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Abstract-Homocysteine-dependent transmethylases utilizing 5-methyltetrahydropteroylglutamic acid and 
S-adenosylmethionine as methyl donors have been examined using ammonium sulphate fractions prepared from 
isolated mitochondria of pea cotyledons. Substantial levels of a 5-methyltetrahydropteroylglutamate transmethy- 
lase were detected, the catalytic properties of this enzyme being found similar to those of a previously reported 
enzyme present in cotyledon extracts. The mitochondrial 5-CH,-H,PteGlu transm$thylase had an apparent K, 
of 25 fiM for the methyl donor, was saturated with homocysteine at 1 mM and was inhibited 50% by L-meth- 
ionine at 2.5 mM. At similar concentrations of methyl donor the mitochondrial S-adenosylmethionine methyl- 
transferase was not saturated. Mitochondrial preparations were found capable of synthesizing substantial 
amounts of S-adenosylmethionine but lacked ability to form S-methylmethionine. Significant levels of /?-cysta- 
thionase, cystathionine-y-synthase, L-homoserine transacetylase and L-homoserine transsuccinylase were detected 
in the isolated mitochondria. The activity of the enzymes of homocysteine biosynthesis was not affected by L- 
methionine in airro. It is concluded that pea mitochondria have ability to catalyze the synthesis of methionine 
de now. 

INTRODUCTION 

PREVIOUS studies from this laboratory have demonstrated the association of formyl and 
methyl tetrahydropteroylglutamates* with mitochondria’ and chloroplasts.2,3 As both of 
these organelles were also found to contain key enzymes of serine and methionine biosyn- 
thesis1,2,4,s it was suggested that one-carbon metabolism of plant tissues may be to some 
extent compartmented. Recent studies of pea mitochondria’ have supported’this sugges- 
tion. Besides having ability to generate methyl and formyl groups from seiine, glycine, for- 
mate and methylenetetrahydropteroylglutamate the mitochondria were also found cap- 
able of utilizing these one-carbon precursors for methionine biosynthesis. The reaction 
requirements for this latter synthesis clearly implicated the principal components of the 
mitochondrial pteroylglutamate pool. 

It follows from these studies that pea mitochondria must contain a 5-CH,-H,PteGlu:- 
homocysteine transmethylase. Furthermore a sustained synthesis of methionine in this 

* The abbreviations used for derivatives of tetrahydropteroylglutamic acid are those suggested by the IUPAC- 
IUB Commission as listed in the (1967) Biochern. J. 107, 15, e.g. 5-CH,-H,PteGlu = N’-methyltetrahydropter- 
oylmonoglutamic acid. 

1 CLANDININ, M. T. and C~SSINS, E. A. (1972) Biochern. J. 128, 29. 
2 SHAH, S. P. J. and COSSINS, E. A. (1970) FEBS Letters 7, 267. 
3 COSSINS, E. A. and SHAH, S. P.. J. (1972) Phytochemistry. 11, 587. 
4 SHAH, S. P. J. and COSSINS, E. A. (1970) Phytochemistry 9, 1545. 
5 SHAH, S. P. J.. Roos, A. J. and COSSINS, E. A. (1970) in Chemistr?, and Biology oj”Pteridines, Proc. IVth litter. 

Symp. on Pteridines, International Academic, Tokyo. 
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compartment would require a supply of the methyl group acceptor which might be gener- 
ated by mitochondrial enzymes or be available from extra-mitochondrial pools. 

The present paper describes experiments designed to examine the possibility that iso- 
lated pea mitochondria are capable of catalyzing a de nwo synthesis of methionine. 

RESULTS 

It is evident from Table 1 that two homocysteine-dependent transmethylases were 
detected in mitochondrial protein precipitating between 20 and 6O”;, of saturation with 
(NH&SO,. Total enzyme activity with 5-CM,-H,PteGlu as the methyl donor was sub- 
stantially greater than activity observed in the presence of S-adenosylmethionine (SAM) 
in both the cotyledon homogenate and the mitochondrial fraction. Approximately 45”,, 
of the 5-CH,-H,PteGlu transmethylase activity was recovered in the (NH,)2S0, fraction 
(Table 1) and a purification in excess of IO-fold was noted. The purification and recovery 
of transmethylase activity with 9adenosylmethionine as methyl donor were both substan- 

tially lower. 

Fraction 

sp. act. 
Total act.* (units:mg Purification EnLymc recoxr) 

(units x IOh) protein x IO”) facto1 loI of tot;11 tmifs) 

Cotyledon homogenate 
Methyl donor: 

S-CH,-H,PteGlu 
S-adenos~lmethionine 

Isolated mitochondria 
(IO-ho”,, (NHJ2S0, fraction) 

Methyl donor: 
5-CH,-H,PteGlu 
S-adenosqlmethionine 

1 I.6 x7 IO.3 44.7 
0.13 0.47 1 .OS 1 ,.: 

Homocqsteine-dependent methyltransferase activities were measured in reaction systems of 0.5 ml containing: 
I /Irnol r.-homocysteine. 1.6 nmol [methyl-14CJ-5-CH,-H,PteGlu (2 x IO’ dpm) or 1.6 nmol SAM-[methyl-‘“C] 
(I.82 x IO” dpm) respectively. 50 /irnol K phosphate buffer, (pH 69) and enryme preparation ( 1 mg protein). 

* Rcco\cred rrom I g 1*. wt of cotyledons. 

The rate of product formation by both enzymes was found to bc linear for over 1 hr 
and maximal activity occurred at pH 7.0. The mitochondrial 5-CH,-H,PteGlu and 
S-adenosylmethionine transmethylases were saturated with L-homocysteine at RI 1 and 
1.2 mM respectively (Table 2). Dodd and Cossins” have shown that similar transmethy- 
lases, partially purified from cotyledon homogenates were saturated with L-homocysteine 
at 2 mM. The apparent Michaelis constants for S-CH,-H,PteGlu and S-adenos~lmeth- 
ionine determined by the method of Lineweaver--Burk,’ were found to be 25 and 50,&l. 
respectively. 

Product inhibition of homocystcine-dependent transmethylases bq L-methionine is well 
documented”.‘.‘) and was displayed by the 5-CH,-H,PteGlu enzyme of pea mitochondria 
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(Fig. 1). The degree of inhibition in this latter case was similar to that observed earlier6 
for the 5CH,-H,PteGlu transmethylase isolated from pea cotyledon homogenates. Fifty 
per cent product inhibition occurred at 2.5-3.0 mM L-methionine (Table 2). 

TABLE 2. PROPERTIES OF HOMOCYSTEINE-DEPENDENT TRANSMETHYLASLS FROM COTYLEIXX HOMOGENATES ANI) 
MITOCHONI)RIA 

Preparations 

Saturating concentration Apparent K, Concn of meth- 
of homocysteine for the methyl ionine producing 

(mM) donor (PM) SO% inhibition (mM) 

Cotyledon homogenate 
after Sephadex GlOO 
treatment* 

Methyl donor: 
S-CH,-H,PteGlu 
S-adenosylmethionine 

2.0 26 3.0 
2.0 4 > 10.0 

Isolated mitochondria 
(2&-60x (NH&SOS fraction) 

Methyl donor: 
S-CH,-H,PteGlu 
S-adenosylmethionine 

1.0 2s 2.5 
1.2 50 

* Data from Dodd, W. A. (1969) Ph.D. thesis, Department of Botany, University of Alberta. See also Ref. 6. 
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FIG. 1. INHIBITION OF S-CH,-H,PteGlu TRANSMETHYLASE ACTIVITY BY L-METHIONINE. 
L-Methionine was added to standard reaction mixtures to give rhe final concentrations shown 

Dodd and Cossins’” have suggested that S-adenosylmethionine in pea cotyledons is 
most likely formed by methionine adenosyltransferase activity rather than by methylation 
of S-adenosylhomocysteine. Isolated pea mitochondria were found to contain the former 
activity as shown by Table 3. Optimal synthesis of S-adenosylmethionine by these prep- 
arations was partially dependent upon ATP, Mg*’ and sulphydryl groups (Table 3). In con- 
trast, no ability to synthesize S-methylmethionine could be detected. 

Recent studies of germinating rape seed’ 1 have indicated that trans-sulphuration and 
sulphydration pathways are operative and well integrated in the biosynthesis of homocys- 
teine. These studies by Ngo and Shargool have clearly shown the synthesis of cystathionine 

I0 DODD W. A. and COSSINS, E. A. (1969) Arch. Bioclzrrn. Bioph~s. 133,216. 
I1 Nco, k. T. and SHARGOOL, P. D. (1972) Biochrm. J. 126,985. 



Omission from 
reaction system 

S-adenos~lmetliio~~ine Omission from 
formed @no11 reaction system 

S-adenosylmethionine 
formed (ilmol) 

NOW2 I .Y20 ?-~lerc;lptorttiall~~l 0760 
ATP 03?3 Mitochondrial fraction ()+I I 
Mg’ 0.425 

___- ____-. ___ 

The complete assay system (2 ml) contained: 8 /~mol Lmethyl-‘~C‘]-L-methionine (0,125 /Ci, /~mol). 10 ltmol 
ATP. 5 mnol ?-mercaptoethanol, 100 jlrnol K-phosphate buffer (pH 6.9). 50 ILrno) MgCl, and 2 mg mitochondrtal 
protein (30-60”,, (NH,)? SO, fraction). Reaction misturcs acre incubated for I hr at -30 The labelled product 
was t-wow-cd by column chromato~t-;lph!. 

Ccl1 fraction 
Sp. act (nmol 

product mg protein) 

Total act. 
tnmol’g h-. \vl) 

Distribution 

(“<,I 

Crude homogcnatc 
/I-Cystathionase 
C‘ystathioninc-y-synthase 
Homoserine transacet\lasc 
Homoscrme transsuccinylase 

Isolated mttochondrin 
p-Cystathionase 
Cqstathionine-;-synthase 
Homoserine transacet~lase 
Homoserine transsucc~nylnsc 

Mitochondrial fraction (0 45”,, 

(NH&SO, I 
/I-Cystathionase 
C~stathioninc-;‘-sytlthaae 

2.62 
0~403 
OQ64 
W)hl 

3.70 
0.435 
0~079 
0.0” 

3.27 
O-580 

I-7 I.33 
0.23 1.25 
005 I 1.: 
04 I8 I.1 

@X7’ Oh9 
(1. I4 0.73 

Data arc expressed as the amount of pyruvatc formed by /j-cystathionase and the amount of x-ketobutyrate 
formed by cystathioninc-;,-synthase. per 10 min at 37 under the reaction conditions described in the Eaperimen- 
tal Section. Data for homoserine transacetylase and l~on~oserine transsuccinylase arc exprrsscd as the amount 
of ,Y-acetylhomoberinc and .~-succin~lhon7oaerinc formed after 20 min incuhatior at 37 

Omissions from complete 
reaction system 

O-Acetylhomoserinc produced 
(nmole I 

None 
Mi tachondrial fraction 
S-acetyl-C‘OA 
Substituted S-succinyl-CoA 

for S-acct\l-CoA 

(I.55 

woo 1 

0~19 

The COIII~~CIL’ assay system (0.5 ml) contained: 50 ilrnol K-phosphate 
butfer (pH 7.41. 0.5 /nnol S-acetyl-CoA, 3) nmol [ll-“CJ-L-homoscr- 
inc (I /L’i, /nnol) and mitochondrial fractton (7 mg protein). Reaction 
miwture~ \scre incuhutsd at 37 for 30 min. 
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and suggested a possible product inhibition of its synthesis. From the enzyme assays sum- 
marized in Table 4 it is clear that /?-cystathionase, cystathionine-y-synthase, L-homoserine 
transacetylase and transsuccinylase activities were all detected in pea mitochondria. Of the 
total activities of these enzymes in the initial cotyledon homogenate only small percentages 
were recovered in the isolated mitochondria which suggests that these enzymes may be 
largely extra-mitochondrial in this tissue. However, the mitochondrial levels suggest that 
nanomolar quantities of homocysteine may be synthesized in this organelle. It is apparent 
from Table 5 that acetyl CoA was utilized more readily than succinyl CoA in the acylation 
of L-homosereine. The normal substrate for the mitochondrial cystathionine-y-synthease 
reaction would therefore appear to be O-acetyl-L-homoserine. In other experiments the 
possible inhibition of these enzymes by L-methionine was examined. Using concentrations 
of this amino acid up to I mM no inhibition of L-homoserine transacetylase, cystathionine- 
y-synthase or fl-cystathionase could be demonstrated. 

DISCUSSION 

It was suggested earlier’ that pea mitochondria had ability to catalyze the biosynthesis 
of amino acids related to one-carbon metabolism. The present studies support this conten- 
tion with respect to methionine synthesis. Furthermore the data presented for enzymes of 
L-homocysteine biosynthesis show that these mitochondria can conceivably generate 
methionine and S-adenosylmethionine by the pathways shown in Scheme 1. It may also 
be concluded that the terminal reaction for synthesis of methionine de nouo is largely 
located in the mitochondria of pea cotyledons. This conclusion is supported by, (a) the 
relatively large recovery of S-CH,-H,PteGlu transmethylase activity in the mitochondria 
after density gradient centrifugation and ammonium sulphate fractionation of mitochon- 
drial protein (Table l), and (b) the similarity between the properties of this enzyme (Table 
2) from isolated mitochondria and from aqueous extracts subjected to Sephadex chromat- 
ography.6 A role for the mitochondrial S-adenosylmethionine: homocysteine transmethy- 
lase in pea mitochondria is more difficult to visualize. This enzyme clearly cannot repre- 
sent an alternative route for synthesis of methionine de nouo as .S-adenosylmethionine is 
derived from methionine in this tissue lo (Table 3). It is of interest to note that rat liver 
mitochondria12 do not contain this enzyme but have a transmethylase utilizing 5-CH,- 
H,PteGlu, in the homocysteine-dependent synthesis of methionine. The possibility 
remains that the S-adenosylmethionine transmethylase of pea mitochondria may be an 
enzyme capable of transferring methyl groups to a number of endogenous acceptors and 
that such broad specificity results in some activity towards L-homocysteine. Clearly these 
possibilities which directly concern the metabolic fates of S-adenosylmethionine generated 
within the mitochondria are worthy of detailed study. 

Formote Glycine Swine 

1 1 4 
IO-HCO-H,PteGlu -5,lO-CH,-H,PteGlu45-CH3-H4PteGlu 

ATP 

\)tMethionine--LS-Menosylmethionine 

Homoserine TO-Acetylhemoserine 7 Cystothionine +Homocysteif& 

Acetyl CoA Cysteine 

SCHEME 1. PATHWAY FOR BIOSYNTHESIS OF METHIONINE AND S-ADEINOSYLMETHIONINE 

MITOCHONDRIA. 

I2 WANG, K. F.. KOCH, J. and STOKSTAD, E. L. R. (1967) Biochrm. Z. 346,458. 

IN PEA 
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The presence of /I-cystathionase. cystathionine-y-synthase and t_-homoserine transacety- 
lase in the mitochondria (Table 4) implies that the transsulphuration pathway rather than 
a direct sulphydration of t-homoserine accounts for homocysteine formation, The pres- 
ence and levels of these enzymes also argues for a sufficient endogenous synthesis of homo- 
cysteine to accommodate the mitochondrial homocysteine-dependent transmethylation 
reactions. The apparent lack of end-product inhibition of these enzymes by L-methionine 
raises the possibility that the pathway may be alternatively controlled by methylpteroyl- 
glutamate and S-adenosylmethionine as in .Y~urospor~ CI’NSSU. “.I ’ Finally. if extensive 
recycling of sulphur” occurs in the mitochondria. a role for S-adennsylhomocysteinc as 
a feedback inhibitor cannot be ruled out. 

IIXPEKIMFNT.Al 

j-LM~~~~I-“CJ-CH,-H,I’~~C;I~I. Lmcthql-I’(‘]-I,-methioiline. [methyl-“<‘]-SAM and t-homoscr- 
were purchased from Amersham-Scarlc Corp.. Des Plaines. Ill., IJ.S.A. [jr-Homocysteine was prc- 

pared fromihe thiolactoner5 tmmcdiately heforc use. Other chemicals NCR purchased from Nutritional Hiochc- 
micals Corp.. Cleveland, Ohio, U.S.A.. Fisher Scientific Supplies Ltd.. Edmonton. Canada and Sigma Chemical 
Co., St. Louis, MO.. U.S.A. Seeds of PI.\IOU wriww L. cv Homesteader were germinated for 96 hr at 25 as prc- 
viously described.’ 

Prcpv~tim~ ctitul~zjwg mvhiomw md S-fid~,rio.\~l~r/~,tIr/otfiti~, s~~fhrsis. All operatmns were car!-icd out at 2 -4 

Mitochondria were Isolated from cotyledon tissue and purified on a sucrose density gradtent as previously de- 
scribed.’ This material was used as a source of mitochondrial cnqme activtty for further purilicatton. After brief 
(45 set) sonication of the mitochondrtal fraction diluted ?-fold in 0.05 M K-phosphate Ibulk (pH 6.9) containing 
5 mM 2-mercaptoethanol. solid (NH,)2S0, LV:IS added to give 20’:,, of saturation. The r-esulting suspension was 
stirred continuously for 30 min and then centrifuged ~10000 g for IO mill), The 10000 I( supernatant was adjusted 
to 60”; of saturation by further additions of solid (h’H,),SO, and ctrrred continuously for 30 min. Precipitated 
protein was collected by centrtfugation. dissolved in 2 ml of the dilutin g buffer and passed through a I x 5 cm 
column of Sephades G25. The protein collected N:IS ustxi in studies of methyltransferase activtt!. 

Pr~pcrrutiaru cattrlyzirl<~ lro~~lo~~~~.vt~~iti~~ ~~xih~~,~i.~. The mitochondriai fraction \G;IS diluted Z-fold with IO mM K- 
phosphate buffer (pH 7.3). sonicated for 45 see and then centrifuged at 1-I 000 q fol- 10 min. The supcrnatant was 
adjusted to 45’:,, of satur-ation with sohd (NH,)~SO, and stirred for 30 mm. After centrifugation (LOO00 q for 
15 mm) the precipitated protein was dissolved in 3 ml 10 mM K-phosphate bufkr (pH 7,;) and passed tht-ough 
a 1 x S cm column of Scphadex G25. The rcwlttng soln \\as uwd in assays of /!-cqstathionase and ccstathioninc- 
;-synthase. Assays 01‘ I -homo\or-ine trilll\stlccillLI;l\L’ and tran\acety law cmplo\~i the rnlt~,chcrnciri;tI fraction 
without (NH,)?SO, or Sephadex treatments. 

E!r;rrnr a.rsc2y.s. Homoc~stcine-dcpclItienL Incth~ltransfcrase acti\rty was assa\~ed as described b\ Dodd and 
Cossins.” The reaction mixture (0.5 ml t. contained: mitochondrial pr&teitl (I mg protein). 2 gmol tk-homocys- 
teine, 16 nmol methvl donor (2 x IO’ dpm) and 50 lrmol K-phosphate buffer (OH 6.9). After- incubation at 30 
for 1 hr the reaction-was tcrmmated hy’rapid cooling in an ice bath. An (I.1 mi ahqnot of the chilled reactron 
mixture uab then placed on a column 10.5 x 2.5 cmt of DOM~Y AC; I-Xl0 (C‘I form) N hen _i-C‘H,-H,PtrGlu uas 
the methyl donor and Do~ex SOW-XX (LI’ form) when S-adcnosqlmcthionine wits the methyl donor-. The 
[‘iiCHa]-t_-methionine formed ~3s rlutcd \&it11 six 0.2 ml portions of H,O. The column eluate ~+:ts collcctcd and 
counted by liquid scintillation spectrometry as previously described.’ One unit of enzyme activit! is defined as 
the amount of enzyme producing 1 prnol of mcthioninc per min under the r-caction conditions specified. Synthesis 
of S-adenos~lmethiot~in~ h> mttwhondrial extt-acts WI> cxamincd tn reaclions systems of 2 ml. containing: 
X jrmol [methyl-I’(‘]-L-methionirlc (0,125 l~C‘i;itmol). 10 ~nnol i\TP. 5 ~tmol ~-mercnptocthnno1. 50 )tmol MgCl,, 
100 {tmol K-phosphate butkr (pH69). and 7 mg mitochondria) protcin. After- incubation for I hr at 30 the tubes 
were chilled and the labelled S-adenos)lmcthio~~~~~c was scparatcd hy the column chromatngraphic method of 
Shapiro and Ehningcr. I ” The method \vrts modificdr” to include use of HCI rnsteud of H,SO, as the eluting 
acid. The possible sy,nthcsis of S-mctlt~lmcth~on~nc was cxatnined in reaction systems of I ml containing: 2 mg 
mitochondrial protem (20 -ho”;, (NH,),SO, fraction). 8 ptnol r-methionine. 0.05 /irnol [methyl-“CJ-S-adcnosyl- 
methionine (52 PtCi /rmol). 5 /(muI l-mercaptoctli;lnol and IO0 ~nnol K-phosphate hulkr (pM 691. Rftcr incuha- 
lion at 30 for 90 min reaction products were ewmtncd by TLC’ and autoradiography wing silica gel <i thin 
layer plates and tr-BuOff HOAc H,O 160: i.i:3) ,tnJ EtOH HOAc H,O (65: I :UJ as sol\cnt systcma. Assays 
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of L-homoserine transacetylase and transsuccinylase were based on the conversion of the products to N-acetylho- 
moserine and N-succinylhomoserine respectively. These compounds were then readily isolated by use of Dowex 
5OW-X8 (Hi form) columns.” The assay system (vol. 0.5 ml) contained: 50 ,nmoI K-phosphate buffer (pH 7.5), 
0.5 nmol Sacetyl-CoA (or Ssuccinyl-CoA), 50nmol [U-‘%I-L-homoserine (I.0 nCi/nmol) and 34 mg protein 
of the mitochondrial fraction. Reaction mixtures were incubated at 37” for 30 min followed by addition of 50 ~1 
1.5 M TCA. After centrifugation 250 ~1 of the supernatant was mixed with 100 ~1 1.0 M KOH, heated at 100’ 
for I.min, then cooled rapidly. Aliquots (150 ~1) of this soln were transferred to @5 x 5 cm columns of Dowex 
5OW-X8 (HC form). The columns were washed with five 0.5 ml aliquots of H,O, the eluate being collected directly 
in scintillation vials. Cystathionine-y-synthase was assayed essentially by the method of Kaplan and Guggen- 
heim.i8 a-Ketobutyrate, formed on hydrolysis of excess substrate, was measured using an excess of LDH. The 
assay procedure employed two stages, firstly reactions mixtures (0.5 ml) containing: 50 pmol K-pyrophosphate 
buffer (pH X.2), 0.1 nmol pyridoxal-5’-phosphate, 2.5 nmol 0-succinyl-DL-homoserine and 2 mg mitochondrial 
protein were incubated at 37” for IO min. Control systems did not contain the substrate. The reaction was stopped 
by addition of 50 ~1 of 1.5 M TCA. After centrifugation aliquots of the supernatant were added to cuvettes con- 
taining: 100 nmol K-phosphate buffer (pH 7.3) and 0.15 pmol NADH, final vol. 1 ml. After ascertaining that the 
pH was above neutrality. the eJbO was measured before and after addition of an excess of cystalline LDH (20 ngg). 
The amount of a-ketobutyrate was calculated using a molar extinction coefficient of 6200 (Ref. 18). ,&Cysta- 
thionase activity was determined by the method of Guggenheim. ” the production of pyruvate being assayed using 
LDH. The complete reaction system (1 ml) contained: 50 nmol K-pyrophosphate buffer (pH 8.2) 0.1 ymol pyri- 
doxal-5’-phosphate, 4 nmol t.-cystathionine and mitochondrial fraction (0.4 mg protein). Control systems lacked 
substrate. After incubation at 37” for10 min the reaction was terminated by addition of 50 ~1 of 1.5 M TCA. Fol- 
lowing centrifugation, aliquots of the supernatant were assayed for pyruvate using lactic dehydrogenase. Protein 
was determined coIorimetrically.2” 

Acknowlrdprments-~This investigation was supported by a grant-in-aid of research awarded to one of us (E.A.C.) 
by the Nattonal Research Council of Canada, M.T.C. was the recipient of a National Research Council of Canada 
Post Graduate Scholarship during the course of this investigation. 

i’ NAGAI, S. and KERR, D. (1971) in Methods in Enzymology (TABOR, H. and TABOR, C. W., eds.), Vol. XVII, 
pp. 442, Academic Press, New York. 

i8 KAPLAN, M. and GUGGENHEIM, S. (1971) in Methods in Enzymology (TABOR, H. and TABOR, C. W., eds.), Vol. 
XVII. pp. 445. Academic Press. New York. 

I9 GUGGENHEIM. S. (1971) in Methods in Enzymology (TABOR, H. and TAILOR. C. W.. eds.). Vol. XVII, pp. 439, 
Academic Press, New York. 

*’ LOWRY, 0. H., ROSEBROUOH, N. J., FARR, A. L. and RANDALL, R. J. (1951 j J. Biol. Clzem. 193,265. 


