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Abstract-Crude extracts of the followmg marme algae, cultured axemcally under controlled condltlons, 
were examined for L-threonme dehydratase activity two cyanophytes (Agmenellum quadruphcatum, Ana- 
cystrs manna), one rhodophyte(Porphyrrdrum cruentum), two cryptophytes (Chroomonas salma, Hemtselmrs 
vaescens), one chlorophyte (Tetraselmls maculata), and one diatom (Cyclotella nunu) The spec§~c activities 
(4-85 mpmoles/mm/mg protem) showed considerable species differences as well as sigmficant effects from 
the nutrltlonal condltlons of algal culture (autotrophlc vs heterotrophlc) The enzymatic production of 
a-ketobutyrate from L-threomne was confirmed (with 2 species) by the lsolatlon and chromatographlc 
ldentlficatlon of Its 2,4-dmltrophenylhydrazone The algal enzymes showed pH optima m the range of 
8 5-9 5 and ‘s~gmold’ or ‘paraboloid’ kmetlc response to threonme concentration With the exception of 
C nuna, all the algal enzymes were strongly inhibited by L-lsoleucme, L-Vahe, EDTA, AMP, ADP, and 
cychc 3’,5’-AMP had no slgmficant effect Several carbonyl reagents (hydrazme, hydroxylamme, etc) 
strongly mhlblted enzyme actrvlty and this mhlbltlon was reversed to varymg degree8 by pyrldoxal 
Y-phosphate Excepting lodoacetamlde, all the reagents known to modify protein sulfhydryl groups mhlblted 
the activity strongly and these mhlbltlons were partially reversed by dlthlothreltol The enzymes of C sahnu 
and H vwescens were also strongly mhlblted by dlthlothreltol These results characterized the algal enzymes 
generally as lsoleucme-regulated, pyndoxal-phosphate reqmrmg, allosterlc threomne dehydratases similar 
to the correspondmg ‘biosynthetic’ enzymes previously reported for bactena, fun@, and h&er plants In 
addltlon, the algal enzymes appeared to require sulfhydryl groups for the expression of activity The 
C ~~FZQ enzyme appeared to be msensltlve to lsoleucme regulation, and the cryptophyte enzymes appeared 
to reqmre dlsulfide groups for activity 

INTRODUCTION 

OUR INTEREST m the nutritive value of umcellular algae to man and members of the marine 
food chain has prompted us to examme their productlon of the essential ammo acids, 
L-threomne and L-lsoleucme, under controlled culture condltlons Previous studies on 
bacterla1*2 and yeasts3 have shown that the productlon of these ammo acids 1s closely 
controlled by the mlcroblal cell’s enzymatic machinery mvolvmg at least two feedback 
systems, one regulatmg the synthesis of appropriate enzymes and another their actlvlty. A 
key enzyme m this control machmery hnkmg threomne to lsoleucme 1s L-threonine dehyd- 
ratase (L-threomne hydro-lyase, deammatmg; E C. 4 2 1 16), the first enzyme in the blo- 
synthetic pathway to lsoleucme m all forms of life lutherto studled. This enzyme has been 

* Part I m the senes “Threomne Dermmase m Algae”. 
1 J -P CHANGEUX, Scr Am 212 (4), 36 (1965) 
2 P DAITA, Sczence 165, 556 (1969) 
3 H BUSSEY and H. E UMBARGER, J. Bacterial. 98, 623 (1969). 
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more or less extensively studied m certain bacteria,“” yeasts,rz*13 fungi,‘” and higher 
plants,15-1* but it does not appear to have been mvestigated m algae. We have surveyed 
14 species of axemcally cultured marme planktomc algae for the occurrence of thrs enzyme 
and have found widely varying levels of activity Seven species showmg considerable activity 
were chosen from this survey and whole extracts were tested for properties of the enzyme 
whrch would enable comparison with previously reported threomne dehydratases 

RESULTS 

Culture condztions All the algae (Table 1) were mass cultured photoautotrophically 
(some were vitamin-auxotrophs), under contmuous illummatron at 20” m buffered enriched 
seawater (of sahmty 2 6 %) Nitrate was replaced by glycme or urea in the case of Hemisel- 
mzs uirescens, which IS unable to utilize rutrate as N-source for growth lg The sihcate enrich- 
ment was doubled for the culture of the diatom Cyclotelkz nuna In addition, H. ozrescens, 
Chroomonas sahna, and Porphyrldrum cruentum were sumlarly cultured phototrophlcally in 
the presence of glycero120 and C sulznu was also cultured heterotrophlcally on glycerol m 
darkness 21 All cultures were harvested at late log phase of growth and the freeze-dried, 
pulverized cells were stored dry under vacuum at -25” Such storage did not appear to 
affect the enzyme activity for several months. 

Algal extracts. In view of the previously reported mstabihty of the enzyme m bac- 
teria15.g*22 and yeast extracts, 23 freshly prepared algal extracts were used for all activrty 
tests. Brief ultrasorucation of algal cells m the test buffer was the preferred method of 
‘extraction’ because of hrmted amount of algal material available, and whole somcates 
were used for all tests since preliminary examination showed that the enzyme m some 
species was not readily solubihzed leavmg considerable activity m the pellet after hrgh- 
speed centnfugation 

Lzneurrty of actrurty. All algal extracts from 2 mg cells showed linear production of 
a-ketobutyrate (m standard assay mixture) with mcubation periods up to at least 20 min, 
and m the case of P cruentum and TetraseImrs maculata this linearity was found to extend 
to 45 mm. The activity from 2 mg cells of C nana was too low for reliable enzyme assay and 

4 W. M HARDING, J A T~EIBS and D MCDANIEL, Can J B&wm. 48,812 (1970) 
5 C LEITZMANN and R W BERNLOHR, Blochzm Bzophys Acta 151,449 (1968) 
6 C NING and H GUT, Proc Natl Acad SCI. US 56,1823 (1966) 
’ M REH and H. G SCHLECEL, Arch Mkrobrol 67, 110 (1969) 
a P DAITA, J Bzol Chem. 224,858 (1969) 
g J LEIBO~ICI and C ANAGNOGTOPOULOS, Bull Sot Chum Brol 51,691 (1969) 

lo L P LOSEVA, V I Lyrrrrhlov,Z S KAGAN~~V L KRETOVICH, Dokl Akad NizukSSSR 181,997(1968) 
I1 G W HAT~ELD and R. 0 BURNS, Scmzce 167,75 (1970) 
I2 C CENNAMO, M BOLL and H HOLZER, Bzochem Zezt 340,125 (1964) 
I3 A BRUNNER and H DE ROBICHON-SZULMAJ~TER, FEBS Letters 5, 141 (1969). 
I4 Z S KAGAN, E M SINELNIKOVA and W L KRETOMCH, Blokhzmlya 34, 1279 (1969). 
I5 W S TOMOVA, Z S KAGAN and W L KRETOVICH, Blokhlmrya 33,244 (1968) 
I6 Z S KAGAN, E M SINELNIKOVA and W L KRETOVICH, Enzymologza, 36,335 (1969), Dokl. Akad. Nauk 

SSSR 185, 1372 (1969). 
I7 R K SHARMA and R MAZU~~DER. J B~ol Chem 245.3008 (1970) 
l8 D K DOUGALL, Phytochem 9,955 (1970) 

. 

I9 N J ANTIA and V CHORNEY. J Profozool 15. 198 (1968) 
2o J Y. CHENG and N J ANTIA; J Fish Res Bd’ Can’ 27, j3.5 (1970) 
21 N J ANTIA, J. Y CHENG and F J R TAYIXIR, Proc Intern Seaweed Symp. 6,17 (1969). 
22 W M HARDING, Arch Brochem Blophys 129, 57 (1969) 
23 H HOLZER, M BOLL and C CENNAMO, Angew Chem Zntern Edzt 3, 101 (1964). 
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TAWE 1. PIUYIWN CONTENT, STANDARD ASSAY CONDITIONS, pH OPTIMA AND SPECIFIC THREONINB DEHYDRATASE 

A- OF ALXML CUL.TWlJ?S 

Assay 
colldlt1ons: 

Culture condlt1ons Protem Incub PH specific 
Light* Added ormc (walEy period optunum act1vlty 

compoundst (mm) (f0 2) (umts&i 

Chlorophyta (green algae). 
Tetraselmzs maculata 

Bacdlanophyta (&atoms) 
Cyclotella nana 

Cryptophyta 
Chroomonas salzna 

Hemiselmzs vzrescens 

Rhodophyta (red algae). 
Porphyrzdzum cruentum 

Cyanophyta (blue-green algae) 
Agmenellum quadruphcatum 
Anacystzs ?tUWlM 

f ml 42 7 

+ 

i- 

ml 33 5 

glycero$l25 M) 
glycerol (0 25 M) 
glycme (4 mM) 

{ 
Blyclne (4 mM) 
glycerol (0 2.5 M) 
urea (2 mM) 

50 3 
319 
50 3 
540 

34 6 

540 

ml 37 8 
glycerol (0 5 M.) 28 1 

ml 59.5 
ml 56 2 

40 

30 

15 
15 
10 
15 

2Q 

20 

i8 

10 
15 

87 430 

88 450 

25 5 
88 442* 

84.7 
89 16 Om 

130 

81 

95 12 20 
169 

2430 
16.4. 

* Presence (+) or absence (-) of contmuous llhunmatron (ca 16,500 lux) from cool-wtite fluorescent 
lamps; when absent, complete darkness was used 

t In ad&tlon to the vltamms normally added to the culture medmm (see Expenmental). 
1 Each assay was camed out wth a whole somcate of algal mate& of 2 mg except for C. MM, 6 mg, 

in 0 5-O 7 ml buffer (0 2 M). The somcate was premcubated at 37” for 5 mm Hrlth pyndoxal phosphate (0.1 
pmole) and incubated, at the same temperature, with L-threomne (80 pmoles) for the periods shown, m a 
final volume of 1 ml 

6 mpmoles keto acid produced per mm per mg protem m mcubatlon mature at pH 8 5 under assay 
comhtlons used. Type chosen for enzyme charactenzatlon shown by 0. 

did not show lmearity beyond 30 mm mcubatzon; It was not improved by mcorporatzon of 
EDTA (1 mM) or ditluothrertol(l0 mM) in the extraction buffer. This suggested instablhty 
of the diatom enzyme resultmg from low concentratron remimscent of mstabzhty prevzously 
reported for bacterialZ2 and yeast23 threomne dehydratases; rt was further evidenced by the 
findmg of a parabolord increase of actrvrty wzth Increase m algal matenal (m the same volume 
of extract) from 2 to 20 mg The mstabrhty was numnuzed by preparing extracts from 6 mg 
cells which showed sufficrently htgh actzvzty for reliable enzyme assay wzth 30 mm 
incubatzon. 

Speczfic actiuzty. Table 1 summarizes the speczfic actrvzties observed as well as the 
standardization of the extracts and incubatron condttions used m all activrty tests made in 
thzs mvestlgatzon. The specrfic actzvltles of the photoautotrophzcally cultured algae showed 
considerable species vanatlon (4-85 umts). Culture of the algae with glycerol caused con- 
siderable increase m the speczfic actzvrtzes of the C. dina and P. cruentmz enzymes, but 
appeared to drminish that of H. uzrescens. The rlluminatzon of culture during growth 
depressed the enzyme level of glycerol-grown C. salzna, whrle glycine appeared to favour 
enzyme synthesis relative to urea as N-source for phototrophic growth of H. virescens. 
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Although desirable, It was beyond the scope of this mvestlgation to characterize the 
enzyme from all the multiple (nutntlonally-different) cultures listed m Table 1, and only 
one type of culture of each algal species was used for further studies of enzyme properties. 
This type of culture, indicated m Table 1, will be considered to represent its species m 
future references to the enzyme from that species 

Identzjkatzon of enzyme reactzon product The product of reaction from extracts of 
C. salzna and A quadruplzcatum was isolated as the 2,4-dmltrophenylhydrazone from the 
penultimate stage (see Experimental) of the regular assay procedure based on the method 
of Fnedemannz4 for the determmatlon of keto acid At this stage, one-tenth of the reaction 
product m aq Na2C03 was treated with aq NaOH for the usual colorlmetrlc determination 
and the remainder was extracted with benzene after acldlficatlon. TLC of this extract by 
the method of Stan and SchormullerZ5 showed a major yellow product with R, value and 
visible absorption spectrum identical with those obtained from slmllarly-treated a-keto- 
butyrate standards and slgmficantly different from those of pyruvate standards, together 
with a mmor yellow product with properties slrmlar to those of acetaldehyde dlmtrophenyl- 
hydrazone. These products were not detected m extracts from ‘zero mcubatlon-time 
controls made with algal material and threonme The identity of the major product with 
a-ketobutyrate dimtrophenylhydrazone was confirmed by co-chromatography after elutlon. 
The mmor product (presumably proplonaldehyde duutrophenylhydrazone) appeared to 
arise from decarboxylatlon of the major product durmg the acldlficatlon step of the lsola- 
tlon procedure, smce it was obtained from a-ketobutyrate standards, was reproduced by 
the major product after elutlon with aq NaHCO,, acldlficatlon, benzene extraction, and 
rechromatography, and was not detected from acetaldehyde standards subnutted to the 
complete keto acid lsolatlon procedure. The evidence obtained indicated that a-ketobutyrate 
was the only enzyme reaction product measured by the assay method used, and that 
acetaldehyde, possibly arising from threonme aldolase actlvlty,26-28 was excluded by the 
method. This does not preclude the posslbxhty of interference from threomne aldolase 
acting simultaneously with the dehydratase on the substrate during the mcubatlon, and 
other methods will be reqmred to determine the occurrence of the aldolase m the algal 
extracts. A smular interference from the possible occurrence of threonme dehydrogenase2g*30 
was not expected however, since the pyrldme nucleotlde required by this enzyme was not 
included m the mcubatlon mixture 

pH optzmum. All the algal enzymes showed pH optima (Table 1) m the range of 8-5-9.0 
on testing with 0.1 M potassium phosphate buffer m the pH range 6.0-8 0 and with potas- 
sium Trlcme [N-tns (hydroxymethyl)methyIglycme] buffer m the range 7-O-10.5. These 
buffers showed comparable actlvitles at the same pH, but Trls-HCl (pH 8-9) and NaHCO,- 
Na2C03 @H 9 5-10 5) buffers were mbbltory The pH-activity profiles showed sharp 
optimum peaks for the enzymes of A marzna, A. quadruplzcatum, and H. vzrescens but 
broad flattened optima for the other algae, particularly m the case of P. cruentum enzyme 
which displayed near maximal actlvlty between pH 8 5 and 10.5. In general, the algal en- 

14 T. E FRIEDEMANN, in Methods m Enzymology (edlted by S P COLOWICK and N 0. KAPLAN), Vol 3, 
p 414, Acadermc Press, New York (1957) 

2s H -J STAN and J SCHORMULLER, J Chromatog 43,103 (1969). 
26 J G MORRIS, Bzochem J, 115,603 (1969) 
27 R H DAINTY, Bzochem J 117,585 (1970) 
28 H YAMADA, H. KIJMAGAI, T NAGATE and H YOSHJDA, Bzochem Bzophys. Res. Commzuz 39,53 (1970) 
Zg D MCGILVRAY and J G MORRIS, Bzochem J 112,657 (1969) 
SO A J WILLED and J M TURNER, Bzochem J 117,27 P (1970) 
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zymes showed steep dechne m activity towards pH 7.0 dwmdhng to insignificance at pH 
6.0, m contrast to considerable actrvrty still mamfest at the basic end (pH 10.5) of the pH 
spectrum. 

Substrate concentration. When tested at (or near) the optimal pH and m the presence of 
an adequate concentratron of pyrrdoxal phosphate, 4 algal species showed typrcal sigmord- 
shaped enzyme-threomne saturation curves and 3 species showed parabolord-shaped curves 
(Fig. 1) The highest substrate concentratron (80 mM) tested was that concentratron nor- 
mally used for enzyme charactermatron in this mvestlgatlon; rt was not inlubrtory to any 
algal enzyme and appeared to reach substrate saturation m the case of 4 species (Fig. 1). 

L-Threcf~ne, mM 

FIG. 1. Eppecr OF SUBSl’RATE CONCENTRATION ON TIiREONiNE DEHYDRATASE ACTIVITY OF ALaAL 

The assay con&tlons indcated III Table 1 wx&th K-Tncme buffer (pH 8 5) and substrate 
concentrations as shown 

The saturation curves of A. marina, P. crwntum, and C. nana showed pronounced inter- 
medrary plateau regrons simrlar to those prevrously reported for certain enzymes wrth 
multiple substrate binding sites 31 

Pyridoxal phosphate requzrement. This requirement for algal enzyme activrty was tested 
by studymg the effects of known antagonists32*33 and carbonyl reagents in the absence of 
pyridoxal phosphate normally added to the assay incubation mrxture (Table 2). The algal 
enzymes generally showed little effect from added pyrrdoxal phosphate, exceptmg the 
4060% strmulatron obtained m the cases of C salzna and C. nana (Table 2). However, all 
the carbonyl reagents tested showed marked mhrbltlon of actrvrty, the degree of mhrbrtron 

3i J. TEIPEL and D E KOSHLAND, JR., B~ochem. 8,4656 (1969). 
31 A E. BRAUNSTEIN, m The Enzymes (edited by P D. Boy=, H. L.ARDY and K. MYRBACR) 2nd Edition 

Vol 2, p 113, Academrc Press, New York (1960). 
33 F.-J LEINWEBER, Mel Pharmacol 4,337 (1968) 
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TABLE 2 &FFCTOF PYRIDOXAL PHOSPHATE AND CARLKJNYL REAGENTS ON ALGAL THREONINE DEHYDRATASB 
ACl-lVlTY 

Pyndoxal Enzyme actlvlty (% of control)* 
Reagent phosphate - 
(1 mM) (mM) C nana T maculata C salma H wrescens A quudrup A manna P cruentum 

Nil 01 1648 108 6 138 7 103 7 1144 107 0 1076 
Hydroxylamme - 0 0 05 0 0 0 12 

20 
0 

20 2 69 7 820 74 - 86 5 
Methoxylamme - 30 8 28 1 

20 - 
0 

853 - 
_I_O A4 33 1 

- 

NSD-1055 - 0 0 0 0 11 20 - 21 9 45 4 da09 418 - 8:: 
HydraPne - 260 310 39 4 34 8 0 13 16 1 

20 98 7 1242 106 0 560 - 1150 
Semlcarbade - 352 444 98 5 89 0 0 624 94 9 

20 - - 1000 - - - Isomaizd - 42 9 724 85 7 867 225 75 9 812 

l Assay condltlons induzated m Table 1 with the extracts prepared m 0 2 M K-Trlcme buffer @H 8 5) and 
pyndoxal phosphate omitted from the mcubatlon rmxture except where shown Test samples were prem- 
cubated at room temperature for 15 mm urlth each reagent shown and for another 15 mm with the reversal 
agent Controls were smularly treated wthout the reagents 

varying wrth the reagent as well as with the algal species. The possrbihty of interference from 
the bmdmg of enzyme-produced keto acid by the carbonyl reagents, resultmg m false 
mhlbition effects, was ehmmated by showmg that no sigmficant effect on the keto acid 
measured was observed when a-ketobutyrate was incubated with the reagents under stand- 
ard conditions without threonme and pyridoxal phosphate The enzymes of A. quadruph- 
catum and C. nana appeared to be the most vulnerable to all the carbonyl reagents. The 
hydroxylamme-derived reagents were consistently more inhibitory than the hydranne 
derivatives. Apart from hydroxylamme, NSD-1055 (4-bromo-3-hydroxybenzyloxyamme, 
H,PO,) proved to be the most potent general mhrbitor, causing virtually complete abohtion 
of the activity of all algal enzymes This reagent has been considered to be a relatively 
specific mhibitor of pyrtdoxal-phosphate activated enzymes33*34 (although not previously 
apphed to threonme dehydratase) and its behavlour m the present study may represent a 
particularly successful demonstration of the pyrldoxal phosphate requirement of algal 
threonme dehydratase. However, m view of recently reported cases of enzymes with keto- 
acid prosthetic grouping or with carbonyl character at active sites36 which were also m- 
hiblted by carbonyl reagents but did not reqmre pyridoxal phosphate, more rigorous proof 
of tlus requirement of algal threonme dehydratases was required This was obtained by 
demonstration of the reversal of the carbonyl-reagent Induced mmbrtlons by subsequent 
incubation with pyrldoxal phosphate. The results m Table 2 show that such reversals 
(partial to total) were obtamed m all cases tested. In this connection, rt IS pomted out that 
the magnitudes of the inhibitions and reversals reported m Table 2 may be considerably 

” A E PEC~G and H G WILLIAMS-ASHMAN, J Blol Chem 244,682 (1969) 
a’ D J GEORGE and A T PHILLIPS, J Bzol Chem 245, 528 (1970) 
36 I L GIVOT and R H ABELES, J Btol Chem 245, 3271 (1970) 
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suboptimal for some species, since they were obtained with only one set of test condttlons 
which could hardly be expected to be optimal for all species. 

SulfhrdrrZ group requirements. Proof of this requtrement for algal enzyme acttvrty was 
obtained by testing the effects of known -SH group protectants and modtfymg agents. 
The results, summartzed in Table 3, show that the protective reagent dlthiothrettoP’ had 
httle effect on the activity of 4 algal enzymes, but significantly stimulated that of T maculata 
while strongly mmbltmg those of C. salzna and H virescens (both cryptophytes). The --SH 
group modlfymg agents were chosen to represent 3 types of chenucal mteractton: (a) -SH 

TABLE 3 &FECr OF SULF’HYDRYL REAGENTS ON ALGAL THRBONINB DEHYDRATASE ACTIVITY, AND RBVBRSAL OF 

INHIBITIONS BY DiTHIOTHRHTOL 

Reagent 

Enzyme acttvtty (% of control)* 
Dnhto- 

wnc threuo1 c T c H A P. 
(mM) (mM) nana maculata salma wrescenr qudrup &ma cruentum 

Dtthiothmttol 
1: 

iV-Ethyhnaletmrde 1 
1 

Iodoacetamrde 1 
1 

pchloromercunphenyl 
sulfonate 

: 

2,2’-Dithrodipyndme 1 
l 
1 

- 1000 
- 113 4 

- 10 J5 

- 83 1 
10 - 

- 
10 Z8 

- 52 25 
10 - 22 9 

121 5 
1200 

10 3 
43 5 

1090 
- 

0 
19 9 

35 6 30 I 98 4 924 
10 7 22 1 993 919 

06 148 0 0 
- - 36 51 

840 1000 26 9 59 9 
- - 81 0 89 0 

512 49 22 180 
- - 51 5 28 3 

36 08 03 
- - 14 

1000 
1101 

: 

1108 
- 

10 1 
620 

3:.: 

* Assay wndmons indtcated m Table 1 with extracts prepared m 0 2 M K-Tnctne buffer (PH 8 5). Test 
samples were premcubated at room temperature for 15 mm wtth each reagent shown and for another 15 mm 
wrth the reversal agent Controls were stmilarly treated wrthout the reagents 

capture by the Hg of p-chloromercurrphenyl sulfonate, (b) -SH alkylation by N-ethyl- 
maleirmde or lodoacetarmde, (c) -SH exchange with the dlsutide grouping of dtthtodi- 
pyrtdme.38 Ellman’s reagent [5,5’-dlthtobls-(2-mtrobenzolc acid)] was found unsuitable for 
the sulfhydryldlsulfide exchange test because tt interfered by showing strong absorption 
at the wavelength used for the colorlmetric determmatlon of keto acid. All the modifying 
agents caused stgmficant reduction m activity, the degree of mmbttlon varying with the 
reagent and algal species tested. Iodoacetarmde was generally the least effective and dithtodl- 
pyrldme the most potent mhlbltor. Among the algal enzymes, those of the blue-green 
species appeared to be the most consistently sensitive. That these reagents inlublted enzyme 
activity by -SH modification was further evidenced by the partial reversals obtained on 
subsequent treatment with dlthtothreitol (Table 3). In no case was complete reversal 

s7 W W CLELAND, Blochem 3,480 (1964) 
s* D R GRASE-ITI and J F MURRAY, JR , Arch Bzochem Bzophys 119,41 (1967). 



284 I D DESAI, D LALIB and N J. ANTIA 

obtamed and m some cases the reversal was unconvmcmgly low, suggestmg the probabrhty 
of nonspecrfic effects of these reagents m addrtlon to --SH modrficatron. Such reversals 
were not attempted with the cryptophyte enzymes because of then mhrbrtron by drthro- 
thrertol itself; this latter effect as well as then sensitrvrty to the --SH modrfymg agents 
(excepting rodoacetannde) suggests that the cryptophyte enzymes may require both sulf- 
hydryl and drsulfide groupmgs for the mamfestatron of activrty, smce drthlothreltol IS known 
to cause reductive cleavage of drsulfides 39 

Allosterlc and other effects. Excepting C nana, all the algal enzymes showed srgmord- 
type concentration-dependent mhrbltron by r,-rsoleucme (Frg. 2) The threshold concentra- 
tion of rsoleucme required to produce appreciable mhrbrtlon varied widely with algal 
species. The C nana enzyme was msensrtrve to rsoleucme concentratron and the low degree 
of mhrbrtron obtained casts doubt on Its specrfic nature The blue-green algal enzymes showed 
the most sensrtrve mhrbrtron progressing from 0 to 80% with cntlcal ranges of rsoleucme 
concentratrons, although relatively high threshold concentratrons were required Apart 
from C nana, the enzyme of H vmscens was exceptional m persrstmg wrth 45% resrdua 

I I I l- 

” “VI 010 loo tO0 
L- lsoleuclne , mM 

FIQ 2 EFPECTOFL-ISOLEUCINECONCENTRATIONONTHREONINEDEHYDRATASEACTIVITYOFALGAL 
EXTRACTS 

The assay condltlons m&cated m Table 1 were used with K-Trlcme buffer (PH 8 5) and lsoleucme 
adltlons rangmg from zero (taken as control) to 10 mM as shown All test samples (mcludmg 
controls) were premcubated at room temperature for 15 mm with lsoleucme before the usual pre- 
mcubatlon with pyrldoxai phosphate (0 1 mM) and subsequent mcubatlon with threomne (80 mM) 

at 37” 

s9 W L ZAHLER and W W CLELAND, J. B~ol C/tern. 243,716 (1968) 



Threoxune dehydratase zn uzuce~lular marzne algae 285 

activity after maximal mhtbltlon, while the other algal enzymes were maximally mhiblted to 
the extent of 85-95 %. In general, the mhlbltlon was similar to that prevtously recorded for 
‘biosynthetic threomne dehydratases from bacteria,5*8-‘0*40 yeast,23 fungi,14 and higher 
plants, 1s~17*18 mdlcatmg similar allosterlc properties for the algal enzymes with respect to 
regulatory feedback control from isoleucme.’ 

Among other effecters tested, r.-valme (0 l-10 mM) had no slgmficant effect on the 
activity of the algal enzymes. Thus was also the case with adenosme 5’-monophosphate, 
5’-diphosphate, and cychc 3’,5’-monophosphate, when tested at a concentration of lm M. 
EDTA (l-10 mM) had no significant effect on the algal enzymes, exceptmg that of C. nanu 
the activity of which was stimulated about 23 %. The results with EDTA mdlcated that the 
algal enzymes, like previously reported threomne dehydratases, may have no divalent- 
metal ion requirement for activity, but that the C. nutia enzyme may be sensitive to mhlbltion 
from heavy-metal ion contammants m the assay mixture, which mhibltlon would be an- 
nulled by chelation of the contaminants by EDTA resultmg m net stimulation of enzyme 
activity. 

DISCUSSION 

Two types of L-threonme dehydratases have been previously reported from bac- 
teria5-10*41*42 and higher plants,15-18 usually occurrmg smgly5-10J7*18*42 and rarely 
simultaneously15*16*41 m the same organism: (1) the ‘biosynthetic’ type subject to end 
product mhlbltion by L-isoleucme, (2) the ‘biodegradatlve’ type (catabohc enzymes) m- 
sensitive to lsoleucme and activated by ADP42 or AMPP3 The latter type has also been 

45 found m certain ammal tissues (sheep44 and rat hver) mcapable of isoleucme biosynthesis, 
but the ammal enzymes appear to be further variants, being msensitlve to nucleotldes and 
allosterlc effecters tested45 and extendmg substrate specificity to L-serme.44*45 Both types 
of enzymes have shown mdlcatlons of pyndoxal-phosphate and sulfhydryl-group reqmre- 
ments where tested. With two exceptions, l6 the pH optima of the ‘biosynthetic’ enzymes 
have been reported m the pH region 84-9 5, while those of the ‘biodegradatlve’ enzymes 
have ranged widely from pH 6.2 to 10 5. 

The results of our studies have shown that, apart from the case of C. nuna, the algal 
enzymes generally resemble bacterial, fungal, and higher-plant ‘biosynthetic threomne 
dehydratases m pH optima, substrate saturation, mhlbition by rsoleucme, pyridoxal- 
phosphate and sulfhydryl-group requirements. The C. nunu enzyme is neither sensitive to 
rsoleucme nor to AMP and ADP but shows the usual pH optimum protile, pyridoxal- 
phosphate and sulfhydryl-group requirement of other algal enzymes. Its substrate- 
saturation kinetics and weak reaction to lsoleucme indicate relatively dummshed affinity 
for substrate and allosterlc effector and suggest that it may be an aberrant form of the 
‘biosynthetic’ type remuuscent of desensltized6p16 and mutant enzymes 1*2*7S8*40 The H. 
vzrescens enzyme is generally similar to the other algal enzymes but differs m reslstmg m- 
hibitlon from isoleucine after 55 % loss of activity; the posslblhty that this may be due to 
simultaneous occurrence of ‘biosynthetic’ and ‘blodegradatlve’ types appears unhkely from 

*’ I D DE~AI and W. J. POLOLASE, Can J. Bzochem 45,ll (1967) 
41 H E UMBARGER and B. BROW, J &rctenol 73,105 (1957) 
42 H R WHITELEY and M TAHARA. J Bzof Chem 241.4881 (1966) 
43 Y. SHIZUTA, A. NAKAZAWA, M ?.OKIJSHIG~ and 0 HAYAJ& J Bzol Chem. 244,1883 (1969). 
u J S.NISHIMURA and D M GREENBERG, J Bzol. Chem 236,2684 (1961). 
4s H. NAKAGAWA and H KIMURA, J Bzochem (Tokyo) 66,669 (1969). 
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the sharp pH optimum observed1”J6 and absence of effect from the nucleotides testedql 
but cannot be excluded without further exammation 

It is mterestmg to note the absence of any slgmficant effect from L-vahne on the algal 
enzymes. Previous work on ‘brosynthetic’ threonme dehydratase from bacterra**gJ1 and 
yeast l2 has implicated vahne as an allosteric effector causing stimulation at low and inhrbr- 
tton at high concentrations, but the validity of these effects is bemg questioned m relation 
to the mstabihty of the enzyme under the test conditions used 4*13 The ‘biosynthetrc’ 
enzyme of Baczllus lzchenzformzs5 offers the closest bacterial parallel to the algal enzymes 
m being unaffected by vahne, as well as m several other properties tested. Unhke those of 
most bacteria,7*g*46.47 yeast,12.48 and higher plants, 17*1* thrs enzyme also faded to show 
reversal of isoleucme inhibition by vahne,5 mdicatmg its total mdifference to vahne as an 
allosteric effector. Strmlar studies are required to detect any allostenc relatronship of vahne 
toward the algal enzymes. 

With few exceptions, the earher workers have not attempted to establish the sulfhydryl- 
group requirement of the threomne dehydratases studied and some have assumed its role 
m ‘desensitization’ to allostenc effecters obtained on treatment with mercunals (HgCl, or 
p-chloromercuribenzoate) 15~17*4g In the few cases tested, mmbitions were obtained from 
N-ethylmalemnde12~42 and rodoacetannde12 m addition to the mercunals, and the mercunal- 
induced mhlbitrons were prevented or reversed by mercaptoethanol,5*46.50 2,3-dtthiol- 
propanol,12 or dithrothreitol.45 Our systematic approach m the present mvestigatlon has 
provided convmcmg evidence of a general sulfhydryl-group requirement of the algal en- 
zymes and further studies are required to elucidate the nature of thts requirement. In this 
connexion, it IS mterestmg to note that the enzymes of two taxonomrcally-related algal 
species (belonging to Cryptophyta) have shown mdlcations of an additional requirement 
for the d&fide grouping, not previously reported m the hterature Such a requirement may 
imply particularly vulnerable cystme bridges between essential sub-umts of the enzyme 
protein or the close proxrmity of such bndges to the active site of the cryptophyte enzymes. 

EXPERIMENTAL 
Algal cultures Detarls of the algal strams used, then source and mamtenance have been reported S1 

Each alga was mass-cultured m 5 1 seawater (buffered with Tns (8 3 mM) at pH 7 9-8 1 and ennched wtth 
mtrate (2 5 mM), orthophosphate (0 25 mM). metasthcate (0 5 mM), vrtamms (BI *. 2 7 nM. tluamme. 
3 0 PM, brotm, -8 2 nM), and chelated trace&eta1 rons (EDTA, 21 ~-PM, Fe3+, 10 pM, M$+, 5 
Zrr*+.2/~M,MoOa’-.liuM.CuZ+.O1~M.Co . 

PM; 
* + 0 05 IIMN m a temoerature-controlled fat 20”) chamber. 

under c&nuous r&mnatton (sec’Tabie l), wtth conttnuo~ magnetic sturmg and penodrc aeratron (5 % 
CO+xutched an), usmg prevrously descrrbed equrpment and methods 52 The cultures were vtsually mom- 
tored and were harvested after 5-15 days of growth, dependmg on the algal growth rate All cultures were 
harvested by centrrfugatton at ca 13,000 g for 20 mm and the pellets of algal materral collected were freeze- 
drred m the presence of P205 The protem content of cultured matenal was estrmated from duplicate mrcro- 
KJeldahl N-determmatrons on 2-mg ahquots of dry algal powder 

Algal extracts The dry algal pow&r (2-6 mg) was suspended m 0 5-O 7 ml buffer (0 2 M) and somcated 
for 5 mm at &I” m a Raytheon IO-kcycle magnetostnctrve oscdlator at a maxnnum current output of 1 1 A 
The whole somcates were used drrectly for enzyme assays without further treatment 

ZXreoncne dehydratase assays The mcubatrons, effected under standard cot&tons (Table 1) m 1 m 1 assay 

46 P DATTA, J Bzol Chem 241, 5836 (1966) 
*’ G W HATFJELD and H E UMBARGER, J. Bzol Chem 245, 1742 (1970). 
48 H DE ROBICHON-SZULMAJSTER and P T MAGEE. Eurou J Baochem 3,492 (1968) 
49 J -P CHANGEUX, Cold Sprmg Harbor Symp Q&t B& 26,313 (196i) . . 
5o A NAKAZAWA and 0 HAYABHI. J BJOZ Chem 242.1146 (19673 
51 N J ANTU and J Y CHENG, Phycologm 9,179 (1970) . . 
‘2 N J ANNA and J KALMAKOFF, Fzsh Res Bd Can Manurerzpt Rept Ser (Oceanog Lmznol) No 203 

(1965) 
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mtxture, were termmated by addmg 50% (w/v) aq. trtchloroacetic acid (0 5 ml) and centnfugmg at 2300g 
for 20 mm An ahquot (1 ml) of the supemate was treated wrth 1 ml of 1% 2,4-dtmtrophenylhydraxme solu- 
tton m 2N HCl for 5 mm at room temp , then mixed wtth benzene (3 ml) and centnfuged at 1500 g for 3-4 
min to obtam a clear extract. An ahquot (2 ml) of thu extract was vortex-mu& for 1 mm wtth 10% aq. 
Na&03 (3 ml) and the aqueous orgamc layers were separated by centnfugatton at 1500 g for 3-4 mm An 
ahquot (2 ml) of the aq NalCOJ extract was rmxed with 1 5 N NaOH (2 ml) and, 5 mm later, the absorp- 
tivtty was determmed at 435 nm on a Beckman DU-2 spectrophotometer Cahbratton curves were constructed 
wtth standards of sodmm a-ketobutyrate &ma) and pyruvate 

Chromatographically homogeneous L-threome, L-tsoleucme and L-vahe were purchased from Cal- 
brochem (Los Angeles, Cahf ), AMP, ADP, and cychc 3’,5’-AMP from P-L Bmchemtcals (Milwaukee, WLS ). 
All other reagents were of the htghest punty grade commerrcally avatlable NSD-1055 was kmdly donated 
by Snnth and Nephew Research Ltd (Gtlston Park, Harlow, Essex, U K ) 

Identzficatron of enzyme reactzon product Somcated suspenstons of 10 mg ahquots of C. saha and 
A. quadrupfrcatum cell powders were mcubated as usual (Table 1) with pyndoxal phosphate and threonme for 
30 mm at pH 8 5 The followmg controls were stmultaneously taken, all without mcubatton (a) ‘blank’ wtth 
pyndoxal phosphate only, (b) ‘zero mcubatton-tune algal controls’ with algal powders and substrates as 
above, (c) separate standards (2 mM a-ketobutyrate, 2 mM pyruvate, 20 mM acetaldehyde) wtth pyrrdoxal 
phosphate only Incubations were termmated and the reactron mixtures were submitted to the regular assay 
procedure (see above) up to the aq Na2C03 extractton step Two senes of ahquots were taken from the 
NalCOj extracts and treated as follows (1) 0 2 ml ahquot was Qluted to 2 ml with 10% aq. Na$ZOJ and 
treated with l-5 N NaOH (as per regular assay procedure) for spectrophotometnc determinatton of keto 
acid, (n) 2 ml ahquot was treated dropwtse wtth cone HCl (ca 0 5 ml) to adJust the pH to l-2 and then 
extracted wtth benzene (2 5 ml); the benzene extract was washed with H20, dried, redissolved m EtOAc 
(30 pl), and submitted to TLC on unacttvated sihca gel G plates (0 25 mm thick) developed wtth ethyl 
formatshght petroleum @J-80”)-HOAC (50 50.7 v/v) 25 The ‘zero mcubatron-tune algal controls’ as well 
as the ‘blank’ and acetaldehyde standard controls showed no detectable colored spots on the chromatoplates. 
The controls of pyruvate and a-ketobutyrate standards showed each a ‘maJor’ lemon-yellow spot (pyruvate 
R, 0 60, a-ketobutyrate 0 68) and a ‘mmor’ brown-yellow spot (R, 0 84 for both keto acnls). The mcubated 
algal samples gave 2 spots stmtlar to those from the a-ketobutyrate standard and co-chromatographmg 
wrth them On elutton with 3% aq NaHC03, the ‘major’ spot products from algal samples, a-ketobutyrate, 
and pyruvate standards showed smnlar spectra wtth I\,.. at 382,382, and 378 mn respecttvely, and the ?nmor’ 
spot products also showed smular spectra with LX at 370-372 nm 2,4-Dnntrophenylhydraxme (DNPH) 
and tts acetaldehyde denvative showed only smgle TLC spots correspondmg to the above-obtamed ‘minor’ 
spots 111 R, values and absorption maxlIlla When the above-eluted ‘maJor’ spot products m NaHCOj 
solutron were audtfied, extracted with benzene, and rechromatographed as before, they agam produced 
‘major’ and ‘mmor’ spots stmtlar to those orrgmally obtamed It was concluded that the ‘malor’ spot products 
are the true dtmtrophenylhydrazones of the keto acnis The ‘mmor’ spot products have resembled DNPH 
and acetaldehyde-DNPH so closely m chromatographtc mobthty and spectral properties that they appear 
to be decomposmon or decarboxylatron artefacts of the ‘maJor’ products, probably produced durmg the 
auddicatton step of the tsolatton procedure; the posstbthty is not precluded, however, that the ‘mmor’ 
products may represent minor proportions of ns-tram isomers of the dimtrophenylhydraxones of the keto 
acnls 53.54 
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