 7 (72 6) 61 7 174.5 76.9 63.7 

100.1 722 742 70.7 72 5 61.7 - - - 
- - - -- - 63.9 73.4 63 9 
-- - _- _ 179s 745 65.1 
-- - -- _ 176.9 - 64.5 

“Spectra were obtained at 25”, and the chemical shafts are m p-p m. downfield from external Me.&. 
~Asstgnments in parentheses are uncertain. CAssignments of glucose C-2, C-3, and C-5 were made 
based on the expectation that only C-2 \%ould be apprectably affected by substitution at C-l. 

later stages of the experiment. Although a separate anomeric carbon resonance was 
resolvable at t = 120 h, it is probable that a significant quantity was present at earlier 

times but could not be resolved. This metabolite was subsequently isolated and 
purified and was identified as glucosylglycerate using n-m-r. 

The n.m.r. spectrum of the isolated 13C-enriched sucrose was the same as that 

described by Johnson and Jankowski I6 The i3C chemical shifts of glucosylglycerol . 

(Table I) were similar to those of gaIactosylglycero13; these shifts clearly indicate 
that an a-Slucosidic bond is formed with C-2 of glycerol. The glucose moiety of 
Slucosylglycerol has a chemical shift for C-l of 98.9 p-p-m.; this is similar to methyl 
z-D-glucopyranoside. The glycerol moiety alternatively has a resonance at 79.9 p-p-m., 
which indicates substitution at C-2; C-I and C-3 of the gIycero1 each produces a singIe 
resonance (62.6 and 6 I.6 p-p-m_) which su pgests that they are inequivalent as expected 
and that neither C-l nor C-3 is substituted. The chemical shifts for glucosylglycerol 
differ markedIy from those reported by DeBoer et al_’ ’ for Z,3-dihydroxypropyi 

/3-D-glucopyranoside in which the P-ghtcosidic bond is formed with the C-l of glycerol. 

In that compound, the chemical shift for the C-l of glucose was 103.1 p.p.m. and the 
substituted glycerol carbon (C-l) was at 71.4 p-p-m_ 

The chemical shifts obtained for Slucosylglycerate (Table I) were similar to 

those obtained for glucosylglycerol except that C-l of glycerol was shifted to 178.0 
p-p-m., which is typical for a carboxylate ion; C-3 was shifted 2-7 p-p-m_ downfield_ 
Acid hydrolysis of the glycosylglycerate produced a mixture of U- and P-glucose and 

glyceric acid, which were identified by comparison of their chemical shifts with 
authentic compounds. 

In addition to the small metabolites already discussed above, sharp resonances 
at 28.1, 34.6, 55.8, 176.4, and lS2.S p-p-m_ were also observed and assigned to free 
glutamate (FIN. 3). The glutamate resonances were most intense during the period 
from O-45 h, during which time the cells had sufficient nitrogen for exponential 
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growth. Subsequent to nitrogen depletion these resonances decreased in intensity and 
were difficult to discern at t 2 68 h. The high concentration of glutamate presumably 
reflects its roie as a substrate for glutamine synthetase, an important step in the in- 
corporation of ammonia (derived from nitrate) into cellular components_ After 
depletion of the nitrate-nitrogen in the medium, catabolic processes presumably 
became the primary means of obtainmg mtrogen and the glutamate concentration 
decreased. 

Growth of 260 g of cells enriched to the 20 ml % 13C level resulted m the use of 
9.6 mol of 20 mol “/o [‘3C]carbon dioxide. The cell material, which was 38 2 % carbon, 

contained 8.1 mol of 20 mol% ‘3C carbon: this represents 84% of the carbon ad- 
mimstered. The admimstered carbon not fixed by the cells was trapped in sodmm 

hydroxide traps attached to the off-gas stream or was lost in the culture medium. 
The D-[U-‘3C]glucose isolated from the cells comprised 38% of the dry-cell 

weight. D-[U-‘3C]Glucose (99 g) was isolated from 260 g of cells; the carbon isolated 
as D-[U’3C]glucose represents a 40% recovery of fixed carbon. About 1 oA of the 
dry cell mass consisted of sucrose, glucosylglycerol, and glucosylglycerate; the 
amounts isolated were 0.69, 1.8, and 0.09 g, respecttvely. ‘%-Labeled lipids, which 
consisted of 8% of the dry-cell weight, were extracted with and separated from the 
sugars. The salt, which was about 39% of the dry-cell weight, was obtained during 
the isolation procedures; it was quantified and discarded_ 

The mvestlgation of carbohydrate synthesis in algae was undertaken to find 

a suitable method for producing Iarge quantities of ‘3C-labeled carbohydrates in 
shorter periods of time than wrth plant-leaf systems. Also, emphasis was specifically 
on obtaining compounds that have the same level of ‘3C-enrichment as the carbon 
source administered. Using the blue-green alga A. qrrad~zrplicatwn (strain PR6), we 
have obtained several carbohydrates containing the same level of ‘3C-enrichment 
as the carbon source, and we have reduced the time for preparation from 100 days, 

using the plant leaf method, to 10 days. 

ACKNOWLEDGMENTS 

This work was performed under the auspices of the Umted States Department 

of Energy and was partlaily funded by National Institutes of Health research grant 
RR00962. We thank Drs. C. L. R. Stevens and S. E. Stevens of Pennsylvania State 
Umversity, University Park, for helpful dlscussions, and T. G. Sanchez, B. C. Tafoya, 
and C. Conley for technical assistance. 

REFERENCES 

I V H. KCJLL~IAN,J.L.HA~HERS,J Y.Hrrrsox, T.W WHALEY,D.G_O~,AN~ CT-GREGG, 
Bioc/Ienl. BiopJtys Kes Colrlnrurl , 50 (1973) 526-83 1 

2 C. VAN BAALEN AND J. E MARLER, J. Gen Mirrobiol, 32 (1963) 457463. 
3 R. E Loxoo;\r, V. H. KOLL~IAX, AND N. A. &f.anVR’oFF, J Am Chem. Sm., 97 (1975) 3565-3573. 
4 G. IAIPELLIZZERI, S. MANGIARCO, G. ORIEATE, M. PIA~ELU, AND S. SCIUTO, Biochenmtry, 14 

(1975)1549-1557. 



202 V. H. KOLLMAN, J. L. HANNERS, R. E. LONDON, E. G. ADAME, T. E. WALKER 

5 3. S. CRAIGIE, J. MCLACHLAN, W. MAJAK, R. G. ACK~IAN, AND C. S. TOCHER, Cm. J. Bar., 44 
(1966) 1247-1254. 

6 D. H. LEWIS AND D. C Sm, New PhyIoi, 66 (1967) 143-184. 
7 J. S. CRAIGIE AND J. MCLACHLAN, Can. J. Bat., 42 (1964) 777-778. 
8 M. LEH~~AN AND G. W~BER, Carbohyd.. Res , 56 (1977) 357-362 
9 L. HOUGH, J. K. N. JONES, AND W. H. WADhUN, J. Chem. Sot., (1952) 3393-3399. 

10 V. H. KOLLMAN, J. R. BUCHHOLZ, W. H. ADOS, C. W. CHRI~I-ENSON, AND E. B. FOWLER, 
Biotechnol. Bioeng., 14 (1972) 818-829. 

11 S. E. STEVENS, C. 0. PATTERSON, AND J. MYERS, .I. Phycol., 9 (1973) 427-430. 
12 J. K. N. JONES AND R. A. WALL, Can. J. Chem , 38 (1960) 2290-2294. 
13 R. E. LONDON, V. H. KOLL~U\N, AND N. A. MA~~IYOFF, Biochemistry, 14 (1975) 5492-5500. 
14 H. J. JEhwNGS AND I. C. P. Smm, J. Am. Chem. Sot, 95 (1973) 606-608. 
15 Y. K. LEVINE, N. J. M. BIRDSALL, A. G. LEE, AND J. C. METCALFE. Biochemistry, 11 (1972) 

1416-1421. 
16 L. J. JOHNSON AND W. C. JANKOLVSKI, Carbon-13 NMR Spectra, Wiley-Iuterscience Publications, 

New York, 1972. pp. 443. 
17 W. R DEBOER, F. J. KRUYSSEN, AND J. T. M. WOUTERS, J. Biochem. {Tokyo), 62 (1976) l-6. 


