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SUMMARY

Serme hydroxymethylase (L-serine:tetrahydrofolate 5,10-hydroxymethyltrans-
ferase, EC2 1 2 1) was found to occur 1n the soluble and mitochondral fractions of rat
liver. The enzymes were purified from the two fractions and some of their properties
were 1nvestigated

1 The soluble fraction serine hydroxymethylase had a rather sharp pH optimum
at 8 o, whereas the mitochondral enzyme showed a broad pH optimum centering
at 7 4.

2 There was no significant difference in the Michaelis constants for substrates
between the soluble fraction and mitochondnal serine hydroxymethylases

3 The mitochondrial enzyme was more stable than the soluble fraction enzyme

4 The soluble fraction serine hydroxymethylase was more anionic than the
mitochondrnial enzyme as evidenced by the affimty for DEAE-cellulose and electro-
phoretic mobulity.

INTRODUCTION

Serine hydroxymethylase (L-serine tetrahydrofolate 5,10-hydroxymethyltrans-
ferase, EC 2 1 2.1) which catalyzes the interconversion of serine and glycine

a
Serine  tetrahydrofolate = glycine + 5,10-methylenetetrahydrofolate + H,O (1)
b
according to Eqn 1 1s reported to occur 1n a variety of mammalian, avian and plant
tissues as well as 1n microorganisms! As to the intracellular localization of the enzyme,
however, no detailed study was made
The present communication reports on the occurrence of serine hydroxymethyl-
ase 1n the soluble and mitochondrnal fractions of rat liver, and some of the properties
of the 1soenzymes from the two fractions.
A preliminary account of this work has appeared?.

* This work was taken from the thesis submitted to the Graduate School of Osaka Uni-
versity by Y Nakano, in the partial fulfillment for the degree of Doctor of Medical Science
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MATERIALS AND METHODS

L(+)-Tetrahydrofolic acid was prepared by hydrogenation of folic acid as
described by HATEFI ¢t a/? Other chemicals were from commercial sources. Male
albino rats of Wistar strain weighing approx 200 g were used mn the present study
The animals were fasted for 24 h prior to sacrifice and thev were killed by decapitation.
The freshly excised livers were homogenized 1n 0 25 M sucrose and subcellular fraction-
ation was carried out essentially as described by HoGEBoOM AND SCHNEIDER! The
mitochondrial pellets obtained were washed twice with 0 25 M sucrose and kept frozen
until use. The nucler were 1solated by the procedure of HOGEBOOM, SCHNEIDER AND
STIEBECK®. Protein was estimated by the method of Lowry ef al ® with bovine serum
albumin as the standard Inorganic phosphate was determined according to the method
of F1skE AND SuBBARowW”.

5,10-Methvlenetetrahydrofolate dehydrogenase was obtamed from Achromo-
bacter eurydice grown on phenylalanine or glutamate as the sole source of carbon The
enzyme was purified from the sonic extracts of the bacterium through protamine
sulfate treatment, (NH,),SO, fractionation, heat treatment and DEAE-cellulose
chromatography The details of the purification procedure will be published elsewhere
The punfied preparation migrated as a single band on polyacrylamide-gel electro-
phoresis and was completely devoid of serine hydroxymethylase activity (M. Fujroka
AND Y. NakaNo, unpublished results)

Serine hydroxymethylase activity was determined by measuring the rate of
reaction 1n either forward (Reaction 1a) or reverse direction (Reaction 1b).

Assay 1° Assay with glycime and 5,10-methylenetetrahydrofolate as substrates
(Reaction 1b) The rate of Reaction 1b was determined by the method of SCRIMGEOUR
AND HUENNEKENS® with modifications. The standard reaction mixture, 1n a final
volume of 0 5 ml, contained 50 gmoles of potassium phosphate (pH 7 3), o 1 ml of
neutralized tetrahydrofolate—formaldehyde mixture (4 umoles of (4)-tetrahydrofolate
dissolved in 1 ml of 12 5 mM formaldehyde), 12 5 umoles of glycine and an appropriate
amount of the enzyme After incubation at 37° (routinely for 10 mm), the reaction was
terminated by the addition of o 1 ml of 15%, trichloroacetic acid 2z ml of the Nash
reagent were then added and the mixture was incubated again at 37° to allow the color
to develop. After 20 min of incubation, o 8-ml aliquot of the mixture was diluted with
5 ml of H;0, and the absorbance at 410 mu was measured in a Bausch-Lomb 340
colorimeter. Under these assay conditions, the disappearance of formaldehyde was
linear with respect to time and enzyme concentration until 40%, of the compound was
consumed A unit of the enzyme activity was defined as the amount of enzyme causing
the disappearance of 1 umole of formaldehyde per min under these conditions and the
specific activity was expressed as units per mg of protein

Assay 2. Assay with serine and tetrahydrofolate as substrates ( Reaction 1a). The
rate of formation of 5,10-methylenetetrahydrofolate in Reaction 1a was estimated
by the rate of NADPH formation in the presence of excess NADP+ and 5,10-methyl-
enetetrahydrofolate dehydrogenase To a 1 5-cm cuvette (I-cm hght path) were
added 150 umoles of potassium phosphate (pH 7 3), 0 4 umole of (+-)-tetrahydrofolate
dissolved m 0.02 M potassium phosphate (pH 7 3) containing 0.1 M 2-mercaptoethanol,
0 25 ymole of NADP+, o0 3-0 6 unit” of 5,10-methylenetetrahydrofolate dehydrogen-

“ A umt of 5,10-methylenetetrahydrofolate dehvdrogenase 1s the amount of the enzyme
which produces 1 ymole of NADPH per min
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ase and the enzyme 1n a total volume of 1 4 ml. The reaction was started by the addition
of 0.1 ml of 0.T M L-serme The absorbance measurement was made with a Shimadzu
OB 50 spectrophotometer Under these conditions, the increase in the absorbance at
340 mu was proportional to time and enzyme concentration

RESULTS

Subcellular distribution of serine hydroxymethylase activity

As Table I shows, serine hydroxymethylase activity was found 1n the soluble,
mitochondrial and nuclear fractions. No activity was found 1n the microsomal fraction.
Since the nuclear fraction was contaminated with mitochondna and unbroken cells,
no definite conclusion 1s drawn as to the occurrence of the enzyme mn this fraction. The
mitochondrial and soluble fractions were almost free from cross contamination

TABLE1

SERINE HYDROXYMETHYLASE ACTIVITY IN SUBCELLULAR FRACTIONS

Serine hydroxymethylase activity was determined by Assay 1

Fraction Specific Total Total
activity activity protein
(units{mg (unitslg (mglg
protein) Lyver) lLiver )
Homogenate 00095 202 2130
Nuclear 00154 044 28 4
Mitochondral 00136 071 520
Microsomal 0 0000 0 00 235
Soluble 00110 094 849

Purification of serwne hydroxymethylase from soluble fraction

Since there was no activity associated with the microsomes, 10 000 X g super-
natant of the liver homogenate was used as the starting materal for punfication of
serine hydroxymethylase from the soluble fraction.

Step 1 The supernatant solution (1500 ml) was brought to 439%, saturation with
solid (NH,),SO, After stirring for 30 min, the precipitate was removed by centrifu-
gation. (NH,),SO, was again added to the supernatant to 53%, saturation, and the
precipitated protemn was collected by centrifugation The precipitate was dissolved
mm 0.05 M potassium phosphate (pH 7 1) and dialyzed overmght against o 02 M po-
tassium phosphate (pH 7 1) containing 2 ug per ml of pyridoxal phosphate

Step 2 The dialysate was diluted with the same buffer to give the protemn concen-
tration of about 20 mg per ml To the solution were added 0.2 vol of 0 5 M potassium
phosphate (pH 6 5) and L-serine to a final concentration of 10 mM. The mmxture was
then heated at 70° for 3 mim and, after rapid cooling, the denatured protein was
discarded by centrifugation Heating under the same conditions but in the absence
of added r-serine resulted 1n a loss of 759%, of the activity.

Step 3 The supernatant solution from Step 2 was treated with (NH,),SO, n the
same manner as in Step 1 The precipitate obtamned was taken up 1 a small amount
of the buffer, and dialyzed against 0 05 M potassium phosphate (pH 6.5) containing
2 ug per ml of pyridoxal phosphate for 12 h
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Step 4. The dialyzed enzyme contamning approx. 240 mg of protem was poured
over a column (2 cm X 16 cm) of DEAE-cellulose which had been equilibrated with
0.05 M potassium phosphate (pH 6 5) The column was then washed with the same
buffer until no protein was eluted A gradient elution was then carried out with 600 ml
of 0 05 M potasstum phosphate (pH 6 5) in the mixing vessel and o 4 M of the same
buffer in the reservoir. The activity usually appeared at a phosphate concentration of
01too17 M The fractions having high specific activity were combined and concen-
trated by (NH,),SO, precipitation

A summary of the purification procedure 1s given 1n Table IT

TABLE II

PURIFICATION OF SERINE HYDROXYMETHYLASE FROM THE SOLUBLE FRACTION

Serine hydroxymethylase activity was determined by Assay 1

Fraction Volume  Protein  1otal Specific Yield

(ml) content units activity (%

(mgimi) (wnitsmg
protein)

10 000 > g supernatant 1500 128 1430 0 007 100
1st (NH,),SO, 62 53 2 118 0 0036 827
Heat treatment, 7o° 238 38 III O 0125 78 o
znd (NH,),S0O, 113 212 740 039 317
Chromatography on DEAE-cellulose 820 027 128 194 300
jrd (NH,),S0, o7 50 1515 430 108

Purification of serine hydroxymethylase from mitochondrial fraction

Step 1 A suspension of mitochondria was diluted with water to give a protem
concentration of about 29;. L-Serine and pyridoxal phosphate were added to the final
concentration of 10 mM and 2 ug per ml, respectively, and the mixture was heated
at 65° for 3 min. The denatured protein was discarded by centrifugation

Step 2z The heated extract was treated with (NH,),SO, and the protem pre-
cipitating between 43 and 53° saturation was dissolved 1n 0 05 M potassium phosphate
(pH 7 1) The solution was then dialyzed agamnst o 005 M potasstum phosphate (pH 7 1)
containing 2 ug per ml of pyridoxal phosphate for 12 h

Step 3 The dialyzed enzyme was adsorbed on a column of brushite (2 cm x
14 cm) which had been equilibrated with o oo5 M potasstum phosphate (pH 7 1)
Washing was made with the same buffer until no protem was detected m the eluate.
Serine hydroxymethylase was eluted from the column by raising the concentration of
the buffer to o 03 M

Step 4 The fractions having high specific activity were pooled, diluted 2-fold
with water and then poured over a 1 cm X 4 cm column of DEAE-cellulose. Under
these conditions, serine hydroxymethylase was held by the cellulose as a sharp band
on the top of the column The enzyme was eluted with 0 1 M potasstum phosphate
(pH 7 1) By this procedure the enzyme was concentrated and an additional 2-fold
purification was usually achieved.

The purification procedure of the mitochondrial serine hydroxymethylase is
summarized in Table TI1
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TABLE III

PURIFICATION OF SERINE HYDROXYMETHYLASE FROM THE MITOCHONDRIAL FRACTION

Serine hyvdroxymethylase activity was determined by Assav 1

Fraction Volume  Protein  Total Specific Yield

(ml) content  unils actiity %)

(mglml) (unitsfmg
protein)

Mitochoundrial suspension 70 525 26 6 0 007 100
Heat treatment, 65° 132 20 220 o008 825
(NH,),S0, 2 220 150 036 58 9
Chromatography on brushite 13 021 78 283 290
Chromatography on DEAE-cellulose o5 15 40 5 50 150

Propertues of soluble fraction and matochondrial sevine hydroxymethylases

pH optimum The effect of pH on serime hydroxymethylase activity was de-
termined 1n 0.1 M potassium phosphate or potassium pyrophosphate. A rather steep,
nearly symmetrical curve was obtained for the soluble fraction serine hydroxymethyl-
ase with the optimum at pH 8 o. The mitochondrial enzyme showed a broad pH
optimum and was most active between pH 7.0 and 7.7 (Fig. 1)

ozr

ot .

A Absorbance at 410 mp

pH

Fig 1 Effect of pH on serine hydroxymethylase activity The purified preparations of soluble
fraction (O—O) and mitochondrial (A— A) serine hvdroxvmethylases were used Activity
measurement was made by Assay 1

Muchaelis constants for substrates The Michaelis constants for substrates were
estimated from double reciprocal plots in the usual manner® As shown mn Table IV,
the K, value for serine was smaller than that for glycine, and the K, for tetrahydro-
folate was smaller than that for 5,10-methvlenetetrahydrofolate There was, however,
no significant difference 1n affinities of substrates for serine hydroxymethylases from
both fractions.

Affimty for DEAE-cellulose 1t was found during enzyme purification that the
mitochondrial serine hydroxymethylase came off the DEAE-cellulose column with a
buffer of lower ionic strength than that required for the elution of the soluble fraction
enzyme. To ascertamn the difference in the affinity of the both enzymes for DEAE-
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Fig 2 Affimty of soluble fraction and mitochondrial serine hydroxymethylases for DEAE-
cellulose The purified preparation of serine hydroxymethvlase was adsorbed on a 1 cm X 10 cm
column of DEAE-cellulose Elution was carried out as described in the text Enzymic activity was
deterrmined by Assay 1 A, the mitochondrial serine hydroxymethylase, B, the soluble fraction
serine hydroxymethylase, C, the mixture of A and B

cellulose, an experiment described m Fig 2 was performed. The purified preparations
of soluble fraction and mitochondrial serine hydroxymethylases were adsorbed on
DEAE-cellulose columns which had been equilibrated with o 02 M potassium phos-
phate at pH 6 5 Fig. 2 shows the plot of serine hydroxymethylase activity against
phosphate concentration of the eluates. The mitochondrial enzyme was eluted at the
phosphate concentration of 0 05 to o 1 M (the activity peak at o o7 M), whereas the
enzyme from the soluble fraction came off the column at the concentration of o 1 to
0 17 M (the peak at o 13 M) Chromatography of the mixture of both enzymes revealed
two activity peaks centering at phosphate concentrations of 0.07 and 0 14 M
Electrophoresis Electrophoresis of the soluble fraction or the mitochondrial
serine hydroxymethylase on cellulose acetate strip revealed a single protemn band 1n
each case To examine whether the band represents serine hydroxymethylase, the
strip was cut into small preces of the same size and each piece was eluted separately
with 0 0z M potassium phosphate buffer (pH 7 1) The enzymic activity coincided with

TABLE IV

Km VALUES FOR SUBSTRATES

Determunation of Ky, values for L-serine and tetrahydrofolate was marde by Assay 2, and those
for glycine and 5,10-methylenetetrahvdrofolate by Assay 1

Substrate Soluble fraction Mitochondrial
serine hydvoxv- sevine hydvoxy-
methviase methylase
(ubl) (mM)

L-Serine 5.40 0 54

L{+)-Tetrahydrofolate 72 ooI0

Glycine 1200 18

L(+)-Methylenetetrahydrofolate 130 013
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. -
Fig 3 Electrophoresis pattern on cellulose acetate The mitochondrial serine hydroxymethylase
(A), the soluble fraction serme hydroxymethylase (C), and the muxture (B) were applied on a
cellulose acetate strip Electrophoresis was performed for 1h at 20° with oo07 M potassium
phosphate (pH 8 o) as the buffer A constant current of 1 mA per cm of the strip was applied Pro-
tein was stained with the Ponseau 3R reagent!®

the protemn band Fig 3 shows the result of a typical experiment The soluble fraction
serine hydroxymethylase travelled further to the anode than the mitochondrial enzyme
under these conditions

Stability The punfied preparation of soluble fraction serme hydroxymethylase
was more unstable than that from the mitochondnal fraction For example, when the
dilute solutions of serine hydroxymethylases (300 ug of protem per ml of 005 M
potasstum phosphate (pH 7.1)) were allowed to stand for 72 h at 23°, the soluble
fraction serine hydroxymethylase lost 859, of the activity, whereas the mitochondral
enzyme only 209,

The addition of serine or glycine to the soluble fraction serine hydroxymethylase
was effective in preventing the loss of activity that occurred during enzyme storage
Sulfhydryl compounds such as 2-mercaptoethanol and dithiothreitol at concentrations
of 1 and o 1 mM, respectively, were partially effective On the contrary, EDTA,
pyridoxal phosphate or serum albumin did not exert any protection against inac-
tivation of the enzyme (Table V)

TABLE V

PROTECTIVE EFFECT OF VARIOUS COMPOUNDS ON SOLUBLE FRACTION SERINE HYDROXYMETHYLASE
ACTIVITY

The purified preparation of soluble fraction serine hydroxymethylase was employed after dialysis
for 12 h against o o5 M potassium phosphate (pH 7 1) Enzyme activity was determined by Assay
1 after allowing the enzyme to stand for 48 h at 23° 1n the presence of each compound tested The
protein concentration of the mixture was joo ug per ml

Additron Concn Intial
(mM) enzyme
activity
(%)
None 435
Glycine 10 88 5
L-Serine 10 100 0
Pyrnidoxal-P oI 44 ©
EDTA 1 44 8
Dithiothreitol o1 61 0
2-Mercaptoethanol 1 70 3
Bovine serum albumm  19%* 420

* g per 100 ml
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DISCUSSION

Among 1soenzymes many examples are now known which differ 1n their local-
1zation within the cell Among those occurring in the soluble and mitochondrial fractions
of mammalian tissues are 1soenzymes of glutamate aspartate transaminase!!-13, gluta-
mate alanme transaminase!, kynurenine transaminase!s, malate dehydrogenase!®.1?,
1socitrate dehydrogenase!®, fumarasel®, creatine kinase?®, efc The data described m
this communication indicate that there occur, inrat liver, 1soenzymes of serine hydroxy-
methylase in the soluble and mitochondrnal fractions The occurrence of serine hydroxy-
methylase in these cell fractions has also been demonstrated 1n hivers of other species
such as ox, mouse, pig and rabbit Homogeneous preparations of 1soenzymes have
recently been obtained from rabbit liver in this laboratory. The 1soenzymes from thus
source had verv similar properties with respect to pH optimum, electrophoretic
mobility and stability, but they were distinct immunochemuically?

The serine hydroxymethylase 1soenzymes of rat liver differ in the pH optimum,
stability and m net electric charge of the protemn as evidenced by the difference in
affimty for DEAE-cellulose and 1n electrophoretic mobility The 1soenzymes, however,
showed a marked similarity in K, values for substrates This fact and the ready
reversibility of the reaction suggest that the direction of the reaction catalyzed by
these 1soenzymes ¢ v1vo 15 largely dependent on the availability of substrates in
particular cell components It seems 1mpossible at present to assign any role to these
1soenzymes 1n cellular metabolism because of the lack of information on the steady-
state concentration of substrates in each cell compartment
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