
AN ABSTRACT OF THE THESIS OF

Scott Doubet for the degree of Doctor of Philosophy

in Botany and Plant Pathology presented on July 1, 1982.

Title: Synthesis and Assembly of Fucus Zygote Cell Walls

With an Emphasis on Alginate and Fucans

Redacted for Privacy
Ralph S.TQuatrano

Abstract approved:

Fucus distichus L. Powell zygotes were used to investigate

cell wall synthesis and development and to construct a model of

cell wall structure.

Alginate synthesis was investigated. Zygotes were cultured

in seawater containing
14

C-bicarbonate. Alginate represented

12%, 37%, and 1.7% of the label recovered from whole zygotes,

wall, and cytoplasm, respectively. Cytoplasmic alginate had

70% of the label in alternating blocks, but wall alginate had

58% of the label in polyguluronic acid blocks. The ratio of

label in alginate monomers (M/G) was 0.8 (cytoplasm) and 0.5

(wall), suggesting that a C-5 alginate epimerase was active.

Enzymes from marine bacteria were isolated, characterized,

and used to disrupt Fucus zygote cell walls. Ce117bound lyase

activity was specific for polymannuronic acid (M lyase), and

released activity degraded polyguluronic acid (G lyase). A

highly active M lyase from bacteria has not previously been

reported. M lyase had a molecular weight of 100,000 daltons



and acted in an exo-manner. The G lyase had a molecular weight

of 35,000 daltons, was soluble in saturated ammonium sulfate,

acted in an endo-manner, and was stimulated by calcium. Calcium

reduced substrate specificity of G lyase but had no effect on the

activity of M lyase.

Cell walls from different stages were disrupted by G lyase

and calcium chelation. The mature cell wall consisted of cellu-

lose, alginate, and fucans (F1 and F2). F2 was not present in

the 6.5 hour walls, but all stages contained highly sulfated

fucans covalently bound to the cellulosic portion of the wall.

Calcium chelation released alginate, F1, and F2. Alginate and

F2 but not F1 were degraded by G lyase treatment. F2 was con-

verted into a faster-moving component by mild acid hydrolysis

and by G lyase treatment.

The model of wall structure fits the events of development

and allows a framework from which to make predictions about the

behavior of wall components during subsequent experimental

approaches.
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SYNTHESIS AND ASSEMBLY OF FUCUS ZYGOTE CELL WALLS

WITH AN EMPHASIS ON ALGINATE AND FUCANS

INTRODUCTION

Primary cell walls of plants are developing organelles;

therefore, any model of the cell wall structure must also include

the developmental aspects. Traditionally, wall models have been

based on investigations with non-developing, higher plant systems,

such as whole tissues (non-homogeneous) or tissue-cultures (arti-

ficial). A thorough chemical analysis of such static systems may

allow for a complete determination of wall composition and polymer

association, but this rationale does not address how the wall

changes with time (i.e., development) or how a cell wall is

assembled. Construction of an appropriate model of cell wall

development requires a determination of synthesis, transport,

secretion, modification, and assembly of wall polymers at different

times in development. Naturally developing Fucus zygotes appear to

be a superior system to study. For instance, the Fucus egg does

not have a cell wall, but within several hours after fertilization,

the zygote has assembled and developed a cell wall. Since Fucus

zygotes develop as single cells in synchronous cultures, the wall

synthesis and assembly problem is very approachable. Like brown

algae in general, Fucus zygote cell walls contain polymers (cellu-

lose, alginate, and fucans) which are similar in function to higher

plant cell wall polymers (cellulose, acidic pectins, and pectic

complexes). In Fucus zygotes the major wall polymer is alginate;
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therefore, a determination of the synthesis and interpolymer

associations of alginate in the wall is necessary for under-

standing cell wall development. Valuable information about

alginate (and other wall polymers) has been gained using

studies which applied degradative methods. For example,

selective degradation of alginate can be used as a means of

releasing wall polymers, and if coupled with non-degradative

chemical extraction, the types of associations (i.e., covalent

or non-covalent) between components in the wall can be deter-

mined. Such data will be presented in this thesis in order to

construct a model of the cell wall. The model presented will

fit the events of development, as well as provide a framework

from which to make predictions about the behavior of wall

components during subsequent experimental approaches.

Plant Cell Wall Models and Rationale of Study

The working hypotheses or models of plant primary cell wall

structure and function have been refined considerably in the past

decade. Early models suggested that cellulose fibers were

embedded in an undefined, amorphous polysaccharide matrix

and that wall function was limited to definition of cell shape.

After considerable research, recently proposed models have in-

cluded the role and the relationships between well defined wall

fractions including cellulose, complex polysaccharides, and

glycoproteins. Perhaps the most complete example of recent

models was developed by Alberhseim (1975, 1976).
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To build a model, Albersheim utilized suspension-cultured

sycamore cells, from which purified cell walls were obtained.

Preliminary analysis using gas chromatography established the

general wall composition: 10% protein, 23% cellulose, and 63%

non-cellulosic sugars (Talmadge et al., 1973). Cell wall compo-

nents were analyzed further, using chemical and/or enzymatic

cleavage. Cell walls were found to be composed of 19% glyco-

protein, 23% cellulose, 24% hemicellulose, and 24% pectic poly-

saccharide. Methylation analysis of each polymer type was used

to determine glycosidic linkage patterns (Keegstra et al., 1973).

The results indicated that the wall was composed of relatively

few polymer types and that the wall matrix could be considered a

single macromolecule in which each component was glycosidically

linked to another. The wall matrix was proposed to be associated

with cellulose microfibrils solely through hydrogen bonds between

hemicelluloses (specifically, a xyloglucan) and cellulose.

The Albersheim model presumed that the wall matrix existed

as a single molecule, but results contrary to this portion of the

model have been published. If the wall matrix was a single

macromolecule and if the only linkage between hemicellulose and

cellulose were hydrogen bonds, then chaotropic agents should disrupt

the hydrogen bonds and free all of the wall matrix. Bailey and

Kauss (1974) gave evidence that suggested that hemicelluloses but

not pectins were removed from the wall by treatment with 10% KOH.

Monro et al. (1976) used depectinated lupin cell walls and demon-

strated that only 30% of the KOH extractable hemicelluloses were
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removed by chaotropic agents. These results suggest that the

wall matrix does not appear to be a single macromolecule associated

with cellulose solely through hydrogen bonds. Therefore, Alber-

sheim's group may have overestimated the number of covalent

linkages as a result of incomplete methylation of wall components

prior to polymer extraction.

Recently, Albersheim discussed a modified model of angiosperm

primary cell wall structure (Darvill et al., 1980), and an analysis

of a variety of suspension-cultured dicots revealed that the

modified model was generally applicable. As in the early model,

cellulose microfibrils were hydrogen bonded to xyloglucan (hemi-

cellulose). Unlike the early model, hemicellulose interacted with

but probably was not covalently linked to the pectic polysaccharides.

The most important linkages between the pectins and other wall

polymers were stated to be non-covalent, perhaps calcium bridges;

however, the pectic polysaccharides, neutral (arabans and galactans)

and acidic (rhamnogalacturonans I and II), were proposed to be

covalently interconnected. The attachment of glycoprotein was

undetermined but stated to be possibly through participation in

cross-links as lectins or other non-covalent associations.

Although cultured cells are easily obtained from many plant

types and useful for chemical composition studies, several factors

indicate that the use of cultured cells for these studies, as well

as wall regeneration experiments, is not ideal. For instance,

during growth of suspension-cultures, pectic polysaccharides were

found to have been secreted into the culture medium (Bauer et al.,
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1973) and not present in the recovered cell wall. Undoubtedly,

the hormone environments, which were required to maintain cells

in culture, affected wall assembly and development. In addition,

cells from which the wall has been removed by enzymes may not be

true protoplasts and do not regenerate cell walls as a synchronous

population.

A cell system utilizing large numbers of synchronously

developing Fucus zygotes appears to be superior to tissue-culture

cells as a model system to study cell wall development. After

fertilization, the wall-less egg secretes and assembles a cell

wall composed of three polymer fractions which are directly

analogous to the main polymer fractions found in higher plant

cell walls. The matrix polymers can be divided into operationally

defined fractions on the basis of differential extraction procedures,

physical behavior, and chemical behavior. The Fucus zygote cell

wall polymers are fucans, analogous to pectic complexes; alginate,

comparable to acidic pectins; and cellulose. Fucus wall composition

has been analyzed only through the use of non-covalent bond disrup-

tion as well as harsh chemical extraction. In this study, the use

of chelating agents and substrate specific enzymes, as wall probes,

has yielded information about wall structure, assembly, and develop-

ment during Fucus zygote development,

Polysaccharide Components of Brown Algal Cell Walls

The main polysaccharides associated with brown algal cell

walls are cellulose, alginate, and the fucans. Their roles in
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the structure and development of the cell wall are related to their

structure and association with other wall polymers. Hence, a descrip-

tion of polymer properties is essential background information.

Cellulose. Cellulose is a linear S,1-4-linked D-glucan, the

main structural polysaccharide in Fucus zygote cell walls, and

comprises about 20% of the wall mass. Ordered cellulose micro-

fibrils can be detected by the appearance of a birefringent cell

wall in zygotes older than 4 hours, coincident with a substantial

increase in wall rigidity (Quatrano and Stevens, 1976). Freeze-

fracture studies of the wall of another brown algal zygote (Pelvetia)

have indicated that the wall was lamellated with an average turn of

35 degrees between adjacent layers (Peng and Jaffe, 1976). The

lamellated layers and hydrogen bonding within fibrils contributed

to the strength of the wall.

Alginate. The structure of alginate has been the subject of

considerable investigation. Alginate monomer content and block

composition are variable depending on the tissue from which

alginate is extracted. The solution behavior of alginate (i.e.,

acid solubility and gel formation in the presence of calcium) is

dependent on the block composition.

Alginate, as shown in Figure 1, is considered to be a linear

co-polymer of (3,1 4-linked D-mannuronic acid (M) and cc,1 4-linked

L-guluronic acid (G). Monomer composition of alginate samples

ranges from very high ratios of M to G in alginate from inter-

cellular substance of F. vesiculosis and A. nodosum receptacles,

to very low ratios in brown algal holdfasts (Haug at al., 1974;
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Stockton et al., 1980a).

G and M monomers of alginate are arranged in a block-wise

manner. Homopolymeric blocks of M, designated MM blocks, and

blocks of G, designated GG blocks, are separated by regions which

approach an alternating (MG) structure (Haug et al., 1974; Morris

et al., 1980b; Penman and Sanderson, 1972). MG regions are not

strictly alternating, as recent investigations have revealed that

greater than 30% of the fraction consisted of homopolymeric diads,

e.g. short streches of MM and GG (Grasdalen et al., 1981).

The block composition of alginate has been correlated with

solution behavior, particularly insolubility in dilute acid.

Undegraded alginic acid is insoluble in water, and degraded products

are only partially soluble at a pH below 2.3 (Haug and Larsen,

1963). Using partially degraded alginate Haug et al. (1967a)

determined that MG blocks were soluble in acidic solutions,

but that MM or GG blocks were selectively precipitated by acid

titration. Haug's group utilized acid solubility of various

alginate fractions in the determination of block distribution of

various algal alginates (Haug et al., 1974).

Alginate gel formation in the presence of calcium ions was

also found to be a function of block composition. After separation

of blocks by acid solubility, GG blocks were discovered to have a

much higher selectivity for calcium ions than either MM or MG

blocks. Kohn et al. (1968) determined that the selectivity for

cations was not due to monomeric uronates but to the polymer

stereochemistry inherent in each block type. Grant et al. (1973)
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studied calcium titration of intact alginate using circular

dichroism spectroscopy. Morris et al. (1977) expanded those

studies and determined that GG regions exhibited a sigmoidal

increase in binding affinity, implying a cooperative effect in

calcium binding. Gel formation was abolished through competitive

inhibition of junction formation by the inclusion of short (i.e.

smaller than 14 residues) GG blocks (Morris et al., 1980a). The

gel formed by the addition of calcium to GG blocks is termed an 'egg-

box' due to the calcium coordination involving several G residues,

Figure 1 (Grant et al., 1973).

Fucans. The fucans are structurally complex components of

brown algal cell walls. Fucans contain variable amounts of fucose,

sulfate (ester), uronic acids, neutral sugars, and protein (Larsen

et al., 1966). The fucans can be divided into two classes by

consideration of the basic structure, location, and function

of the molecules. One class of polymers contains molecules with

a fucose-rich backbone, which is highly sulfated. Highly sulfated

fucans are predominantly localized in the rhizoid cell and are

probably responsible for adhesion of the Fucus zygote to the

substratum. A second class of fucans (low sulfate) contains

polymers with uronic acid-rich backbones and side chains with

fucose-sulfate, xylose, and other neutral sugars. The low sulfate,

uronic acid backbone fucans are not localized in the zygote wall

and probably function as a molecular bridge between cellulose

fibrils and between cellulose fibrils and other wall components.

As indicated in Table 1, fucose, xylose, mannose, glucose, and
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galactose are found in the fucans, but the neutral sugars composi-

tion is highly variable (Mian and Percival, 1973a,b). The fucose

to xylose ratio has been used as a standard of comparison. For

example, highly sulfated fucans (Table 1, complexes and Fraction

2) have a relatively high fucose to xylose ratio. Other fucans

with little sulfate (Table 1, ascophyllan, Fraction 1, and F1)

have a lower fucose to xylose ratio.

Highly sulfated fucans have been analyzed extensively. They

have been released from algal tissues by chemical treatment

(calcium removal by chelators or neutralization of algal material

which had previously been extracted with acid). F2 from Ascophyllum

(Larsen et al., 1963), Fraction 3 from Ascophyllum, Fraction 1 from

Fucus vesiculosis (Medcalf and Larsen, 1977a,b), and F2 from Fucus

distichus (Hogsett and Quatrano, 1975; Quatrano and Stevens, 1976)

are all examples of highly sulfated, complex fucans. Each fucan

migrated as a single species in cellulose acetate or free boundary

(FBE) electrophoresis. When analyzed for composition, the fucans

from Ascophyllum and F. vesiculosis contained (by weight) 40 to

48% fucose, 20 to 25% sulfate, about 6% uronic acid and 2 to 5%

protein. Each fucan contained a fucose-sulfate backbone linked

to ascophyllan-like side chains (described later) via bonds which

were hydrolyzable by mild acid treatment (0.02 N HC1, 80 C for 1

hour). In each case the original electrophoretic species dis-

appeared after mild acid hydrolysis and was replaced by a slower

species (ascophyllan-like) and a faster species (fucose-sulfate

backbone). The fucose sulfate backbone contained (by weight)
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Table 1. Neutral Sugar Composition of Fucans From Various Brown
Algal Sources.

Component
Ratios Relative to Galactose

Fucose Xylose Mannose Galactose Glucose

Ascophyllan* 12 10 7 1 4

Complexes* 39 5 3 1 2

Fraction 1** 13 4 4 1 3

Fraction 2** 10 1 0.5 1 1

F ***
1

8 4 2 1 2

*
A. nodosum, Medcalf and Larsen, 1977a.

**
Fucus vesiculosis,

***
Fucus distichus,

Medcalf and Larsen, 1977a.

Quatrano and Stevens, 1976.
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42 to 54% fucose, 32 to 37% sulfate, with small amounts of uronic

acid and neutral sugars (Larsen et al., 1963; Larsen et al., 1970;

Medcalf and Larsen, 1977a,b). The ascophyllan-like side chains

from Fraction 3 were composed of 24% uronic acid (mannuronic:

guluronic:glucuronic at 20:2:1), 10% each, fucose, xylose, and

mannose, with 7% protein. To summarize, acid treatment of the

complex removed the uronic acid side chains in discrete units

from the fucose-sulfate backbone.

Fucans with uronic acid backbones have been released from

brown algal cell walls by removal of calcium and have also been

analyzed for composition. Ascophyllan (by weight: 26% uronic

acid, 15% fucose, 13% sulfate, and 10% each, xylose and mannose)

from Ascophyllum resembles F. vesiculosis Fraction 1 (by weight:

22% uronic acid, 18% fucose, 6% each, xylose, mannose, glucose,

and protein, and 4% sulfate). Medcalf and Larsen (1977a,b)

determined that the uronic acid backbone of ascophyllan was composed

of guluronic, mannuronic, and glucuronic acids (ratio of 3:1:1).

The xylofucan side chains were short. By analysis of the compo-

sition, ascophyllan and perhaps Fraction 1 would appear to be

degradable by an alginate endolyase. Extracellular alginate

lyase from Alginiovibrio did not alter the mobility of ascophyllan

in FBE (Haug and Larsen, 1963). Perhaps the fucan side chains

interferred with enzyme access; however, if the function of the

uronic acid backbone was calcium bridging to alginate for stability,

then enzyme accessibility would not appear to be a problem.
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Alginate Biosynthesis and Degradation

Alginate Synthesis. Since alginate is the major component

(60%) in the Fucus zygote cell wall, investigations into the

synthesis, modification, and assembly of alginate in the wall

are necessary. To supplement the knowledge of alginate synthesis

in algal systems, bacteria which synthesize alginate were investi-

gated, and the major discovery centered on the role of a polymer

level C-5 alginate epimerase. In Fucus and other brown algae,

two mechanisms of synthesis have been proposed, epimerization

of uronic acid monomers prior to polymerization and as with

bacteria, epimerization at the polymer level. In algal systems,

the synthesis of alginate was also found to be dependent on the

levels of each type of carbon fixation (light or dark) during the

course of the experiment.

Alginate Synthesis in Bacteria. Alginic acid was found to be

a component of the extracellular material of several bacteria,

and the bacteria were investigated with respect to the synthesis

and structure of alginate. Monomer composition of bacterial

alginate was similar to that of algal alginate; however, bacterial

media composition was correlated with the block structure of alginate.

In response to low levels of calcium (0.03 mM), Azotobacter produced

alginate rich in MM blocks. Intermediate levels of calcium (0.3 mM)

in the medium caused a dramatic shift toward guluronide production

(Larsen and Haug, 1971a). Extracellular epimerization of M to G

was observed. The epimerization occurred at the polymer level,
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indicating the presence of a soluble poly(mannuronic acid) C-5

epimerase, Figure 1 (Haug and Larsen, 1971). The general model of

bacterial alginate synthesis includes polymerization of poly-

mannuronic acid by the action of a GDP-mannuronic acid mannuronosyl

transferase (Pindar and Bucke, 1975) and subsequent tailoring

(acetylation, epimerization) at the polymer level. The mechanism

of epimerization was indicated by tritium incorporation into the

polymer (Larsen and Haug, 1971b) and by
1
H-n.m.r. spectroscopic

analysis of the site of proton exchange during epimerization

(Larsen and Grasdalen, 1981).

Alginate Synthesis in Brown Algae. Synthesis and modification

of alginate in Fucus and other brown algae was investigated. Lin

and Hassid (1966a,b) isolated two nucleotide uronic acids, GDP-

mannuronic and GDP-guluronic acid, from Fucus fronds. They con-

cluded that enzymatic C-5 epimerization occurred at the level of

the nucleotide sugar and that polymerization of alginate occurred

via an uronosyl transferase which utilized either nucleotide sugar

as a precursor. Hellebust and Haug (1972a,b) determined that

exposure of Laminaria to seawater containing 14 C bicarbonate

resulted in label uptake. Label was subsequently found to have

been incorporated into amino acids, mainly alanine and aspartate,

and alginate. After short (3 hour) periods of photoassimilation,

alginate was chemically extracted from blade and stipe tissues.

After alginate was partially acid hydrolyzed and fractionated

into blocks, carbon was found to have entered MM and MG blocks

preferentially. During dark assimilation by the same tissues,



carbon entered GG blocks more rapidly than MM blocks. The authors

speculated that high light levels may have resulted in high cellular

levels of NADH. NADH was presumed to have inhibited an algal C-5

epimerase, although the bacterial epimerase was known to have been

unaffected by NAD/NADH ratios.

The presence of a very low activity polymeric C-5 epimerase

was reported by Ishikawa and Nisizawa (1981a,b). The epimerase

was found to be most abundant in the faster growing regions of

frond material from the brown algae, Ishige and Eisenia. When

extracted and purified, the epimerase exhibited activity toward

mannuronic acid rich alginate and MM blocks but not toward GG

blocks. The authors did not investigate either tritium incorpora-

tion or NAD/NADH effects.

The fate of fixed carbon may depend on the mechanism of fixa-

tion. Several research groups have demonstrated that mannitol

metabolism and a-carboxylation of PEP were integral parts of

non-photosynthetic carbon fixation in-young, actively growing blade

regions of various brown algae (Willenbrink et al., 1978; Kremer,

1981). In young tissues (zygotes?), vigorous growth and incorpora-

tion of carbon into ethanol insoluble fractions would be important

during periods of low light intensity which would be encountered

as either a seasonal effect or due to location of young plants in

rock crevices, One should not be too surprised if the incorporation

of carbon into (cell wall) polymer precursors was found to be

possible through multiple pathways.

Alginate Degradation. Degradation of the structural components
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(e.g. alginate in this investigation) of the wall is a necessary

step toward understanding the relationships between components of

the cell wall. Previous research indicated that alginate

degradation can occur non-selectively by chemical means (partial

or total acid hydrolysis, base catalyzed 8-elimination, and free

radical attack) or selectively by the action of alginate degrading

enzymes (alginate lyases).

Chemical Degradation of Alginate. Due to the insolubility of

high molecular weight alginic acid, acid hydrolysis at a pH below

3.5 occurred as a heterogeneous reaction. Total hydrolysis was

accomplished by drastic conditions, e.g. 80% H2SO4, which caused

considerable but consistent destruction of uronic acid monomers

(Haug and Larsen, 1962). Complete acid hydrolysis has been used

to determine M/G ratios, but other methods are now preferred.

Limited depolymerization resulted from mild acid hydrolysis, e.g.

pH 2 at 100 C for 2 to 5 hours (Haug et al., 1974). Oligouronides

were released from native or parent compounds due to the preferential

hydrolysis of M-G glycosidic bonds, higher by 2 to 3-fold than

hydrolysis of M-M or G-G glycosidic bonds (Smidsrcdd et al., 1969).

Theoretically, acid hydrolysis would allow selective degradation,

separation by solubility, and determination of block composition,

since the oligouronide fragments would be structurally undamaged,

except for the loss of fixed stereochemistry at the glycosidic

carbon (Kiss, 1974).

Degradation in a proton-poor medium was found to proceed via

8-elimination, Figure 1. The alginate polymer was cleaved. A
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new reducing end was created as with acid hydrolysis. The new

nonreducing end was considerably altered, becoming a terminally-

linked 4,5-unsaturated 4-deoxyhexopyranuronate residue (a A4,5-

uronic acid residue). The stereochemistry of C4 and C5 was

destroyed, but the presence of the a,B-unsaturated carbonyl

group was easily detected. The unsaturated carbonyl absorbs u.v.

at 235 nm (Kiss, 1974; Min et al., 1977a). The unsaturated residue

was also detected by periodate oxidation and chromophore formation

with thiobarbituric acid (Weissbach and Hurwitz, 1959; Preiss and

Ashwell, 1962).

By measuring a rapid decrease in solution viscosity, alginate

has been shown to be depolymerized by free radical attack. Smidsr$d

et al. (1963b) concluded that free radicals were formed by the action

of reducing compounds on hydrogen peroxide. Depolymerization was

considerably reduced by the addition of catalase. Phenolic compounds

were found to be very abundant in brown algae and apparently acted

as reducing agents. Pre-treatment of algal material with formalde-

hyde was shown to polymerize phenolics and enhance stability of

alginate during extraction (Smidsr$d et al., 1963a).

Enzyme Degradation of Alginate. Alginate has also been found

to be degraded by enzymatic attack, Figure 1. One would expect

that the selectivity of enzyme attack could yield structural

information about alginate which differs from and complements

that derived from chemical investigations.

Alginate-degrading enzymes have been detected in organisms

which are capable of grown on brown algae. Enzymes produced from
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fungi, molluscs, and bacteria cleave alginate in a manner similar to

a a-elimination reaction, since chain splitting resulted in the

formation of unsaturated oligouronides (Preiss and Ashwell, 1962).

The enzymes were called alginate lyases, E.C. 4.2.2.3., and were

found to be substrate specific.

Only two alginate-degrading fungal isolates have ever been

reported, Dendryphiella salina and D. arenaria (Wainwright and

Sherbrock-Cox, 1981). Although these isolates have been shown

to metabolize alginate, a report on substrate preference and

product identification has not been made.

The hepatopancrease of marine molluscs has been found to be

another source of alginate lyase enzymes. Nakada and Sweeny (1967)

reported alginate lyase I and II from ammonium sulfate precipitates

of homogenized abalone tissue. The reaction of lyase I (endo-acting)

was completed in 15 to 25 minutes, proceeding only if more substrate

was added. Lyase II (presumed to be exo-acting) was only slightly

active against intact alginate but was 4-fold more active against

end products from lyase I attack. Elyakova and Favorov (1974)

purified an alginate lyase from Littorina (a mollusc) which was

specific for the bond between mannuronide residues, had an apparent

molecular weight of 40,000 daltons, and acted in an endo-manner.

Muramatsu et al. (1977) isolated an alginate lyase, 32,000 daltons,

from Turbo cornutus (Wreath Shell). The enzyme attacked mannuronide-

rich substrates in an endo-manner and liberated various sized oligo-

mannuronides, No monouronates were liberated (MuramatsuandKayatose,

1979; Muramatsu and Egawa, 1980).
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In addition to fungal and mollusc sources of alginate lyases,

bacteria capable of depolymerizing alginate have been isolated from

a variety of marine sources. Preiss and Ashwell (1962) isolated a

marine Pseudomonas which had a cell-bound lyase. Cell disruption

(via sonication) was required prior to recovery of the lyase. The

enzyme was partially purified by ammonium sulfate precipitation,

found to be stable at -15 C, had a pH optima near 7, and required a

low (50 mM) concentration of salt for maximal activity. Although

the substrate preference was not reported, end products ranged in

size from oligouronides to monouronates (4-deoxyl-L-erythro-

hexoseulose uronic acid). Eimhjellen et al. (1963) investigated

the alginate lyase activity of Alginovibric aquatalis and reported

the presenceof at least two enzymes which cleaved alginate. An

endo-acting lyase was found in the extracellular medium, and an

exo-acting lyase was associated with the bacterial cell, i.e.

bound, but no report of substrate specificity was published.

Kashiwabara at al. (1969) isolated various marine pseudomonads

and was the first group to report the existence of a highly active

polyguluronide lyase. Davidson et al. (1976) and Min et al. (1977a,

b,c) subsequently reported similar enymzes released from bacterial

cells by sonication. Boyd and Turvey (1977) reported a similar

enzyme recovered from culture filtrates. All of the enzymes

reported were precipitatable by ammonium sulfate, had a pH optima

near 7, acted in an endo-manner, and had dimer or larger oligouron-

ides as end products.
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Fucus Cell Wall Analysis

Analysis of plant cell walls requires polymer fractionation and

identification. Fractions could be released from walls by sequential

chemical extraction, calcium chelation, or enzyme action. Released

fractions could be analyzed by x-ray diffraction, n.m.r. spectro-

scopy, circular dichroism spectroscopy, and high performance liquid

chromatography (HPLC), or in the case of charged species, electro-

phoretically. Such analyses performed on cell walls will yield an

understanding of polymer composition and interpolymer relationships,

and from a developmental perspective, a description of cell wall

assembly by determining the timing of incorporation of particular

wall fractions.

Wall Fractionation. Wall fractionation schemes start with the

isolation of cell walls, free from contaminating cytoplasm as quan-

titatively described by Quatrano and Stevens (1976) from Fucus

zygotes. Subsequent polymer fractionation by chemical extraction

usually requires polymerization of phenolics with formaldehyde,

removal of the storage polysaccharide, laminarin, by calcium

chloride washes, extraction of lipids with organic solvents,

followed by treatment of walls with acids and bases of variable

strengths. With mild acid extraction (0.2 N HC1 at 20 C), a

complex heteropolysaccharide, in particular, and about 50% of

the fucans, in general, were released from Ascophyllum and

F. vesiculosis vegetative material. During neutralization of

the residue, the alginate fraction was released along with an
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additional 25% of the total fucose (Larsen et al., 1970). Using

similar extraction procedures with Fucus zygotes, the bulk of the

fucose (70%) was released with the alginate fraction (Hogsett and

Quatrano, 1975). Further treatment of zygote residue, with KOH,

released additional fucose and left a cellulosic residue (Quatrano

and Stevens, 1976).

In a comparison of methods, Medcalf and Larsen (1977a) deter-

mined that the divalent cation chelator EDTA at pH 7.5 released

polymers from algal material which were essentially identical to

polymers released by neutralization of acid extracted material.

Both types of treatment probably involved an exchange of free

sodium ions for polymer-bound calcium ions, a process which allowed

groups of polymers to become soluble. The higher probability of

colavent bond rupture or formation with the acid-base treatment

must be acknowledged.

During wall fractionation, rupture of sets of covalent bonds

would be acceptable if the bonds could be specifically selected.

Chemical degradation probably lacks the selectivity and certainly

does not have the flexibility of enzymatic attack. For instance,

generation of plant protoplasts has been rountinely accomplished

with batteries of enzymes. The same components could have been

removed chemically, but the end product certainly would not have

been a viable protoplast. Selective removal of specific wall

fractions by the use of enzymes has been viewed as the most

exquisite means of cell wall fractionation and is a logical step

toward a more complete model of plant cell wall structure.
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Polymer Analysis. After the release of specific fractions,

further analysis usually proceeds toward a determination of

primary and higher orders of structure. Due to microheterogeneity

and length polydispersity, determined structures are statistical

averages. Complete structural determinations are possible for

non-heterogeneous fractions, particularly if analyzed using

step-wise degradation or x-ray crystalography.

In the case of alginate, native high molecular weight polymers

have usually been analyzed after limited depolymerization. Instru-

mental analysis of
1
H- or

13
C- n.m.r. spectroscopy has been success-

ful in the determination of block composition and monomer configura-

tions. Relatively large sample sizes are required (10 to 100 mg).

Grasdalen et al. (1979, 1981) have given detailed results which

indicated that n.m.r. spectroscopy could quickly determine M/G

ratios, monomeric sequence frequencies (diads and triads), and

composition of end units.

Circular dichroism studies of wall polymers have some advant-

ages over n.m.r. analysis. The sample requirements are lower (1

to 10 mg), and the samples need not be partially depolymerized.

Circular dichroism analysis has been used to determine alginate

block structure and monomer composition (Morris et al 1980b).

To determine block structure, microanalytical determination of

alginate concentration is necessary, and no suitable, routine

method has been devised (Vreeland and Chapman, 1978). Fortunately,

circular dichroism analysis determines M/G ratios without prior

determination of alginate concentration.
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One technique which has not been used with alginate samples

is HPLC. Since similar, acidic polysaccharides have been success-

fully analyzed (Baenziger and Natowicz, 1981), HPLC should prove

to be a valuable tool, at least in the analysis of enzyme degrada-

tion products.

Since sulfated fucans and alginate are negatively charged

molecules, electrophoretic techniques have been employed for

analysis. Free boundary and other nonsieving techniques, such

as cellulose acetate or glass fiber electrophoresis, have been

most valuable in separating polymers into classes or families.

Solid supports which sieve on the basis of molecular size have

been less successful (Bucke, 1974). Free boundary electrophoresis

of relatively undegraded fucans extracted from Ascophyllum and

Fucus determined that the covalently-linked fucan complex contained

both sulfated and carboxylated residues (Larsen at al., 1963).

Cellulose acetate electrophoresis was used to show that the fucan

complex could be chemically degraded and separated into fractions

containing uronic acid and/or sulfate (Medcalf and Larsen, 1977a,b).

Cellulose acetate electrophoresis was also used to investigate the

developmental appearance of the fucan F2 in Fucus zygotes (Quatrano

and Stevens, 1976). Cellulose acetate electrophoresis has also been

used to separate disaccharides enzymatically released from dermatan

sulfate and chondroitin sulfate (Miyamoto at al., 1981), and mono-

uronates released from the same sources (Miyamoto and Nagase, 1981).
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Wall Assembly and Development in Brown Algal Zygotes

When released from the oogonia, Fucus eggs are apolar and

without a cell wall, but after fertilization, a wall is deposited,

polarity is established, and rhizoid emerges by 20 hours. The

developmental events associated with cell wall synthesis and

assembly are triggered by sperm entry into the egg. Wall

development proceeds after fertilization with the incorporation

of the wall polysaccharides (cellulose, alginate, and the fucans)

to give a "mature" wall at 24 hours following fertilization.

Cellulose synthesis begins very early in development. Callow

et al. (1978) detected binding of the fluorescent dye, calcofluor

white, to the surfaces of zygotes by 10 minutes after fertilization.

Calcofluor interacts primarily with 8,1 4-linked glucans and not at

all with polyuronides or sulfated polysaccharides (Wood, 1980).

This evidence would indicate early, rapid synthesis and deposition

of cellulose, confirming radiotracer incorporation studies (Stevens

and Quatrano, 1978).

Alginate was found to have been incorporated into the cell

wall of Fucus zygotes during the first 24 hours following fertili-

zation (Novotony and Forman, 1975). Some of the early cytological

events related to cell wall secretion and assembly involve fusion

of Golgi vesicles (V3) with the plasmalema and subsequent dis-

charge of the fibrillar contents (Brawley et al., 1976b). Although

the vesicle contents were not defined, alginate may have been pre-

sent. Since alginate forms a gel spontaneously, in the presence
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of divalent cations, self-assembly of a portion of the wall may be

involved. Later, alginate was found in all of the cell wall layers

(Vreeland, 1972). Quatrano and Stevens (1976) determined that

neither the block fractions (16% MM, 30% GG, and 54% MG) nor the

monomer ratios (M/G= 0.3 to 0.5) of alginate extracted from

Fucus zygotes changed significantly during wall development. In

none of the above studies has the synthesis of alginate been followed

from the cytoplasm to the wall. In addition, none of the studies

has investigated the association of specific polymers with alginate

in the wall.

Fucose polymers were found in unfertilized Fucus eggs, but were

not found to be heavily labeled as a result of
14
C-bicarbonate up-

take during wall development. However, when zygotes were exposed

to
35
S-sulfate, the fucans were found to be heavily labeled.

Sulfation of 'pre-existing' fucans was demonstratable only after

10 hours of zygote development, and high rates of sulfation occurred

in vesicles derived from Golgi in the rhizoid cell. The vesicles

were found to secrete their contents primarily at the rhizoid tip,

demonstrating developmentally controlled localization of cell wall

polymers (Quatrano and Crayton, 1973; Brawley and Quatrano, 1979).

Since Fucus zygotes were amenable for wall development studies

as a model system, they were utilized in the present study to con-

struct a model of polymer association based on data obtained from

the release of fucans and alginate by calcium chelation and/or

alginate lyase treatment,
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MATERIALS AND METHODS

Fucus Zygotes: Fertilization, Zygote Cell Development, and Polymer

Extraction

Fucus zygotes were used as a developmental system to study cell

wall synthesis and assembly. Sperm and eggs were released from

ripe receptacles. The population of cells was assayed for ferili-

zation and allowed to develop for various times. In some cases,

wall polymers were labeled by incubating zygotes in seawater

containing radioactive bicarbonate. Polymers were extracted from

isolated cytoplasm or isolated walls and were analyzed. Polymer

extraction was accomplished by sequential chemical extraction,

calcium chelation, and/or enzyme attack.

Fertilization and Zygote Development. Handling of receptacles

and gametes was as reported by Quatrano and Stevens (1976). Briefly,

Fucus distichus receptacles were collected from Yaauina Head,

Newport, Oregon and allowed to desiccate slightly at 4 C. Recep-

tacles were then washed in cold, running tap water for 10 minutes

and then placed into artificial seawater (ASW) in a lighted

incubator held at 15 C. ASW consisted of 430 mM NaC1, 30 mM

MgC1, 16 mM MGS04, 10 mM KC1, 9 mM CaC1, 1 mM Tris at pH 7.5,

and if needed, 40 vg/m1 chloramphenicol. Eggs were normally

released and fertilized by 1 hour.

During development, the percent of fertilized eggs was

measured by several criteria; fluorescent dye binding, sperm

binding and pronuclear migration toward the egg nucleus, the

appearance of a birefringent cell wall, cell adhesion to the
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substratum, and emergence of rhizoids. Within 5 to 15 minutes after

fertilization, zygotes were capable of binding calcofluor white ST

(American Cyanamid, Bound Brook, N.J.). The fluorescent whitening

agent (0.01% in ASW) was allowed to stain zygotes for 5 minutes.

Zygotes were gently washed with ASW and examined by epifluorescence

microscopy for bound dye. A Zeiss Universal Microscope equipped

with an HB050 mercury arc source was used with a UG-1 exciter

filter and a LP425 barrier filter (Hughes and McCully, 1975;

Callow et al., 1978). Fertilization was also monitored by detecting

binding of the sperm body to the egg surface and migration of the

sperm eyespot and pronucleus toward the egg nucelus. The appearance

of a birefringent cell wall near or after 4 hours was routinely

monitored to determine fertilization. Sperm binding and wall bire-

fringence were detected using a Zeiss Universal Microscope equipped

for polarized light and Nomarski optics analysis (Brawley et al.,

1976a; Brawley and Quatrano, 1979). Fucus zygotes, which were

fertilized and developing normally, stuck to the culture dishes

after 6 hours. Normal development was also monitored by the

emergence of a rhizoid near 18 hours and the deposition of a cell

plate near 20 to 24 hours. Zygotes, which were used for analysis

of polysaccharide components, were always derived from populations

of cells in which a minimum of 85% developed normally.

Zygote cell wall and cytoplasm were radioactively labeled

during development by culturing cells in ASW which contained

10 uCi
14C-bicarbonate (42 pCi/vMol - New England Nuclear) per

ml ASW.
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Zygote cell wall and cytoplasmic fractions were separated as

previously described by Quatrano and Stevens (1976). Briefly,

zygotes were harvested by removal from culture dishes, washed free

of radioactive ASW, and stored in distilled water at -20 C until

needed. After thawing, all operations were performed on ice unless

noted otherwise. Zygotes were homogenized in distilled water by

20 strokes in a Ten Broeck glass tissue grinder, stirred for 1 hour,

and sonicated at 85 watts for 10 cycles of 20 seconds on, 40 seconds

off (Branson model 185W Sonifier). Walls were collected by centri-

fugation at 200 g for 1 minute, washed with distilled water 5 to

10 times (until greater than 90% of the cell walls appeared empty

and no additional radioactivity was released), and stored at -20 C.

Cytoplasm was the non-precipitable material from the above centri-

fugation. Cytoplasm was checked for wail contamination with

polarized light microscopy and re-centrifuged if necessary or

frozen until needed.

Polymer Extraction. Polymers were extracted from isolated wall

or cytoplasm fractions using three different approaches, sequential

chemical extraction, calcium ion chelation, and/or alginate lyase

attack.

Sequential Chemical Extraction of Polymers. Haug et al. (1974)

described the chemical extraction procedures. To reduce working

volumes, walls were concentrated by centrifugation, and cytoplasm

was lyophilyzed. Both fractions were treated in identical manners

for the remainder of the extraction. Aqueous (37%) formaldehyde

was added to fractions to create a paste. After 18 hours at room
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temperature, ethanol was added to a concentration of 80%. After

1 hour at room temperature, the insoluble material was recovered

by centrifugation at 13,000 g for 15 minutes. A second 80% ethanol

extraction at room temperature was performed. Two ethanol

extractions at 60 C for 15 minutes each were also carried out.

The ethanol insoluble material was dried in a vacuum desiccator

at room temperature, and then extracted with 0.2 N HC1 two times

at room temperature for 1 hour each. The acid-insoluble residue

was washed two times with water, and then extracted by addition

of Tris, pH 8, to a concentration of 0.5 M. In some instances,

the Tris extraction was replaced by extraction with aqueous (3%)

sodium carbonate. Tris or carbonate extractions, 18 hours at 4 C,

were followed by two water washes, and then the acid-base cycle

was repeated. The acid extracted fraction was neutralized by

addition of dilute NaOH and was termed the fucan fraction. The

Tris or carbonate fraction was called the alginate fraction.

The alginate fraction was purified further, after precipitation

by addition of ethanol to 70% and NaCl to 0.1 M, dried in a vacuum

desiccator, and resuspended in water. KC1 was added to give a

concentration of 0.2 M, and HC1 was added to give a pH of 2.0.

The materials soluble in KC1 at pH 2 were called fucans (Hogsett

and Quatrano, 1975), and the insoluble materials were alginate

(Haug et al 1974). The alginate fraction was neutralized and

lyophilized as described later in this section.

Extraction of Polymers hy Calcium Chelation. High molecular

weight polymers were released from wall material using 20 mM EGTA

(ethyleneglycol-bis(8-aminoethyl ether) N,N'-tetraacetic acid),
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pH 8. After 1 hour, EGTA was removed as the ethanol soluble

calcium-sodium salt. Polysaccharides were lyophilized as described

later. EGTA solubilized material was analyzed electrophoretically.

Electrophoresis was performed before and after mild acid hydrolysis,

80 C for 1 hour in 0.02 N HC1 (Medcalf and Larsen, 1977b).

Extraction of Polymers by Enzymes. Alginate lyase enzymes

were used to release polymer fractions from wall or EGTA treated

wall fractions. Enzyme incubations were performed in the presence

of 100 mM Tris, 50 mM NaC1, 50 mM KC1, pH 7.5, and if necessary

40 ug chloramphenicol per ml. Enzyme action was stopped by

addition of 5 M urea, buffer at pH 4, or by immediate electro-

phoretic analysis.

Alginic Acid Analysis

The sodium salts of alginic acid fractions were used for two

analytical purposes, as model compounds with which to compare

released algal polysaccharides and as substrates for alginate

lyase enzymes. To accomplish both purposes, pure and characterized

alginate fractions were obtained. High molecular weight alginate

was partially acid hydrolyzed and chemically fractionated into

homopolymeric blocks (polymannuronic acid, MM, and polyguluronic

acid, GG). Blocks were analyzed with respect to composition and

found to be of high purity using acid solubility, circular dichroism

spectroscopy, n.m.r. spectroscopy, urea polyacrylamide gel electro-

phoresis (U-PAGE), and total acid hydrolysis. After total acid

hydrolysis, uronic acid monomers were separated by cellulose
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acetate strip electrophoresis (CASE). Radioactivity in gel slices

and acetate strip slices was detected by liquid scintillation

counting.

Source and Preparation of Alginate. Alginic acid from two brown

algal sources was obtained commercially. Kelco, Inc. (San Diego)

supplied high molecular weight alginic acid from Macrocystis

pyrifera (M/G ratio of 1.8) and Laminaria hyperborea (M/G ratio

of 0.8). Sigma (St. Louis) supplied alginic acid from M. pyrifera

(M/G ratio of 1.4). Alginate was isolated from F. distichus by

the method of Haug et al. (1974) as described earlier in this

section.

Alginic acid was converted to a sodium salt by titration with

NaOH. NaC1 was added to 0.1 M and sodium alginate was precipitated

by the addition of ethanol to a concentration of 70% (v/v). Ethanol

precipitated alginate was dried at room temperature in a vacuum

desiccator, resuspended in distilled water, and then lyophilized.

Since alginic acid is insoluble in water, throughout the course of

this investigation solubilization was achieved by neutralization

with dilute NaOH, as described above, or in a similar manner using

0.1 M Tris, pH 7.5. In all cases the ethanol precipitation and

lyophilization procedure removed excess salts, Tris, and other

ethanol soluble materials.

Partial Acid Hydrolysis and Block Fractionation. Partial acid

hydrolysis of alginate was performed according to Haug et al. (1974).

Alginate concentration was adjusted to approximately 0.1% (w/v),

and then HC1 was added to give a concentration of 0.3 N HC1. The
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suspension was contained by a small reflux apparatus or small screw

cap vials. The suspension was heated to 100 C for 2 to 4 hours.

After cooling, the hvdrolysate was separated into supernatant,

containing alternating blocks (MG), and precipitate, containing

homopolymeric blocks (MM and GG), by centrifugation for 5 minutes

at 3000 g. The precipitate was converted to a soluble sodium salt,

and the solution was titrated with 0.1 N HC1 to pH 2.85. MM blocks

were soluble, and GG blocks were insoluble at pH 2.85.

Alginate Block Analysis. The proportions of M and G in

alginate samples were determined by circular dichroism analysis

as described by Morris et al. (1980b). Samples were suspended

at 0.2 mg/ml in 0.05 mM phosphate buffer, pH 7. GG and MM blocks

were filtered through 0.22 pm membranes (Millipore, Corp.). High

molecular weight alginate was too viscous to pass through membranes

of this pore size. Circular dichroism spectra were recorded from

250 to 195 nm using a JASCO J-41A spectropolarimeter, which had

been calibrated with camphor-10-sulfonic acid (Tuzimura et al.,

1977). Samples were contained in a 1 cm pathlength cell (Markson)

and held at 20 C. Data was presented as AE, the difference in

absorption of left and right circularly polarized light.

Analysis of alginate blocks using n.m.r. spectroscopy was

performed at the Institute of Marine Biochemistry, Trondheim,

Norway (Grasdalen et al., 1979).

Alginate samples were electrophoresed using slab polyacrylamide

gels containing 6 M urea (Mallinckrodt) (c.f., Bucke, 1974). Sample
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buffer was 5 M urea, 10 mM EGTA from Sigma, 50 mM Tris at pH 7.5 with

0.001% bromophenol blue, and 0.005% xylene cyanole tracking dyes

(Bio-Rad). The samples, 1 to 25 ug, were electrophoresed at 130

volts through 1.5 mm slab gels at room temperature. The upper tray

buffer was 400 mM glycine (ammonia-free, Sigma) and 50 mM Tris at

pH 8.7. The lower tray buffer was 50 mM Tris and 1 mM CaC12 at

pH 8.9. The spacer gel contained 6% acrylamide monomer (Baker),

0.06% bis acrylamide (Bio-Rad), and 50 mM Tris, pH 7. The

separating gel contained 8% monomer, 0.08% big, 1 mM CaC12, and

50 mM Tris, pH 8.7. Both gels contained 6 M urea and were poly-

merized with 0.07% NNN'N' Tetramethylethylenediamine (TEMED) and

0.07% ammonium persulfate. Electrophoresis was begun immediately

after polymerization and required about 2 hours. Negatively

charged polysaccharides, such as alginate, sulfated fucans, and

DNA restriction fragments, were stained by immersion of the gel

in 0.1% toluidine blue 0 (TBO) from Sigma. TBO was dissolved in

water and then filtered through Whatman #1 filter paper. Gels

were allowed to stain for 15 minutes with constant agitation

(Vreeland and Chapman, 1978). The gels were destained by distilled

water, 7% acetic acid, or 0.3 N HC1 depending on the experiment.

Total Acid Hydrolysis of Alginate. Alginate samples were

totally acid hydrolyzed according to Haug and Larsen (1962).

Alginate was pretreated with 80% H2SO4 for 20 hours at room

temperature, then diluted with water to give 2 N H2SO4 and

heated to 100 C for 5 hours in sealed vials. After cooling,

solid CaCO
3
was added to neutralize the acid and precipitate
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sulfate ions. Neutralization was indicated by 0.2% thymol blue. The

neutralized suspension was centrifuged for 5 minutes at 3000 g to

pellet CaSO4. The supernatant was removed. The insoluble material

was washed with 0.5 volumes water and re-centrifuged. The combined

supernatants were passed through a sodium form AG50W-X8 cation

exchange column, 0.6 X 6 cm (Bio-Rad). Uronic acids were eluted

with water, lyophilized, and resuspended in water.

Separation of uronic acid monomers was accomplished using

Sepraphore III membranes (Gelman) with 0.05 U zinc acetate as the

tray buffer (pH 7). Prior to electrophoresis, uronic acid lactones

were cleaved by the addition of 1/100th volume triethylamine (Baker)

as described by Miyamoto and Nagase (1981). Samples were electro-

phoresed at 3 mA per strip, typically with about 300 volts of

potential. Staining was accomplished with 0.2% silver nitrate in

98% ethanol for 15 seconds, followed by 8 minutes in 2% NaOH in

90% ethanol, then 5 minutes in aqueous sodium thiosulfate.

Authentic mannuronic acid and glucuronic acid (Sigma) were run

as standards.

Detection of Radioactivity. In addition to staining of

separated compounds, radioactivity was detected by liquid scin-

tillation counting (Beckman LS6800). Acetate strips were cut

appropriately, dried, and placed into vials containing 5 ml

0.4% (w/v) Omnifluor (New England Nuclear) in liquid scintillation

grade toluene (Baker). Gel slices were placed into vials contain-

ing 1 ml Protosol (New England Nuclear), heated to 55 C for 1

hour and cooled. Five ml of fluor was then added.
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Marine Bacteria Isolation, Enzyme Purification, and Enzyme Char-
acterization

Marine bacteria were isolated at a source of alginate lyase

enzymes. Enzymes were characterized with respect to substrate

specificity using the thiobarbiturate (TBA) test, checked for

specific activity by protein measurement, and analyzed for mode

(exo- or endo-) of activity by U-PAGE of products. Enzymes

released from bacteria during culture growth were purified from

the culture medium using ammonium sulfate fractionation and non-

denaturing polyacrylamide gel electrophoresis (ND - PAGE).

Enzyme purity was checked by sodium dodecyl sulfate (SDS) PAGE.

Cell-bound enzymes were purified from disrupted bacterial cells

by ammonium sulfate fractionation and gel exclusion chromatography.

Isolation and Culture of Bacteria. Isolation of marine

bacteria was as described by Quatrano and Caldwell (1978).

Rotting Fucus fronds and receptacles were placed in liquid

culture medium and shaken for 24 hours at room temperature.

After the medium became turbid, aliquants were streaked onto solid

medium (1.5% agar (Difco), 430 mM NaCl, 20 mM MgSO4, 13 mM KC1, 10

mM Tris, 2 mM CaCl2, 1 mM phosphate, 0.07 mM FeSO4, 0.1% yeast

extract, and 0.1% sodium alginate). The medium was sterilized

for 15 to 20 minutes at 121 C. After cooling, the medium was

cloudy due in part to the presence of calcium alginate. Isolates

were selected on the basis of colony growth rates and on the size

of the clearing zone around the colony. The clearing zone was

presumed to be due to the release and diffusion of alginate-
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degrading enzymes from bacterial cells.

Bacteria were grown in liquid cultures to obtain the culture

medium and bacterial cells, from which enzymes were purified.

Single colonies growing on solid medium were inoculated into

liquid medium. Liquid cultures were grown at room temperature

for 18 to 20 hours with constant rotary shaking. Cultures were

centrifuged at 13,000 g to obtain released enzymes (in the

supernatant) or cell-bound enzymes (in the pellet).

Enzyme Assay. Alginate lyase enzymes cleave alginate,

producing an a,S-unsaturated carbonyl at the new non-reducing

terminal. Measurement of the concentration of the unsaturated

carbonyl was performed by absorbance at 235 nm (Preiss and

Ashwell, 1962) or routinely by the TBA test. The TBA test

measured the end product of enzyme activity indirectly. Enzyme

assays were performed in 0.2 ml volumes or scaled appropriately.

The reaction mixture contained 125 pg sodium alginate (GG blocks,

MM blocks, or high molecular weight alginate), 100 mM Tris at pH

7.5, 50 mM NaC1, 50 mM KC1, and enzyme mixtures. Specific changes

in this reaction mixture are indicated in the results section.

Substrate blanks contained 100 mM Tris at pH 7.5 and enzyme mixtures,

but no alginate. After the reaction was completed, 10 minutes to

3 hours depending on the experiment, periodic acid was added (0.25

ml of 0.025 N periodate in 0.125 N HC1). The mixture was kept

dark for 20 minutes, then sodium arsenite (0.5 ml of 2% sodium

arsenite in 0.5 N HC1) was added. After 2 minutes, 2 ml of 0.3%

TBA in water was added, The tubes were heated to 100 C in a
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boiling water bath for 10 minutes. Chromophore formation was

measured at 500 nm against distilled water using a Beckman DK-7A

spectrophotometer (Weissbach and Hurwitz, 1959).

Protein Measurement. During enzyme purification, protein

concentrations of solutions were measured using an assay which

was a modification of the Bradford (1976) dye-binding assay.

Coomassie G-250 Brilliant Blue (98.5%) was obtained from

Eastman Organic Chemical Co. Bovine serum albumin (Sigma)

was adjusted to 0.1 mg/ml, based on 4;10 = 6.6, and used as the

reference protein. Protein was measured by the method of Beardon

(1978) with a working dye solution fo 0.02% (w/v) G-250 in 17%

(v/v) phosphoric acid. Dye solution was filtered through

Whatman #1 paper and stored at 4 C. Protein samples were

diluted with 1 volume of dye and vortexed. The absorbance was

measured at 595 nm against appropriate blanks.

Enzyme Purification and Characterization. Prior to further

purification, the culture medium was filtered, dialyzed, and lyo-

phylized to remove ions and reduce volume. The culture medium

was filtered through GF/B glass fiber pads (Whatman) and 0.45

um membranes (Millipore) arranged in tandem. Filtration removed

any large suspended particles, including bacteria. The filtrate

was dialyzed against distilled water using 12,000 molecular

weight cut-off Spectrapor 2 dialysis tubing (Spectrum Medical

Supplies). After dialysis at 4 C, the culture filtrate was

lyophilized.

G lyase was purified from the lyophilized filtrate by
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ammonium sulfate (AS) fractionation. The filtrate was resuspended

at 0.02 to 0.1 mg/ml in 10 mM Tris (pH 7.5). Ammonium sulfate

(Schwarz/Mann) was added to give a solution which was 85% satu-

rated with respect to ammonium sulfate (85AS). The solution was

held at 4 C for 3 hours. Material which became insoluble in 85AS

was removed by centrifugation at 13,000 g for 20 minutes. Solid

ammonium sulfate was added to the supernatant to give a 100AS

solution. The solution was held at 4 C overnight, then centri-

fuged. Material soluble in 100AS was passed through a Centriflo

type CF25 cone (Amicon). The retentate, which contained G lyase

activity, was dialyzed for 2 hours against water, then lyophilized.

An alternative method of ammonium sulfate removal required the

addition of 0.04 volumes 20% acetic acid to the 100AS supernatant.

The solution, pH 4, was held overnight at 4 C, then centrifuged.

The precipitate, which contained G lyase activity, was resuspended

in 10 mM Tris, pH 8, and frozen or lyophilized after brief dialysis.

Electrophoretic techniques were also used to purify and

characterize G lyase. Lyophilized crude enzyme was resuspended

in water, then mixed with 0.5 volume of sample buffer (10% (w/v)

glycerol, 50 mM Tris at pH 7.5, and 0.001% bromophenol blue).

Samples were electrophoresed, through ND-PAGE in duplicate lanes.

One lane was stained for protein to indicate where the unstained

lane was to be sliced. Unstained lane slices, 0.2 to 0.5 cm, were

mechanically disrupted in 100 mM NaC1 and 1 mM Tris, pH 7.5.

Slices were allowed to sit at 4 C for 2 to 18 hours and then were

centrifuged. The supernatants were assayed for lyase activity
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using the TBA test.

The non-denaturing slab gel, 0.75 mm thick, consisted of a

spacer gel (6% acrylamide monomer, 0.06% bis acrylamide, and 50

mM Tris at pH 7.5) and a separating gel (15% monomer, 0.15% bis,

and 200 mM Tris at pH 8.5). The gels were polymerized by the addi-

tion of TEMED and ammonium persulfate; both were added to 0.07%.

Preliminary electrophoresis was performed (to clear the gels of

the catalyst and accelerator of polymerization) for 1 hour at

100 volts at 4 C using 50 mM Tris at pH 8.8 as the tray buffer.

Prior to loading the samples, the upper tray buffer was replaced

with 380 mM glycine in 50 mM Tris at pH 8.3. The samples were

electrophoresed at 4 C, with 1 mA per lane, until the tracking

dye reached the end of the separating gel.

Acrylamide gels were stained for protein by immersion and

constant agitation in acetic acid:methanol:water (1:5:5) con-

taining 0.11% Coomassie Brilliant Blue R-250 (Sigma). The gels

were destained by transfer to ethanol:acetic acid:water (20:7:73).

Destaining required several changes of solution and constant agita-

tion.

SDS PAGE was used for two purposes. Stained non-denaturing

gel slices were electrophoresed in a second dimension through a

denaturing gel, and samples of protein which had not previously

been electrophoresed were also separated in SDS gels. The two

types of samples were treated differently prior to electrophoresis.

Gel slices were soaked in SDS sample buffer for 2 hours and then

placed into sample wells. Protein solutions were mixed with
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concentrated SDS sample buffer, heated to 80 C for 2 minutes, and

then loaded into wells. At the working concentration, SDS sample

buffer was 10% glycerol, 62.5 mM Tris at pH 7, 2% sodium dodecyl

sulfate, 5% IS-mercaptoethanol, and 0.001% bromophenol blue. SDS

gels were similar to non-denaturing gels in construction, except

the SDS gels had 0.1% SDS included and had 400 mM Tris, pH 8.7,

in the separating gel. SDS gels were not pre-electrophoresed and

were run at 100 volts at room temperature. SDS electrophoresis

molecular weight standards, bovine albumin, egg albumin, pepsin,

trypsinogen, and lysozyme, were used routinely and were purchased

from Sigma.

M lyase was partially purified from the sonicated cells of

bacterial isolate A3. Bacterial pellets were washed two times

with culture medium, minus yeast extract and alginate, and then

placed into distilled water. Cells were disrupted by sonication

using a Branson 185W Sonifier. Cells were surrounded by ice,

then sonicated with two 90 watt bursts for 20 seconds each.

Disrupted cells were separated into pellet, which was discarded,

and supernatant, containing crude M lyase, by centrifugation at

13,000 g for 20 minutes. Crude bound lyase was made 50AS by the

addition of solid ammonium sulfate. The solution was held at

4 C for 3 hours and then centrifuged at 13,000 g for 20 minutes.

The material soluble in 50AS was made 65AS by the addition of

solid ammonium sulfate. The 65AS solution was held at 4 C

overnight and then centrifuged. The 65AS precipitate was

resuspended in 10 mM Tris, pH 7.5, and passed through a 0.45 pm
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membrane (Millipore). The enzyme solution was either dialyzed

and lyophilized or directly passed through a BioGel P150 column

(Bio-Rad) 1 X 60 cm. The column was eluted with 10 mM HEPES

(Sigma), pH 7.5. Active fractions were pooled and then lyophi-

lized. Crude and ammonium sulfate fractionated M lyase were

electrophoresed in non-denaturing and SDS gels as with G lyase.

G and M lyases were analyzed for mode of attack of substrate,

i.e. exo- or endo- action. Enzymes were incubated with high

molecular weight alginate as substrate. After a suitable period

of incubation, aliquants were removed, and the mobility of the

end products was determined in U-PAGE.

Wall Polymer Analysis

Polymers released from developing Fucus zygotes-by alginate

lyase attack or calcium chelation were analyzed by Cellulose Acetate

Strip Electrophoresis employing S&S No. 2500 membranes (Schleicher

and Schuell) with 0.05 M LiC1 in 0.01 N HC1 as the tray buffer

(Quatrano and Stevens, 1976), Strips were immersed in buffer at

least 10 minutes prior to light blotting to remove excess buffer

and sample application. Aliquants of 5 to 8 ul were applied to

the negative end of the strips. Electrophoresis at 2 mA per

strip, typically 150 volts, required 45 minutes to complete.

Sulfated fucans were selectively stained with 0.1% TBO in 0.3

N HCI and destained in 0.3 N HC1. Uronic acids and sulfated

fucans were stained with 0.1% TBO in 0.1 M Tris, pH 8, and

destained with water. Alginate blocks (GG and MM) and Fucoidin
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(ICN-K&K Laboratories, Inc., Plainview, N.J.) were used as standards

for determination of migration and response to TBO staining at

various pH values.
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RESULTS AND DISCUSSION

Synthesis of Alginate

To determine the pattern of alginate biosynthesis, alginate

was chemically extracted from Fucus zygotes grown in seawater

containing
14

C bicarbonate. The results demonstrated that,

during development, zygotes synthesized alginate in the cytoplasm

and accumulated alginate in the cell wall. A substantial portion

of the label recovered from the walls was in the alginate fraction.

Compared to label incorporated into all polymer fractions in the

zygotes, alginate synthesis represented similar levels in zygotes

and in rapidly growing vegetative material studied by other

investigators. When alginate, recovered from zygote walls and

cytoplasm, was chemically fractionated into GG blocks, MM blocks,

and alternating (MG) blocks, distribution of the label in blocks

and monouronates indicated that substantial differences existed

between cytoplasm and wall alginates. The higher label content

in GG blocks in the wall as opposed to MG blocks in the cytoplasm

was perhaps due to the activity of a C-5 epimerase. The block

composition of alginate recovered from the walls indicated that

zygotes synthesized alginate which was very similar to alginate

recovered from stipes and holdfasts of other brown algal species.

Bicarbonate Metabolism. To determine carbon uptake and

incorporation into wall and cytoplasm polymer fractions, particu-

larly alginate, Fucus zygotes were pulsed with
14
C bicarbonate

for 18 hours starting immediately after fertilization. Wall and
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cytoplasm components were then physically separated, and each

was chemically extracted. Isolated walls and cytoplasm were

treated sequentially with formaldehyde, ethanol, dilute HC1,

Tris (pH 8), and sodium carbonate as detailed in Materials

and Methods. Both cytoplasm and walls had major amounts of label

(51 to 52%) remaining in the insoluble residue (Table 2).

During the course of the extraction, ethanol removed a minor

amount (2.2%) of label from the walls but a major amount (41.9%)

from the cytoplasm. Dilute acid extracted similar percentages

of label from walls (2.6%) and cytoplasm (1.8%). The polymers

recovered with Tris and sodium carbonate (crude alginate fractions)

were precipitated by ethanol and are represented in Table 2 as

Fractions III and IV, respectively. The combined alginate

fractions contained substantial portions of the recovered label

in the walls (43.6%) and minor amounts of label in the cytoplasm

(5.7%).

The alginate fractions were probably contaminated with sul-

fated fucans (Mian and Percival, 1973a,b); therefore, further

purification was necessary to determine the extent of contamination

(and possible association) with labeled fucans. Larsen et al.

(1966) had determined that during chemical extractions fucan

fractions were often not solubilized by the initial acid extrac-

tions, even though after neutralization (a process which releases

fucans and the bulk of the alginate), the fucans were fully

soluble in acid solutions. Alginate Fractions III and IV (Table

2) were further purified by precipitation of alginate in pH
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Table 2. Percent
14C

in Various Fractions of the Wall and Cyto-
plasm From 18 Hour Fucus Zygotes.

Fraction
% Label

Wall Cytoplasm

I. Ethanol Soluble 2.2 41.9

II. Acid Soluble (Fucans) 2.6 1.8

III. Tris Soluble, 35.2 2.8

60% Ethanol Insoluble (Alginate)

IV. Sodium Carbonate Soluble, 8.4 2.9

60% Ethanol Insoluble (Alginate)

V. Insoluble Residue 51.6 50.6

*
Based on 5.6 X 10

6
and 13.5 X 10

6
total CPM in the wall and

cytoplasm fractions, respectively.

Table 3. Percent
14
C in Alginate Fractions of the Wall and Cyto-

plasm From 18 Hour Fucus Zygotes.

Fraction

*
% Label In Alginate

Wall Cytoplasm

III. Tris Soluble,
60% Ethanol Insoluble

IV. Sodium Carbonate Soluble,
60% Ethanol Insoluble

92 50

57 10

*
% of label precipitated in 0.2 M KC1 at pH 1.5 (Haug, et al., 1974).
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1.5-2, 0.2 M KC1, a procedure which leaves fucans in solution

(Haug et al., 1974). The results (Table 3) were determined by

measuring radioactivity in each fraction; therefore, only polymers

which were synthesized after fertilization and from labeled

precursor pools (
14
C-bicarbonate metabolism) were detected.

The results indicate that cytoplasm and cell wall were different

with respect to content of labeled fucans in the alginate frac-

tions. Table 3 indicates that Fraction III was 92% alginate

when obtained from walls but only 50% alginate when obtained

from cytoplasm, while Fraction III was 57% and 10% alginate

when obtained from wall and cytoplasm, respectively. The results

indicate that in the cytoplasm, newly synthesized fucans comprised

a majority of the label in alginate fractions. If material asso-

ciated with alginate is synthesized in the cytoplasm and exported

to the wall, then the radioactively labeled material in the

cytoplasm represents material synthesized near the end of the

pulse period, as opposed to labeled wall material which repre-

sents accumulated polymers. Perhaps, as indicated by Hogsett

and Quatrano (1975), near the end of the pulse period, fucans

were being newly synthesized (from labeled precursor pools)

and packaged for export to the cell wall. Any direct linkages

between alginate and the labeled fucans would have to be extremely

acid labile and are not directly addressed by these results. In

the walls, however, accumulated fucans were not heavily labeled.

Accumulated fucans did not appear to be a contamination problem

in the wall alginate Fraction III sample. The bulk of the newly
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synthesized fucans were removed from the wall after most of the

alginate was removed. The association of newly synthesized

alginate and fucans in the wall was not indicated by these

results; however, a sodium carbonate labile association of

newly synthesized fucans with the wall residue was indicated.

Recovery of label in wall and cytoplasm polymers indicates

that
14
C-bicarbonate was metabolized in Fucus zygotes. The

high percentage (37%) of total label in the wall recovered in

alginate was due to continuous synthesis and accumulation of

alginate into zygote walls during the period of incubation with

14
C-bicarbonate. Considering both wall and cytoplasm, alginate

represented about 12% of the total label recovered. For a

comparison, Hellebust and Haug (1972a) determined that Laminaria

stipes incorporated only 6 to 11% of the radioactive label into

alginate during a 3 hour photoassimilation study. In the same

study, rapidly growing blade regions incorporated 14% of the

label into alginate. Growing regions of mature plants and

zygotes are probably engaged in more intensive polymer synthesis

than older vegetative material. Since Fucus zygotes develop to

the 2-cell stage in the absence of light, zygotes probably have

high levels of dark (carbon) fixation, via S-carboxylation of

phosphoenolpyruvate by PEP carboxykinase. Other investigators

have determined that PEP carboxykinase activity resulted in

incorporation of label into wall polymers via aspartate and

malate. PEP carboxykinase was found to be active in young but

not older tissues (Willenbrink et al., 1978; Kremer, 1981).
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Alginate Block Synthesis. Since alginate was the major wall

polymer labeled by metabolism of bicarbonate, what was the distri-

bution of label in the various blocks of alginate in both the

cytoplasm and cell wall? In a series of pulse experiments,

radioactivity that accumulated in alginate GG blocks was deter-

mined to be higher in the walls than in the cytoplasm, consistent

with the action of a polymer-level C-5 alginate epimerase between

synthesis and assembly in the cell wall.

Alginate was chemically extracted from zygote wall and

cytoplasm and fractionated into blocks. Zygotes were grown in

the light in seawater containing 14C-bicarbonate; labeling started

at 0, 4, and 6 hours following fertilization and continued for

18, 4, and 0.5 hours, respectively. Walls and cytoplasm were

extracted as described in the Materials and Methods.

Table 4 indicates that substantial differences existed

between wall and cytoplasm with respect to label incorporation

into block fractions of alginate. From the cytoplasm, a large

fraction of the label (0.50 to 0.74) was recovered in the alter-

nating blocks, with lower amounts (0.19 to 0.36) in GG blocks,

and the least amount (0.06 to 0.14) in MM blocks. In contrast,

the wall fraction had the majority (0.52 to 0.58) of the

recovered label in GG blocks, with nearly equal amounts (ca.

0.20 to 0.28) distributed in alternating and MM blocks. From

Table 4, the ratio of incorporation of label into alginate monomers

(M/G) can be calculated and was determined to be about 0.8 for

cytoplasm and 0.5 for wall alginates. The high level of label
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Table 4. Fraction of Label Associated With Blocks of Alginate
Isolated From Wall (W) and Cytoplasm (C) of Fucus
Zygotes.

Start of Pulse
(hours after fertilization) 6 4 4

Length of Pulse
(hours) 1/2 4 18

Alginate Fraction

MG 0.70 0.20 0.74 0.28 0.50

MM 0.11 0.22 0.06 0.20 0.14

GG 0.19 0.58 0.20 0.52 0.36
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incorporation into alternating blocks in the cytoplasm is unique

to the Fucus zygote system. These results are important since

no other investigations have followed the synthesis of alginate

from the cytoplasm to the wall to show a change in alginate

block composition.

Other studies have demonstrated that alginate (and heparin,

c.f. Prihar et al., 1980) were synthesized and subsequently

tailored at the polymer level by an epimerase. The metabolism

of M to G has been demonstrated conclusively in bacteria (Haug

and Larsen, 1971; Larsen and Grasdalen, 1981) and tentatively

in brown algae (Ishikawa and Nisizawa, 1981a,b). The bacterial

data suggested that the substrate of the epimerase was MM

blocks. Hellebust and Haug (1972a,b), using Laminaria stipe

and blade, and Abe et al. (1973), using Ishige fronds, determined

that initial photoassimilation of
14
C-bicarbonate labeled MM

blocks preferentially but MG blocks and GG blocks only slightly,

but that dark assimilation slightly favored accumulation of label

into GG blocks. The incorporation of label into Fucus zygote

MG blocks (in the cytoplasm) has no precedence since no other

group investigated cytoplasmic synthesis. The incorporation of

label into Fucus zygote walls GG blocks was in accord with the

dark metabolism of bicarbonate found by other researchers using

whole brown algal tissues. Therefore, in algal systems one

might investigate epimerase activity toward MG blocks.

Chemical extraction of blocks was probably not perfect,

and to determine overlap of label, the blocks were analyzed
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further. The homopolymeric blocks from the 18 hour pulsed

zygotes (Table 4) were analyzed by circular dichroism spectro-

scopy and found to be enriched to about 80% with the monomer

designated by the block name. The same blocks were also totally

acid hydrolyzed and analyzed by CASE. Uronic acid bands (Figure

4) were counted for radioactivity. MM and GG blocks were found

to be contaminated with approximately 20% radioactive G and M,

respectively. The results in Table 4 were corrected for contami-

nation.

The label incorporated into Fucus zygote cell wall alginate

was proportioned among blocks in an identical manner to chemically

determined block structure of Laminaria stipes (Haug et al.,

1974) and circular dichroism determined block structure of Alaria

stipes (Stockton et al., 1980b). These results suggest that

Fucus zygote cell walls resemble stipe tissue, which is structurally

rigid. Stockton et al. (1980a) determined that the structural

differences between brown algal tissues (ranging from very

flexible to very rigid) were due solely to the block composition

of cell wall alginate.

This study of alginate synthesis in Fucus zygotes has deter-

mined that alginate was synthesized after fertilization and

that alginate was accumulated in the wall. The newly synthesized

alginate had significantly higher proportions of GG blocks in the

wall alginate as compared to cytoplasmic alginate. In the cyto-

plasm, MG blocks were preferentially labeled. The presence and

action of a C-5 alginate epimerase was suggested as a possible
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reason for this difference. The newly synthesized alginate

recovered from zygote walls had a block structure similar to the

block structure of alginate recovered from a variety of other

brown algal stipe and haptera tissues. The block structure

indicated that the wall would be mechanically rigid. An

endo-G lyase would be an important tool in determining

associations between alginate and other wall polymers, since

the type of chemical analysis used to determine alginate

synthesis does not address this important topic.

Characterization of Alginate Homopolymeric Blocks

Since chemical extraction of wall polymers could not determine

the nature of associations between wall components, other methods

(e.g. calcium chelation and enzyme degradation) were utilized;

however, the availability of model compounds for comparison

with released polymers and to act as enzyme substrates was

necessary. In this investigation, alginate lyases were used

as wall probes. Enzyme characterization required homopolymeric

blocks (GC and MM) of alginate for use as substrates. Alginate

blocks were obtained by chemical fractionation after partial

acid hydrolysis of high molecular weight alginate. Blocks

were analyzed for purity using n,m.r. spectroscopy, U-PAGE,

circular dichroism spectroscopy, and after total acid hydrolysis

by CASE, Contamination of blocks by the incorrect epimer was

found to be less than 3 to 5%, sufficient for all subsequent

analyses,
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Partial Acid Hydrolysis. The effect of partial acid hydro-

lysis on high molecular weight alginate was determined using

U-PAGE. High molecular weight alginate was hydrolyzed by

dilute HC1 (0.3 N) at 100 C. Figure 2 presents evidence

of a change in the mobility of alginate in urea PAGE as a

result of hydrolysis. Unhydrolyzed alginate, lanes D and F,

appeared to be polydisperse with the majority of the material

stained by TBO located in 'the high molecular weight region of

the gel. After 2 hours of acid hydrolysis, a small fraction

of the material remained in a band about midway down the lanes.

The major portion of the material was found in the closely

spaced triplet near the solvent front. The lower two bands

co-migrated with GG and MM blocks (as described below). The

staining pattern did not change even after 8 hours of hydrolysis.

Alginate Block Fractionation. To obtain homopolymeric

blocks of MM and GG, high molecular weight alginate from M. pyrifera

was hydrolyzed in acid for 2 hours. Penman and Sanderson (1972)

and Haug et al. (1974) had determined that alternating blocks

were solubilized during the course of partial acid hydrolysis

(0.3 N HC1) but that homopolymeric blocks remained acid

insoluble. GG and MM blocks were separated according to acid

solubility, as indicated in Materials and Methods. Each block

type was re-hydrolyzed and re-fractionated to obtain sufficiently

pure material for use in enzyme analysis.

Alginate Block Analysis. Table 5 presents 1H-n.m.r. data

for the unhydrolyzed M. pyrifera alginate and fractionated blocks,
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GG

MM

A

sir 111Ir Ir MM

Figure 2. Electrophoretic Separation of Partially Acid Hydrolyzed

Alginate. The urea polyacrylamide gel was stained with
TBO at pH 7. Lane contents were A, GG blocks; B, MM
blocks; C-E, L. hyperborea alginate, acid hydrolyzed
for 2, 0, and 8 hours, respectively; F-H, M. pyrifera
alginate, acid hydrolyzed for 0, 2, and 8 hours,

respectively.
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M. pyrifera alginate had a high degree of polymerization, as

measured by the intensity of end-group signals, and contained

59% M and 41% G. The homopolymeric diad frequencies indicated

GG, MM, and MG (or GM) linkages occurred as 24%, 42%, and 34%,

respectively, of the diads measured. When GG blocks were

re-hydrolyzed, the GG linkage percent increased from 78 to

96, while the percent of the sample which was G increased from

84 to 97. The average degree of polymerization increased

slightly from 25 residues to 26 residues. When MM blocks were

re-hydrolyzed, the percent of the sample, which was M, increased

from 93 to 97, and the MM linkage percent increased from 90 to

96. The average degree of polymerization decreased from 26

residues to 22 residues.

GG and MM blocks were analzyed by urea PAGE, lanes A and B

in Figure 2. MM blocks migrated with the solvent front (bromo-

phenol blue tracking dye). GO blocks were split. A minor

portion remained midway in the gel. The majority of the GG

blocks migrated with xylene cyanole tracking dye in a band

slightly above the MM band. The pattern was typical of urea

PAGE with 1 mM CaC1
2
included in the gels. When CaCl2 was

omitted from the gels, GG and MM blocks co-migrated near the

solvent front (data not presented).

Alginate, particularly GG regions, binds calcium. Binding

is influenced by at least two factors, polymer stereochemistry,

i.e. block composition (Kohn et al., 1968), and length of GG

blocks (Morris et al., 1980a). Alginate conformation was
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Table 5. NMR Analysis of M. pyrifera Alginate.

Alginate Fraction of Sample
Sample M G MM GG MG M/G DT**

M. pyrifera 0.59 0.41 0.42 0.24 0.34 1.44 high

First Hydrolysis

GG Blocks 0.16 0.84 0.08 0.78 0.16 0.19 25

MM Blocks 0.93 0.07 0.90 0.04 0.03 13.3 26

Second Hydrolysis

GG Blocks 0.03 0.97 0.02 0.96 0.02 0.03 26

MM Blocks 0.97 0.03 0.96 0.02 0.02 32.2 22

*
M/G, ratio of monomers.

DP, average degree of polymerization.
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apparently altered by the presence of calcium in the gel,

allowing a separation GG blocks from MM blocks.

The urea PAGE and H-n.m.r. data were confirmed by circular

dichroism analysis. Since the absolute concentration of algi-

nate in solution was unknown, circular dichroism was used to

determine the ratios of monomers in alginate but not block

composition. The data presented in Figure 3 are spectra

displaying the difference in absorption of right and left

circularly polarized light (Ac) at wavelengths from 250 to

195 nm. The results were very similar to results given by Morris

et al. (1980b). GG blocks had a trough at 203 nm and a peak

at 199 nm. MM blocks displayed a trough at 213 nm and a peak

at 197 nm. M. pyrifera alginate had a trough at 210 nm and a

peak at 201 nm. Peak height to trough depth ratios (P /T) can

be used to estimate monomer ratios using formulas given by

Morris et al. (1980b). P/T were computed for GG blocks (0.07),

MM blocks (2.04), and M. pyrifera alginate (0.63). Composite

results of several spectra of the same material indicated that

GG blocks were 90 to 95% G, MM blocks were 90 to 95% M, and

M. pyrifera alginate was 50 to 55% M, in good agreement with

the
1
H-n.m.r. data.

The purity of GG and MM blocks was tested after total

acid hydrolysis. CASE was used to separate uronic acid monomers

and confirm block identity, as well as to determine label incor-

poration. The results are seen in Figure 4. Standard uronic

acids, glucuronic acid and mannuronic acid, were electrophoresed
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Figure 3. Circular Dichroism Spectra of Alginate and Homo-
polymeric Blocks.
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Figure 4. Electrophoretic Separation of Monouronides. Cellulose
acetate strips were stained with silver nitrate. Lane A,
hydrolyzed GG blocks; Lane B, hydrolyzed MM blocks;
Lane C, glucuronic acid standard; Lane D, mannuronic
acid standard; Lane E, hydrolyzed GG blocks, mannuronic
acid, and glucuronic acid.
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with unknowns. All mobilities were computed with respect to

glucuronic acid. Guluronic acid and mannuronic acid had

mobilities of 0.55 and 0.84, respectively, slightly higher

values than were given by St. Cyr (1970) for separations in

paper electrophoresis. The results indicate that the blocks

were pure.

Homopolymeric blocks were obtained by chemical fractionation

after partial acid hydrolysis of high molecular weight alginate.

The purity of the blocks was determined to be sufficient for

use of the blocks as enzyme substrates and as model compounds

for comparison with released wall polymers.

Marine Bacteria: Isolate Characteristics and Enzyme Complements

Because alginate composed 60% of the zygote cell wall,

alginate lyase enzymes were chosen as a means of selective

wall disruption. Marine bacteria were chosen as the source of

the enzymes, and appropriate culture conditions were determined.

As judged by enzyme activity toward homopolymeric blocks of

alginate, marine bacteria released into the culture medium a

G lyase, and the bacteria contained cell-bound M lyase activity.

Preparations of crude lyases were free of activity toward non-

alginate substrates, and bacterial production of enzymes was

determined to be controlled by the make-up of the culture

medium (i.e., enzyme production was probably inducible).

Bacterial Isolates. Bacterial isolates were grown in liquid

culture medium which contained basal salts, alginate for a carbon
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source, and yeast extract as a nitrogen source (Quatrano and

Caldwell, 1978). Liquid medium was inoculated with single

colonies growing on solid medium. Cultures were grown at

room temperature for 20 hours with constant rotary shaking.

The cultures were then centrifuged to obtain the supernatant

containing the released G lyase (isolate W3) or the bacterial

cells containing the cell-bound M lyase (isolate A3).

Isolates were characterized by two criteria: color of

bacterial pellet and enzyme complement.

Color of Bacterial Pellet. After grown in liquid medium,

the centrifuged cells were of two colors: white and salmon.

White cells were found to be packed loosely (e.g. A2, A4, A7,

and A9) or tightly (e.g. A3). Salmon cells were tightly

packed (A5, Al2, WO, Wl, and W3).

Enzyme Complement. When grown in liquid medium, all isolates

produced alginate lyase enzymes. Lyase activity was found in

the culture supernatants (released) as well as with the bacterial

cells (bound). Activity toward both GG and MM block substrates

was found with all isolates, as indicated in Table 6. 'Isolates

with white bacterial pellets had bound enzymes with high lyase

activity toward MM blocks. In general, the white isolates had

low levels of released lyase activity, while the salmon-colored

isolates had high levels of released lyase activity. The salmon-

colored isolates exhibited selectivity toward MM blocks with the

bound enzymes (except for isolate W1) and high activity toward

GG blocks in the released fraction. These results indicated
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Table 6. Alginate Lyase Activity in the Released and Bound Fractions
of Bacterial Isolates.

Isolate
Fraction:

Units of Lyase Activity
Released ** Bound

Substrate: GG MM GG/MM GG MM GG/MM

A2 0.08 0.79 0.11 3.75 22.5 0.17

A3 0.06 0.06 1.00 1.69 30.9 0.05

A4 0.02 0.08 0.25 2.25 43.1 0.05

A5 1.42 0.62 2.27 4.69 6.38 0.74

A7 0.02 0.26 0.13 1.31 36.2 0.04

A9 0.10 0.10 1.00 4.31 46.9 0.09

Al2 0.62 0.25 2.50 2.44 5.25 0.46

WO 1.15 0.77 1.49 3.19 5.25 0.61

W1 0.46 0.15 3.14 9.38 7.88 1.19

W3 2.17 0.65 3.35 3.75 18.8 0.20

*
Total unit of lyase activity per fraction, one unit gives an
increase of 1.0 per minute in the TBA test.

* *
GG/MM, ratio of enzyme activity toward GG and MM block substrate.
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that enrichment for alginate lyase activity toward MM or GG blocks

as a preferred substrate could initially be accomplished by

selection of the proper bacterial isolate and culture fraction.

Since the enzymes were to be utilized as cell wall probes,

the crude enzyme fractions were assayed for the presence of

other enzyme activity toward artificial substrates. The sub-

strates were chosen to represent potential wall fractions,

and the analysis was carried out by J. Sabourin at the Oregon

State University Marine Science Center, Newport, Oregon. Sub-

strates were purchased from and assayed according to directions

from Sigma. Crude enzyme fractions from bacteria grown on growth

medium containing alginate and yeast extract were active against

alginate but totally inactive against the following: p-nitrophenyl-

a-L-fucopyranoside, p-nitropheny1-6-D-galactopyranoside, p-nitro-

phenyl-a-D-glucopyranoside, p-nitropheny1-6-D-glucopyranoside,

p- nitrophenyl -S -D- glucopyranosiduronic acid, and p-nitrophenyl-

F3-D-mannopyranoside.

Enzyme Inducibility. The effect of alginate concentration

in growth medium on enzyme production was investigated. As Table

7 indicates, increased amounts of alginate in the medium resulted

in recovery of increased enzyme activity. Cell growth appeared

independent of the presence or absence of alginate in the medium,

most probably due to the presence yeast extract and/or glucose.

With the exception of isolate W3, all isolates exhibited a

requirement for alginate in the growth medium for recovery of

high levels of enzyme activity. Isolate W3 demonstrated similar
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Table 7. Alginate Lyase Activity From Isolates Grown in Media
With Various Carbon and Nitrogen Sources.

Bacterial
Isolate

Enzyme
Fraction

Growth Media Units of
Lyase *

Activity
Carbon
Source

Nitrogen
Source

WO Released Alg YE 1.5

None YE 0.1

A5 Released Alg YE 2.0

None YE 0.2

W3 Released Alg YE 2.0

None YE 1.9

Glc YE 1.7

Glc NH
4
NO

3
0.1

A3 Bound Alg YE 13.2

Glc YE 0.0

*
Growth media, basal salts supplemented with a carbon source
p0.1% aglinate (Alg) or 0.5% glucose (Glc)] and a nitrogen
source [0.1% yeast extract (YE) or 0.2% ammonium nitrate

(NH
4
NO

3
)].

**
TBA assay with high molecular weight alginate as substrate.
Units defined in Table 6.
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levels of activity, with or without alginate, as long as yeast

extract was present. Removal of alginate and yeast extract,

replaced by glucose and ammonium nitrate, did not inhibit cell

growth but did reduce recovery of lyase activity to 1/20th.

Yeast extract probably contained molecules which allowed

recovery of lyase activity from isolate W3. Since with all

isolates, maximal recovery of activity was obtained from growth

in media containing 0.1% alginate, this alginate concentration

was used in all cultures from which lyases were purified.

Purification and Characterization of G Lyase and M Lyase

Alginate lyase enzymes from bacteria were purified and used

as wall probes to release wall polymers for further analysis.

When Laminaria stipe and haptera were digested with an endo-

polyguluronide lyase, the tissue lost a substantial portion

of its structural integrity (Stockton et al., 1980b). These

results suggested that incubation of Fucus walls with G lyase

would result in considerable structural degradation and probable

release of relatively undegraded non-alginate fractions. Alginate

lyases have been isolated from a number of sources; however, in

this investigation marine bacteria were chosen. The reasons are

easily stated: high probability of G lyase presence and induci-

bility, as well as a potential for genetic engineering in the

future.

High molecular weight alginate, GG blocks, and MM blocks

were sufficiently characterized to be used as lyase substrates
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for determination of substrate especificity and mode of enzyme

action (endo- or exo-). A G lyase was recovered from the culture

filtrate of bacterial isolate W3 and purified to homogeneity,

using ammonium sulfate (AS) fractionation and non-denaturing

polyacrylamide gel electrophoresis (ND-PAGE), as judged by

sodium dodecyl sulfate (SDS) PAGE. An M lyase was recovered

from the disrupted cells of isolate A3 and was partially puri-

fied by ammonium sulfate fractionation and gel exclusion

chromatography. U-PAGE analysis of enzyme degradation products

determined that G lyase acted in an endo-manner and that M lyase

acted in an exo-manner. Ions associated with zygote wall

fractions were assayed for effect on lyase activity and substrate

specificity. While G lyase activity was enhanced by addition of

Tris and calcium and was reduced by addition of EGTA, calcium

caused G lyase to lose substrate specificity. M lyase was

unaffected by Tris, calcium, and EGTA. G and M lyases were

compared to lyases isolated by other investigators and were

found to be unique in several aspects, particularly ammonium

sulfate solubility (G lyase) and presence in bacteria (M

lyase).

Isolate W3 G Lyase Purification. Isolate W3 was chosen as

the isolate from which an active G lyase would be purified (Table

6). Purification to homogeneity was accomplished by using either

ND-PAGE or ammonium sulfate fractionation.

Crude W3 lyase was obtained from filtered, dialyzed, and

lyophilized, 20 hour culture supernatant. Dialysis against
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distilled water for 4 hours removed greater than 95% of the

salts as measured by conductivity (data not shown). After

lyophilization, approximately 400 ug of material was recovered

per ml of culture filtrate, but only 0.23% of the mass was

protein as determined by protein assays (Beardon, 1978).

Lyophilized crude G lyase was resuspended in water and

analyzed by ND-PAGE. G lyase activity was recovered from

unstained gel slices. The location of activity corresponded

to the predominant, highly mobile, triplet bands stained for

protein in Figure 5. G lyase activity recovered from gel slices

had similar activity, i.e. 5-fold more activity toward GG blocks

than MM blocks.

The protein in the triplet region was re-electrophoresed

in a denaturing acrylamide gel (SDS PAGE). Although the data

are not shown, lane D in Figure 7 illustrates the results. All

three members of the triplet migrated as a single molecular

species with an apparent molecular weight of 35,000 daltons.

With specific culture conditions, G lyase activity was

absent from the culture supernatants of isolate W3, and the

absence of activity was due to the absence of a protein not

enzyme inactivation. When isolate W3 was grown in medium

containing alginate and yeast extract, G lyase activity was

present. But when isolate W3 was grown in medium with glucose

and ammonium nitrate (i.e. minus alginate and yeast extract),

G lyase activity was absent,

When the culture supernatants were electrophoresed in
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Figure 5. Electrophoretic Separation of Isolate A3 and Isolate W3 Enzyme Fractions. Crude

enzyme preparations were electrophoresed in non-denaturing polyacrylamide gels.

Lanes were stained for protein using Coomassie R-250. Duplicate (unstained) lanes

were mechanically disrupted and assayed (TBA test) for lyase activity, using GG

and MM blocks as substrates. Lyase activity is indicated as absorbance at 550 nm.
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both native and SDS PAGE, the presence or absence of the triplet

(in non-denaturing gels) and the 35,000 dalton band (in SDS gels)

corresponded exactly to the presence or absence of enzyme

activity in culture supernatants. Figure 6 shows an SDS gel

(lanes A-C) and a native gel (lanes D and E) containing supernatants

of W3 cultures grown in medium containing alginate and yeast

extract (lanes A and D), glucose and yeast extract (lane B),

and glucose and ammonium nitrate (lanes C and E).

G lyase from W3 was found to be soluble in saturated ammonium

sulfate (AS) (3.93 M and 4 C). Table 8 displays the results of

one purification in which the specific activity of the enzyme

was increased 6-fold, Extensive dialysis, i.e. 24 hours at

4 C against distilled water, removed ammonium sulfate and

resulted in the loss of 67% of activity. Restoration of activity

could not be accomplished by the re-addition of ammonium sulfate.

To be useful in disrupting cell walls, G lyase must be

separated from ammonium sulfate and polysaccharides in the

culture supernatants. Material soluble in 100 AS included active

G lyase and partially degraded alginate from the culture medium.

The degradation products were positive in the TBA test and bound

TBO, causing interference in enzyme assays and electrophoretic

separations of wall polymers. When the soluble materials were

fractionated by an Amicon centriflo filter, all of the inter-

fering substances passed through the 25,000 molecular weight

cut-off membrane, but 74% of the enzyme activity was retained.

SDS PAGE of the retentate indicated that a single stained band,
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Figure 6. Electrophoretic Separation of Isolate W3 Culture
Supernatants. The presence of lyase activity is
shown to be directly related to the appearance of
Coomassie R-250 stained protein in polyacrylamide
gels. Isolate W3 was grown in media containing
alginate and yeast extract (Lanes A and D), as well
as glucose and yeast extract (Lane B). In both
media enzyme activity was present. Isolate W3 was
grown in media containing glucose and ammonium
nitrate (Lanes C and E); lyase activity and protein
were absent.



Table 8. Ammonium Sulfate Fractionation of G Lyase Activity From Isolate W3.

Units of Specific
% of Saturation of Fraction G Lyase Protein Activity Purification
Ammonium Sulfate Activity mg Units/mg

0 Soluble 85 0.170 500 1.0

0-65 Insoluble 3 0.092 32 0.06

65-95 Insoluble 6 0.032 188 0.38

100 Soluble 75 0.025 3000 6.0

Table 9. Precipitation of G Lyase Activity From Ammonium Sulfate Solutions.

Ammonium
Sulfate % pH Fraction

Units of Activity **
M.p. GG MM GG/MM

100 7.5 Soluble 16 - - -

97 4 Soluble 2 - - -

97 4 Insoluble 10 6 0.9 6.7

Substrates, M.p., M. pyrifera whole alginate. Activity measured by TBA test.

* *
GG/MM ratio of activity toward block substrates.
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with an apparent molecular weight of 35,000 daltons, was present

(lane D of Figure 7). For purposes of easier centriflo filtra-

tion, as noted in Figure 7, ammonium sulfate concentrations were

reduced to 85% saturated without loss of purification.

An alternative method of G lyase purification took advantage

of reduced protein solubility at a pH near the protein iso-

electric point. Although unknown for G lyase, a pH near 4 was

chosen on the basis of high mobility in native PAGE. Table 9

indicates that 60% of the activity soluble in saturated AS could

be recovered from the pH 4 precipitate. Although the data are

not presented, the material which became insoluble at pH 4

migrated as a single band, 35,000 daltons, in SDS PAGE.

Isolate A3 M Lyase Purification. An M lyase was partially

purified from the disrupted cells of isolate_ A3 using ammonium

sulfate fractionation and gel exclusion chromatography. The

bacterial cells of isolate A3 were harvested after growth in

liquid medium for 20 hours. The cells were sonicated briefly

and then centrifuged. The supernatant of sonicated bacterial

cells was used as the source of crude, cell-bound M lyase.

Crude enzyme was precipitated by 65AS (data not shown) and

subjected to ND-PAGE, as with the G lyase. Protein stain

patterns and recovered enzyme activity are given in Figure 5.

The enzyme had low electrophoretic mobility and showed a high

preference for MM blocks as substrate. After AS fractionation,

M lyase was also subjected to fractionation by BioGel P150

liquid chromatography. The peak of enzyme activity was eluted
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Figure 7. Electrophoretic Separation of Purified G Lyase
From Isolate W3. SDS polyacrylamide gels were
stained for protein using Coomassie R-250.
Contents of lanes A and E, bovine albumin and
lysozyme molecular weight standards; B, W3
culture supernatant; C, W3 culture supernatant
insoluble in 85% saturated ammonium sulfate and
retained by a Centriflo CF25 filter; D, W3
culture supernatant soluble in 85% saturated
ammonium sulfate and retained by the CF25 filter.
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from the column at 120% of the void volume, indicating that

the enzyme had a chromatographic molecular weight of about

100,000 daltons.

Mode of Enzyme Attack. Lyase enzymes have been confirmed

to act with two mechanisms of attack. Endo-acting lyases attack

alginate polymers at points some distance from the ends and

quickly reduce average polymer size. One would predict that

such an enzyme would increase the mobility of alginate in

U-PAGE with relatively few chain cleavages as measured by the

TBA test. Exo-acting enzymes split the polymer at the terminal

residues. An exo-enzyme would lead to high TBA measured activity

but should have little or no effect on electrophoretic mobility.

Figures 8 and 9 illustrate the results of lyase activity

as measured, during a time course experiment, by the TBA test

and U-PAGE, respectively. At each time point measured, aliquants

were removed from incubation tubes and split for analysis by

the above methods. Figure 8 illustrates that P150 column puri-

fied M lyase had high activity against MM blocks, 26-fold

higher than with GG blocks, reaching a peak aginst MM blocks

and L. hyperborea alginate at about 45 minutes. Ammonium sulfate

soluble G lyase had high activity towards both L. hyperborea

alginate and GG blocks, with activity nearly linear with time.

Under the incubation conditions in this assay (minus CaC12) G

lyase was nearly inactive toward MM blocks, and M lyase was

inactive toward GG blocks. Aliquants removed at the 15 and 120

minute points of incubations of L. hyperborea alginate with G
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Figure 8. Kinetics of Alginate Degradation by M Lyase and
G Lyase. TBA analysis of M lyase (ML -) and G
lyase (GL-) with substrates: MM blocks (M),
GG blocks (G), and high molecular weight L.
hyperborea alginate (L).
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lyase and M lyase were analyzed by urea PAGE. Figure 9 is a

photograph of the stained gel. Each aliquant contained 28 ug

alginate. The contents of lane A were alginate without

added enzyme, and the stained material was mostly low mobility.

Lanes B and C appear identical to lane A, but M lyase was added

to the alginate for 15 and 120 minutes, respectively. Lanes D

and E had G lyase added to alginate for 15 and 120 minutes,

respectively, and show a gradual change in electrophoretic

mobility as a result of enzyme action. These results were

suggestive that G lyase acted in an endo-manner, while M lyase

acted in an exo-manner. These results are consistent with a

report by Eimjhellen et al. (1963) which determined that an

isolate of Alginovibrio aquatilis produced an extracellular

endo - lyase and a cell-bound exo-lyase. Unfortunately, the

substrate specificity was not reported directly but was referred

to by Larsen et al. (1970) in such a way as to indicate that

the model substrates necessary for determination were not

available.

Ion Effect on Enzyme Activity. Various ions associated

with wall extraction procedures were tested for effect on

lyase activity. G lyase had an optima with Tris-phosphate

buffers broadly centered at pH 7.6. When enzyme awsays were

conducted without the addition of buffer, very little activity

was noted, Table 10. When NaC1, KC1, and CaC1
2
were added

with Tris, activity was increased substantially. The addition

of EGTA resulted in a loss of 87% of activity.
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Figure 9. Electrophoretic Separation of Alginate Degraded
by M Lyase and G Lyase. The urea polyacrylamide
gel was stained for alginate using TBO. Lane
contents A, L. hyperborea alginate; B and C,
M lyase for 15 and 120 minutes, respectively;
D and E, G lyase for 15 and 120 minutes, respec-
tively. Lanes A-E contained 28 pg L. hyperborea
alginate.
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Table 10. Effect of Various Ions on G and M Lyase Activity.

*
Components in Assay Mixture

% Activity
G Lyase M Lyase

Tris 60 36

Tris, NaC1 87 79

Tris, KC1 81 88

Tris, NaC1, KC1 100 100

NaC1, KC1 2 91

Tris, NaC1, KC1, CaC12 160 96

Tris, NaC1, KC1, EGTA 13 95

*
Concentrations: Tris (100 mM, pH 7.5); NaC1 (50 mM); KC1

(50 mM); CaC1
2

(5 mM); EGTA (5 mM).

**
G lyase purified by ammonium sulfate fractionation, and

M lyase partially purified by BioGel P150 chromatography.
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Fractions enriched in M lyase activity by ammonium sulfate

precipitation were found to have a broad optima with Tris-

phosphate buffers at pH 7.6. The active P150 fractions were

virtually unaffected by changes in the concentration of Tris,

CaC12, or EGTA in the assay medium. M lyase exhibited

moderate stimulation with additions of NaC1 and/or KC1 as

indicated in Table 10.

The substrate specificity of G lyase, but not M lyase,

was affected by the presence of calcium in the enzyme-substrate

incubation buffer, as judged by electrophoresis of products

and TBA test of activity. In U-PAGE (Figure 10), GG blocks

(lane G) migrated slightly behind MM blocks (lane H). Enzyme

plus substrates, incubated in the absence of calcium for 120

minutes, were loaded into lanes I-L. M lyase did not degrade

GG blocks (lane I), but M lyase did completely degrade MM

blocks (lane K). G lyase completely degraded GG blocks (lane

J), but G lyase did not degrade MM blocks (lane L). TBA

analysis of a time course which included the above samples

is given in Figure 8. These results indicated that in the

absence of calcium, enzymes were active and substrate specific.

A time course of activity in the presence of calcium, measured

by the TBA test, is given in Figure 11. During the course of

the reactions (at 30 and 180 minutes), aliquants were removed

and analyzed by U-PAGE (Figure 10). From the electrophoretic

data, G lyase completely degraded MM blocks (lanes A and B)

but incompletely degraded GG blocks (lanes C and D) in the
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Figure 10, Electrophoretic Separation of Alginate Blocks After
Degradation With Lyases. The urea polyacryamide gel
was stained for alginate using TBO. Lane contents,

A-D, G lyase with MM blocks (30 minutes), MM blocks
(180 minutes), GG blocks (30 minutes), GG blocks
(180 minutes), respectively; E-F, M lyase with GG
blocks and MM blocks, respectively (both 180 minutes);
G, GG blocks; H, MM blocks; I and K, M lyase with GG
blocks and MM blocks, respectively (both 120 minutes);
J and L, G lyase with GG blocks and MM blocks, respec-
tively (both 120 minutes). Contents of lanes A-F were
incubated with 5 mM CaCl2 and lanes I-L with no CaC12.
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Figure 11. Kinetics of Alginate Block Degradation by M Lyase
and G Lyase in the Presence of CaC12 (5 mM). TBA
analysis of M lyase (ML -) and G lyase (GL-) with
MM blocks (M) and GG blocks (G) as substrates.
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presence of calcium. M lyase remained substrate specific,

degrading MM blocks (lane F) but not degrading GG blocks (lane

E). The time course measured by the TBA test showed similar

results.

Comparison of Various Lyases. The bacterial alginate lyases

were comparable in some respects to previously isolated enzymes.

Boyd and Turvey (1977) isolated an extracellular polyguluronide

lyase from Klebsiella aerogenes, which was precipitable with

80% ammonium sulfate, unlike isolate W3 G lyase. The Klebsiella

enzyme was similar to cell-bound lyases isolated from a variety

of unknown marine pseudomonads, endo-acting with production of

oligouronides less than four residues long after exhaustive

degradative (Davidson et al., 1976; Min et al., 1977a,b,c).

The only previous report of a bacterial M lyase indicated the

presence of low levels (<2% of total lyase activity) of a cell-

bound lyase (Kashiwabara et al., 1969). Mollusc M lyases were

found to be different from the isolate A3 M lyase in this investi-

gation. Isolate A3 M lyase was not affected by calcium or EGTA,

had a pH optima of 7.5, acted in an exo-manner, and had a

molecular weight of 100,000 daltons (however, quaternary

structure has not been investigated). Turbo cornutus M lyase

(32,000 daltons) acted in an endo-manner and had a pH optima

of 9 (Muramatsu and Egawa, 1980; Muramatsu and Katayose, 1979).

An M lyase from Littorina acted in an endo-manner, had a pH

optima of 6, and was stimulated 1.6-fold by 5 mM calcium chloride

(Elyakova and Favorov, 1974).
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The isolated enzymes were considered sufficiently character-

ized and purified for use as cell wall probes.

With selection of the proper incubation conditions, G lyase

and M lyase were found to be active and selective in the degrada-

tion of short blocks of alginate. Both enzymes were capable of

degradation of high molecular weight alginate. The data are not

conclusive, but highly suggestive that G lyase acted in mainly

an endo-manner, and M lyase acted in mainly an exo-manner.

Independent analysis by D. Anderson of Kelco, Inc., using

viscometric techniques, supported these conclusions.

Isolate A3 M lyase was not used as a wall probe in this

investigation. The enzyme should be valuable to assess the

activity of G lyase, i.e., polymers released as a result of

endo-lyase attack should not be released by exo-lyase attack.

Additionally, if alginate is part of a complex, probing with

an exo-enzyme would be valuable to possibly determine branch

points or fine structure.

Release of Wall Polymers by Calcium Chelation and G Lyase

Developing Fucus zygotes were used as a model system to

determine the types of associations between polymers in the cell

wall. Calcium-stabilized polymers were released by incubating

isolated walls in EGTA, a calcium chelator. Released polymers

and intact walls were subjected to endo-G lyase degradation to

determine covalent associations between wall polymers. Wall

fractions were analyzed for identity by CASE, using toluidine
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blue 0 (TBO) as a stain to detect negatively charged molecules

and liquid scintillation counting to detect radioactivity. Cell

walls were predominantly stabilized by the presence of calcium

ions and considerably degraded by G lyase.

General Approach to Polymer Associations. The general objective

of this investigation was to study the cell wall of developing

Fucus zygotes. Two approaches were available, classical chemical

fractionation and specific probes such as calcium chelation and

enzymes.

Classical chemical fractionation yields at least a base

line from which to measure other methods, but chemical fraction-

ation involves the risk of unspecific covalent bond rupture,

and recovered fractions often overlap in terms of physical

behavior and structure. Certainly, strong acid and alkali

effects are not always desirable (e.g. uncontrolled fucose bond

hydrolysis, 8-elimination, serine cleavage, etc.).

A parallel approach to acid-base release of fractions,

without covalent bond cleavage, involves chelation of calcium.

Studies of higher plant wall loosening (i.e. the auxin effect)

have shown that the proton effect could be achived by calcium

chelators but not monovalent cations other than protons (Soll

and Battger, 1982). Polysaccharides stabilized in the wall of

higher plants by calcium (i.e. released by calcium chelation)

represented 12 to 30% of the wall polysaccharide and up to 74%

of the wall uronic acid (Monro et al., 1976b). Medcalf and

Larsen (1979b) used both mild chemical extraction and calcium
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chelation and demonstrated the release of essentially the same

polymer fractions: complexes and alginate from Ascophyllum.

Coupled with chelation of calcium, which would release

calcium stabilized polymers, alginate lyase probing would be

a powerful tool in the release of wall polymers without acid

or base treatment. As indicated by the results of Stockton

et al. (1980b), degradation of alginate was determined to be

necessary prior to the recovery of other wall polymers whether

the wall matrix existed (at one extreme) as a covalently-

linked macromolecule or (at the other extreme) as an entangled,

non-covalent association. From a development point of view, the

consistency of alginate incorporated into the wall would allow

enzymatic attack to be independent of age of the wall, assuming

ability of the enzyme to access substrate.

Preliminary Results: Model Compound Behavior. Before wall

analysis, zygotes were grown to 6.5, 18, and 24 hours. The 6.5

hour and 18 hour cells were labeled during development by

uptake and incorporation of
14

C bicarbonate. Cell walls (referred

to as 6.5 hour walls, 18 hour walls, and 24 hour walls) were

freed of cytoplasm, as judged by microscopic analysis, washed

in ethanol, and lyophilized. Walls were resuspended in water,

and aliquants were removed for further treatment.

GG blocks, MM blocks, and a commercially obtained sulfated

fucan (fucoidin, 32% sulfate by weight - Quatrano and Crayton,

1973) were used as model compounds to compare with wall poly-

mers separated by CASE. CASE was performed at pH 2 with a LiC1,
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HC1 tray buffer to separate negatively charged molecules. Bands

were detected by staining with TBO at pH 7.5. Polymer mobility

relative to fucoidin and stain behavior were used as the criteria

to assign identities to polymers released from walls. Bands

containing highly sulfated polymers were differentiated from

bands without high sulfate content (e.g., uronic acids and low

sulfate complexes) by destaining with 0.3 N HC1. Highly sul-

fated polymers remained stained in the acid destain. Preliminary

CASE investigations had established that un-fractionated cell

walls did not migrate, that high molecular weight alginate and

GG blocks had low mobility (Rf = 0.05), that MM and MG blocks

exhibited moderate mobility (Rf = 0.35 to 0.40), that putative

complex, sulfated fucans F1 and F2 had mobilities of 0.6 and

1.0, respectively, and that "released" fucan sulfate backbone,

FBB, had a mobility of 1.1. Intact cell walls, fucoidin, F2,

and FBB remained fully stained with TBO after the acid destain.

The "alginate" band remained partially stained. F1 remained

partially stained in only a few cases, and MM or MG blocks

completely destained in acid.

The Mature Zygote Cell Wall. The 24 hour walls were con-

sidered to be "mature" because all of the negatively charged

wall polymers were detected at this stage when analyzed by

calcium removal, alginate lyase disruption, and CASE separation

(as indicated in the Materials and Method Section). Cell walls

were separated into EGTA soluble (Es) and EGTA insoluble (Ei)

fractions by incubation of walls in EGTA and subsequent centrifu-



87

gation. Since EGTA interferred with G lyase activity, ethanol

was added to Es and Ei to remove EGTA and to concentrate polymers.

When walls or Ei were suspended in water and then electrophoresed

(Figure 12), two bands were detected, a non-mobile band (intact

cell walls, containing sulfated polymers) and the "alginate" band.

The results indicate that the buffer did not release high mobility

polymers and that the "alginate" portion of the wall was either

non-covalently bound or was bound by weak acid labile bonds.

The Es material contained "alginate", and the fucans F1 and F2.

After treatment of Es with lyase, alginate was degraded to MM-MG

blocks, F2 was converted to FBB, but F1 was apparently not

changed. After treatment of the walls and Ei with G lyase,

high mobility bands were released. Portions of alginate were

degraded, leaving MM-MG blocks, and two fucans (F1 and FBB)

appeared, as with the Es material. FBB had a mobility which

indicated that the species contained a higher proportion of sulfate

than fucoidin, perhaps 35 to 37% by weight (Larsen et al., 1966).

The fucans were evidently stabilized in the wall by the presence

of calcium and through G lyase labile linkages.

Polymer F2 was determined to be a complex, perhaps containing

both fucans and uronic acids as discussed by Medcalf and Larsen

(1977a,b). After G lyase treatment, F2 was converted to a

higher mobility species and probably to a lower mobility species,

which was obscurred by F1. Weak acid hydrolysis also converted

F2 to a higher mobility band.
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Figure 12. Electrophoretic Separation of 24 Hour Fucus Embryo
Cell Wall Fractions After Treatment With G Lyase.
Cellulose acetate strips were stained with TBO.
The numbers (0, 3, and 18) below wall fractions
indicate the length (in hours) of fraction incubation
with G lyase prior to electrophoresis. Acid treatment
of EGTA soluble material involved pH 2, 80 C for 2

hour. Mobilities were recorded as the fraction of
the migration of commercial fucoidin. Migration and
band designations of model compounds are listed in
far right-hand column. When strips were destained at

pH 1, solid bands remained stained (sulfate-containing
polymers) while stippled bands destained at least
partially or fully (uronic acid-containing polymers).
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The Developing Zygote Wall. Using identical analytical

techniques, the 6.5 (Figure 13) and 18 (Figure 14) hour walls

were found to differ slightly in polymer content and release

from the 24 hour walls. F1 was released from the 6.5 hour

walls during electrophoresis, perhaps indicating that the early

wall was not entirely stable. The 6.5 hour walls did not have

F2. F2 was released from the 18 hour walls only after limited

lyase degradation of EGTA treated fractions.

With the exception of the lack of F2 and the presence of

an unknown uronic acid band in the 6.5 hour walls, all of the

walls contained identical polymer complements.

Distribution of Radioactivity. The 6.5 and 18 hour walls

had previously been labeled, in vivo, by incubation of zygotes

in
14

C bicarbonate. After CASE, staining, and destaining,

the strips were sliced and counted for radioactivity. In

Figures 13 and 14, the numbers adjacent to certain bands desig-

nate the percentage of the total label recovered, which corre-

sponded to each labeled band. In some instances, label was

recovered, although no stain was detectable and vice versa.

Intact walls and non-enzyme incubated fractions had nearly

all of the label recovered from the non-mobile and 'alginate'

bands, The exception was the 18 hour Es (Figure 14) which had

8% of the label in the F1 band.

After G lyase treatment, Ei samples had almost all of the

label remaining in the non-mobile band, although enzyme treatment

caused the release of high mobility bands. The 18 hour Ei did
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release 5% of the label with the Fl band, although no TBO stain

was detected. The label which remained associated with the non-

mobile band was not susceptible to release by either enzyme or

EGTA.

Isolated walls and Es released significant portions of label

after G lyase treatment. No label was ever recovered from FBB,

and prior to enzyme treatment, very low proportions of the label

were recovered from high mobility bands. After enzyme treatment,

the 6.5 hour walls (Figure 13) released 16% of the recovered

label with F1, and the 18 hour walls (Figure 14) released 61% of

the label with Fl. In both cases the remainder of the label was

associated with the non-mobile or remnant 'alginate' bands. After

G lyase treatment, the 6.5 hour Es (Figure 13) released 58% of

the label with F1 and 12% of the label with MM-MG. After G

lyase treatment, the 18 hour Es released 69% with F1 and 8%

with MM-MG.

Label recovery was affected by enzyme treatment. The

absolute amount of label recovered was reduced to 5 to 12% of

the label loaded by the action of G lyase on wall or Es. The

reduction was less, to an average of 50%, with Ei. The loss

reflects the high proportion of label incorporated into alginate

and the degradation of alginate by G lyase with the subsequent

elution of oligouronides during staining-destaining.

Fucus Zygote Cell Walls Compared to Other Brown Algal Cell

Walls. In the present investigation, Fucus walls were analyzed

with respect to content and release of polymers by chemical
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Figure 13. Electrophoretic Separation of6.5 Hour Fucus Zygote
Cell Wall Fractions After Treatment With G Lyase.
Cellulose acetate strips were treated as described
in Figure 12. Radioactivity was detected and counted
after slicing stained strip. The numbers to the
right of stained bands indicated the percentage of
total recovered label that corresponded to each band.
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Figure 14. Electrophoretic Separation of 18 Hour Fucus Zygote
Cell Wall Fractions After Treatment With G Lyase.
Cellulose acetate strips and samples treated as
described in Figure 12. Radioactive label treated
as described in Figure 13.
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and enzymatic methods. At least a portion of the 'alginate'

complement of the wall was released by dilute acid. After

treatment of the walls with EGTA and brief enzyme treatment,

fucans Fl and F2 were released. Fucan F1 was proposed to have

been a complex polymer similar to F. vesiculosis Fraction 1,

F. distichus Component II, and F. distichus F1. Fucan F2 was

proposed to have been a complex polymer similar to F. vesiculosis

Fraction 2, F. distichus Component III, and F. distichus F2

(Medcalf and Larsen, 1977a; Hogsett and Quatrano, 1975; Quatrano

and Stevens, 1976). After prolonged enzyme treatment of walls,

alginate was degraded leaving MM-MG blocks. G lyase was ineffec-

tive in degrading Fl, a result which was similar to that obtained

by Haug and Larsen (1963) with ascophyllan, a complex molecule

containing fucose-rich side chains and an uronic acid backbone.

G lyase (and mild acid hydrolysis) degraded F2, releasing a

higher mobility band, FBB, and perhaps a lower mobility band.

The degradation of F2 by acid was predictable and aided in

identification (Medcalf and Larsen, 1977a,b). A diagram of F2,

indicating the location of the acid and enzyme labile linkages

and the structure of the fucose sulfate residue, is contained in

Figure 15. Developmentally, the Fucus zygote cell walls differed

only by the presence of F2 in the older walls (Figures 12 and 13),

a result consistent with findings by Hogsett and Quatrano (1975)

and Quatrano and Stevens (1976). The release of FBB from all

wall samples, after prolonged enzyme degradation, indicated that

possibly FBB was part of a complex molecule, covalently linked to
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Figure 15. Fucose Sulfate Backbone of F2. Panel A. 0<-1,2-L-

fucose sulfate. Panel B. Fucose sulfate backbone
containing regions of pure fucose sulfate (F- 0-S031).

Fucose, F; neutral sugars (xylose, galactose, and
mannose), R; terminal galactose, R'. Side chains

are linked to the backbone through acid labile
regions (arrows) and G lyase labile regions (*).
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the structural portion of the wall, and was probably not localized

(Hogsett and Quatrano, 1975). Overall, wall polymers were

significantly stabilized by calcium and were bound through G

lyase labile linkages.

Future Approaches to Cell Wall Analysis. Several significant

changes in the methods could aid in further investigations.

After EGTA treatment, the components in the Es could be separated

prior to enzyme treatment, perhaps using HPLC (c.f., Baenziger

and Natowicz, 1981). By that approach, a clear determination of

the effect of G lyase on the degradation of F2 could be made;

that is, F1 would not obscure detection of any lower mobility

side chains released from F2. Enzyme degraded fractions could

also be separated by liquid chromatography (c.f., Konno and

Yamasaki, 1982). Instead of employing an endo-acting lyase,

an exo-acting lyase could be used. Polymers released by the

endo-acting lyase should not be released by the exo-acting lyase.

As valuable as the data were, CASE separated only charged mole-

cules. Finally, by supplementing these data with results

obtained using other methods of separation and other enzymes

to release polymers, the associations of the other wall polymers

("hemicelluloses" and proteins) could be integrated to give a

complete structural and developmental model of the cell wall.
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Composite Model of Fucus Embryo and Zygote Cell Wall

After determining the type of associations between the nega-

tively charged components, a structural model of the 24 hour

Fucus embryo cell wall has been constructed. Results presented

in the previous section indicated that the cell wall was highly

stabilized by calcium and labile to endo-G lyase degradation.

Components released by calcium chelation included alginate, and

two complex fucans F1 and F2. Components released by endo-G

lyase treatment included alginate degradation products and

several fucans, F1, F2, and FBB. The model of the wall drawn

from this data (Figure 16) indicates that the cellulose micro-

fibrils are hydrogen bonded to a xylofucoglucan (c.f. Quatrano

and Stevens, 1976). The xylofucoglucan is equivalent to higher

plant hemicellulose, specifically xyloglucan (Darvill et al.,

1980). The side chains of the xylofucoglucan are calcium bridged

to either or both F1 and alginate.

The developmental timing of polymer appearance and polymer

structure were probably related directly to function in the

wall. The early appearance cellulose and F1, coincident with

the appearance of a birefringent cell wall, indicates a major

structural role for both. The role of F1, perhaps as a stabilizer

of newly synthesized cellulose microfibrils, is temporary,

since Quatrano and Stevens (1976) determined that walls from

zygotes older than 4 to 5 hours retained shape after chemical

removal of Fl, Since F1 resembles higher plant pectic complexes,
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Figure 16. Structural Model of the Mature Fucus Zygote Cell Wall.
Polymers present include Fucan F2, A; Alginate, B;
Fucan F1, C; Fucan (FBB) covalently linked to xylo-
fucoglucan, D; xylofucoglucan, E; cellulose micro-
fibrils, F. Arrows indicate acid labile linkages
between fucose sulfate backbones and uronic acid-
containing side chains. Regions labile to G lyase
are indicated by (*). Intermolecular calcium
bridges indicated as the "egg box" model.
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F1 probably plays a role in cross-linking cellulose fibrils and

linking other polymers to the cellulosic portion of the wall

through calcium bridges. The role of the highly sulfated

fucans (F2 and FBB, Figure 15) may be, in part, adhesive. The

early appearance of FBB, covalently linked to cellulose, the

structural portion of the wall, indicates that FBB was similar

to the non-localized sulfated fucan detected by Hogsett and

Quatrano (1975), which probably served to secure the early,

apolar zygote to the substratum. The appearance of large

quantities of F2 localized in the rhizoid cell indicates that F2

is probably involved with embryo adhesion.

This model can be tested with respect to component associa-

tions. For example, calcium was a stabilizing factor of

alginate, F1, and F2. The effect of endo-G lyase was to

degrade GG blocks and to release calcium-stabilized polymers.

These results indicated that the polymers released by G lyase

and calcium chelation contained regions of GG blocks of sufficient

length to form calcium bridges. To complement the endo-G lyase

data, a series of enzyme degradations of the wall or wall fractions

with endo-M lyase and with exo-lyases would be very instructive.

For instance, an endo-M lyase would determine if calcium stabili-

ized polymers also contained regions of MM blocks. The model

predicts that the release of the alginate-F1 -F2 complex (without

degradation or calcium removal) should be possible by degradation

of xylofucoglucan (e.g. with a xyloglucanase or xylofucanaae,
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specific for the side chain region). Similarly, the xylo-

fucoglucan portion of the wall should be released using the appro-

priate hydrogen bond disrupter after alginate degradation by

endo-G lyase. Results from this type of experimentation will

elucidate polymer associations in the wall, such as determining

the linkage of FBB to the structural backbone of the wall

through xylofucoglucan. As a result of a combination of

non-degradative and specifically degradative approaches to

wall disruption, a more complete model of the developing cell

wall of plants will be possible.
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