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ABSTRACT

from spinach leaves was absolutely dependent on tetrahydrofolate; pyri-
doxal phosphate has no effect on the activity. The stability of this activity
in the isolated mitochondria was dependent on the presence of sulfhydryl
compounds. It was apparently more stable at pH 7.0 to 7.5 than at higher
pH even though the pH optimum of serine hydroxymethyltransferase was
8.5 for both the mitochondrial and cytoplasmic fractions. Distribution
studies have indicated that serine hydroxymethyltransferase was predom-
inantly located in the mitochondria. The activity of serine hydroxymethyl-
transferase was observed to be co-compartmented with glycine decarbox-
ylation and malate dehydrogenase behind the mitochondrial inner mem-
brane. This activity could be solubilized by KCI from osmotically ruptured
mitochondrial membrane fractions but substantial activity (35 to 40%) was
still retained with the membrane fractions at 0.3 M KCI. This suggests that
the glycine decarboxylation-serine hydroxymethyltransferase complex may
be closely bound to the internal surface of the mitochondrial inner mem-
brane.
The relationship of this integrated enzyme complex to CO2 evolution

and serine synthesis during photorespiration and the physiological role of
the dicarboxylate shuttle were discussed.

The CO2 released during photorespiration is derived principally
from the decarboxylation of glycine in leaf mitochondria (4, 32,
33). This glycine decarboxylation is coupled to serine synthesis
through the activity of serine hydroxymethyltransferase (2, 13).
The stoichiometry of the reaction for glycine decarboxylation and
serine synthesis in isolated leaf mitochondria suggests that the
activity of serine hydroxymethyltransferase is equivalent to the
rate of glycine decarboxylation. We have reported rates of serine
hydroxymethyltransferase in isolated leaf mitochondria of C3
plants comparable to those of glycine decarboxylation (15).
The activity of serine hydroxymethyltransferase in nonphoto-

synthetic (29) and photosynthetic (6, 21) tissues of higher plants
has been reported but the intracellular localization of this enzyme
in these tissues is not known, although this enzyme is reported to
be present in pea chloroplasts (26). Recent studies with rat liver
(20) and mutants of Saccharomyces cerevisiae (34) have revealed
the presence of cytoplasmic and mitochondrial alloenzymes of
serine hydroxymethyltransferase. In rat liver mitochondria the
enzyme is located within the matrix (7). Earlier studies have
indicated localization of glycine decarboxylation activity behind
the inner membrane of the mitochondria (33). This would also
imply the localization of serine hydroxymethyltransferase in this
compartment.
We have examined the properties of this mitochondrial serine

hydroxymethyltransferase from spinach leaves and provided evi-
dence for its co-compartmentation with glycine decarboxylation
activity behind the inner membrane of the mitochondria.

MATERIALS AND METHODS

Preparation of Mitochondria from Spinach Leaves. Spinach
leaves (20 g) were deribbed and blended for 2 x 5 s in 100 ml of
a medium containing 0.4 M sucrose, 0.1 M Hepes-NaOH buffer
(pH 7.5), 10 mm DTT, 2 mM MgCl2, 2 mm EGTA, and 0.1% (w/
v) BSA in a Waring Blendor. The homogenate was filtered
through two layers of Miracloth and centrifuged at 2,000g for 10
min. The pellet was resuspended in 20 ml of 20 mm K-phosphate
(pH 7.5) and 1 mM DTT and used as the chloroplast fraction. The
crude mitochondrial fraction may be prepared as follows.

(a) For standard serine hydroxymethyltransferase assay the
2,000g supernatant was centrifuged at 10,000g for 10 min and the
pellet was resuspended in 20 ml of 20 mi K-phosphate (pH 7.5)
and 1 mm DTT. This fraction was solubilized with 0.05% (w/v)
Triton X-100, incubated at 0 C for 10 min, and used as the crude
mitochondrial fraction.

(b) For localization studies, the 2,000g supernatant was centri-
fuged at 10,000g for 10 min. The pellet was resuspended in 25 ml
of a medium containing 0.4 M sucrose, 0.1 M Hepes-NaOH buffer
(pH 7.5), 5 mm K-phosphate, 5 mM MgCl2, and 6 mg BSA, and
used as the mitochondrial fraction.

(c) For KCI solubilization studies, the 2,000g supernatant was
centrifuged at 10,000g for 10 min. The pellet was resuspended in
2 ml of a medium containing 50 mm sucrose, 12.5 mm Hepes-
NaOH buffer (pH 7.5), 1 mi DTT, and 0.1% (w/v) BSA and used
as the mitochondrial fraction.
For glycine decarboxylation studies mitochondria were pre-

pared as described (33). The isolation of mitochondrial fractions
was carried out at 4 C and chilled solutions and apparatus were
used.
Enzyme Assays. The assay for serine hydroxymethyltransferase

(at pH 8.5) was based on the procedure of Taylor and Weissbach
(27). The activity of NAD-malate dehydrogenase, catalase, fu-
marase, antimycin A-sensitive NADH-Cyt c reductase and glycine
decarboxylation was assayed as described in Woo and Osmond
(33). RuBP Case' activity was assayed as described in Quebedeaux
and Chollet (23).

All enzyme activity in the crude mitochondrial fraction was
expressed on the basis of the Chl content of the original crude
homogenate.

RESULTS AND DISCUSSION

Serine Hydroxymethyltransferase in Leaves of Higher Plants.
The distributions of RuBP Case, catalase, and Chl in the homog-
enate fraction of spinach leaves are shown in Table I. The activities
of RuBP Case and catalase are used as enzyme markers for intact
chloroplasts and peroxisomes, respectively. The Chl distribution
indicates that practically all of the Chl is located in the chloroplast
(2,000g) fraction. As indicated by the activity of RuBP Case, only

Abbreviations: RuBP Case: ribulose bisphosphate carboxylla'. -t ;
oxaloacetate.
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about 9% of intact chloroplasts are recovered in this fraction. This
chloroplast fraction was contaminated with about 201% of the total
catalase activity, and about 22% of fumarase activity recovered
(Table II). The mitochondrial (20,000g) fraction contains less than
1% of the total RuBP Case activity, 3% of the total Chl, and 7% of
the total catalase activity. In contrast to the high fumarase activity
recovered (about 50%) (Table II), the above data suggest that there
is very little contamination by chloroplast enzymes in the mito-
chondrial fractions.
The intracellular activity of serine hydroxymethyltransferase

and fumarase in leaves of three C3 species is shown in Table II.

About 50o of the activity of serine hydroxymethyltransferase
present in leaves of these three species is located in the mitochon-
dria. The proportion of fumarase and serine hydroxymethyltrans-
ferase activity found in the chloroplast and supernatant fraction
was practically the same in each experiment, indicating that
breakage of mitochondria during isolation may be responsible for
this distribution of enzyme activity. Similar results were routinely
obtained in experiments with the l0,000g mitochondrial fraction
from spinach leaves (data not shown). These results suggest that
serine hydroxymethyltransferase is almost exclusively a mitochon-
drial enzyme in leaves of C3 plants.
Seine hydroxymethyltransferase was reported to be present in

chloroplasts of pea leaves (26) and would presumably be involved
in the regeneration of acetyl-CoA for terpenoid biosynthesis in
these organelles (10). The reported activity of this chloroplast
enzyme is very low in comparison to that of the mitochondrial
enzyme reported in Table II. The total activity of serine hydroxy-
methyltransferase present in the leaf homogenates in Table II
would be expected to be derived principally from the mitochon-
drial enzyme.

General Properties of Serine Hydroxymethyltransferase. The
activity of serine hydroxymethyltransferase was linear for the
period of the assay and was proportional to the amount ofenzyme
added. The cofactor requirements for the enzyme in both the
crude homogenate and mitochondrial fractions are shown in Table
III. The results obtained for both fractions are similar and both
show an absolute requirement for tetrahydrofolate. No require-
ment for pyridoxal phosphate on serine hydroxymethyltransferase
activity was observed in the mitochondrial fractions (Table IV).
These results are similar to the results observed for the enzyme

from wheat leaf (6) but the enzyme from cauliflower (16), maize
(9) and turnip (29) showed marked stimulation by pyridoxal
phosphate as well as an absolute requirement for tetrahydrofolate.
On the other hand, the enzyme from tobacco roots did not respond
to pyridoxal phosphate until treated with KCN or semicarbazide
(22). There seem to be considerable differences among the differ-
ent plant enzymes in cofactor requirements. Alternatively, the lack
of stimulation by pyridoxal phosphate might simply reflect a tight
binding of the coenzyme to the enzyme during isolation.
The stability of the enzyme is dependent on the presence of

sulfhydryl compounds (Fig. 1). Activity is rapidly lost when the
enzyme is stored in ice in the absence of either DTT or 2-
mercaptoethanol. Greater stability in the presence of DTT is
obtained when the enzyme is stored at pH 7.0 to 7.5 compared to
storage at higher pH (Table V).

Figure 2 shows the activity of serine hydroxymethyltransferase
as a function of pH. All of the different fractions-crude homog-
enate, mitochondrial fraction (solubilized and unsolubilized), and
supernatant fraction-show an optimum at pH 8.5. In contrast,
the enzyme from cauliflower buds shows 2 pH optima at 7.5 and
9.5 (16). The cytoplasmic and mitochondrial alloenzymes from rat

Table I. Distribution of ribulose bisphosphate carboxylase
(RuBP C'ase), catalase and chlorophyll in spinach
leaf extract.

All assays were determined by standard procedure
described in Materials and 14ethods. The chloroplast fraction
was prepared as a 2,000 x g pellet fraction. The mitochondrial
fraction was prepared as a 20,000 x g pellet fraction instead
of the normal 10,000 x g fraction. Numbers in brackets are
percent activity.

Activity (jimole/min)
Fraction RuBP C'ase Catalase Chlorophyll (wg)
Homogenate 128 (100) 2300 (100) 13070 (100)
Chloroplast 10.9 (9) 464 (20) 13240 (101)
M4itochondria 0.8 (<1) 158 (7) 333 (3)
Supernatant 111.7 (87) 1579 (69) 113 (1)

Table II. Distribution of serine hydroxymethyltransferase and
fumarase in leaf extracts of C species.

All assays were determined by standard procedure described
in Materials and Methods. T'he mitochondrial fraction was prepared
as a 20,000g pellet fraction instead of the normal l0,OOOg pellet
fraction.

Specific activity Total activity
SMT* Fumarase SMT Fumarase % Activity

(Pmol h -1 mg chl-1) T7mol h 1) SMT Fumarase
Species Fraction

Spinach Homogenate 48.3 31.7 422 277 100 100
Chloroplasts 8.5 6.9 74 60 18 22
J.itochondria 26.0 16.3 227 142 54 51
Supernatant 8.4 6.8 73 59 17 21

Vicia Homogenate 28.7 25.0 217 188 100 100
faba Chloroplasts 6.4 6.2 49 47 22 25

i4itochondria 15.7 13.9 119 106 55 56
Supernatant 5.9 5.8 44 44 21 23

Atriplex Hornogenate 39.9 20.9 277 144 100 100
hastata Chloroplasts 6.5 4.3 45 30 16 21

siitcciondria 15.8 9.8 109 68 40 47
Supernatant - 5.2 _ 36 - 25

*SMT - serine hydroxymethyltransferase.
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Table III. Cofactor requirements for serine hydroxymethyltrans-
ferase in crude extracts and mitochondria isolated
from spinach leaves.

Assay conditions : Standard assay as described in Materials
and X:etnods except 20 mi K phosphate buffer (pH 7.5) was used
instead of the standard 50 mni TLris-HiCl buffer (pH 8.5); PLP was
2 mI when present. The crude homogenate fractions contained 39 pg
cnl.

Substrate converted
Homogenate Mitochondria

Cofactor (pmol h -1 mg chl-')
None 0.86 0.14
PLP* 0.22 0.04
PLP, Ph4 (0.4 mni) 2.58
PLP, Fh 4 (2 mlil) 18.31 6.67
PLP, FH4 (14 mII) _ 5.97
Fh14 (2 ria) 19.57 7.23

*PLP, pyridoxal phosphate ; Ph4, tetrahydrofolate.

Table IV. Effect of pyridoxal phosphate on serine hydroxymethyl-
transferase activity in mitochondria isolated from
spinach leaves.

Assay conditions as in Table III with 2 mIM FH4.4Mitochondrial
fractions, equivalent to a crude homogenate fraction containing
132 pg chl, were used.

Pyridoxal phosphate Substrate converted
_(MMlI) (pmol h -1 mg chl-l

0 7.2
0.08 7.1
0.4 6.7
0.8 6.9
2.0 7.2
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FIG. 1. Stability of serine hydroxymethyltransferase in presence of
sulfhydryl compounds. 0: control; Q: 2-mercaptoethanol (5 mM); 0: DTT
(I mM). Activity of serine hydroxymethyltransferase at zero time in control,
in the presence of 2-mercaptoethanol and DTT was 10.6, 10.8, and 10.8
,umol h-' mg Chl', respectively. Mitochondrial fractions equivalent to a

crude homogenate containing 55 jg Chl were used.

liver show a pH optimum at 8.0 and 7.0 to 7.7, respectively (20).
Similarly, the cytoplasmic alloenzyme in yeast, S. cerevisiae, has
a pH optimum at 8.5 while the mitochondrial alloenzyme shows
a pH optimum at around 7.5 when freshly prepared but shifts to
pH 8.5 to 9.0 on "aging" (34).

Intramitochondrial Location of Serine Hydroxymethyltransfer-
ase and the Solubilization of This Activity by KCI. The location of
serine hydroxymethyltransferase was determined by the selective
removal of the outer membrane with Triton X-100. The rupture

of the outer membrane is indicated by a rapid increase in activity
of antimycin A-sensitive NADH-Cyt c reductase at 0.008% Triton
concentration (Fig. 3a). As the Triton concentration is increased
to 0.03% rupture of the inner membrane occurs, indicated by a
rapid increase in activity of malate dehydrogenase, a known
matrix space enzyme. The activity of serine hydroxymethyltrans-
ferase closely follows that of malate dehydrogenase and increases
only when the inner membrane is ruptured (Fig. 3b). As expected,
the loss of activity of the OAA-stimulated glycine decarboxylation
coincides with the rupture of the inner membrane and the solu-
bilization of serine hydroxymethyltransferase and malate dehy-
drogenase (Fig. 3, a and b). The location of serine hydroxymethyl-
transferase behind the mitochondrial inner membrane is therefore
consistent with the earlier observation (33) that glycine decarbox-
ylation is also located behind the mitochondrial inner membrane.
The relationship of these two enzymes in the mitochondria was

further investigated by examining the activity of these enzymes in
relation to KCI solubilization. Treatment with KCI increases the
activity of both serine hydroxymethyltransferase and malate de-
hydrogenase recovered in the supernatant fractions (Fig. 4). Max-
imum recovery was achieved at 0.1 M KCI for serine hydroxy-
methyltransferase and at 0.05 M for malate dehydrogenase. The
increase in activity in the supernatant corresponds to a decrease
in the activity recovered in the membrane fractions. The activity
of glycine decarboxylation recovered in the membrane fractions
is very low since this activity is dependent on mitochondrial
membrane integrity (32). The solubilization of serine hydroxy-
methyltransferase activity observed is similar to that obtained for
citrate synthetase and malate synthetase in the glyoxysomes from
castor bean endosperm, which are considered to be tightly bound
to the membrane compared to malate dehydrogenase (1 1). Unlike
these two synthetases, a substantial proportion (32-38%) of the
serine hydroxymethyltransferase activity is retained in the mem-
brane fraction even at high concentration of KCI. This evidence
suggests that serine hydroxymethyltransferase is clearly located in
the matrix space and fairly tightly bound to the internal surface of
the mitochondrial inner membrane.
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Table V. Stability of serine hydroxymethyltransferase in the
presence of dithiothreitol (1 mi'I) at different pH.

Activity of serine hydroxymethyltransferase at zero h was
10.8,10.0,14.5,15.6 and 13.7 pmol /h /mg chl for pH 7.0,7.5,8.0,
8.5 (50 mM Tris-SC1) and 8.5 (5 mM Tris-HC1) respectively. Mito-
chondrial fractions, equivalent to a crude homogenate containing
33 Pg chl, were used.

Substrate converted (% activity)
Storage Time (h

Buffer pH 0 1.5 3 19 26 43
50 mf'i HEPES 7.0 100 113 96 101 104 82

"1 7.5 100 118 109 110 107 87
50 mR Tris-HCl 8.0 100 116 101 81 71 52

it 8.5 100 110 87 67 59 45
5 iril Tris-HCl 8.5 100 119 103 87 74 53
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FIG. 2. Activity of serine hydroxymethyltransferase as a function of

pH. Assay conditions were as described under "Materials and Methods"
except 50 mM Hepes-NaOH buffer was present in addition to the standard
50 mm Tris-HCI buffer used. (a) *: intact mitochondria; 0: supernatant.
(b) 0: solubilized mitochondrial fraction; 0: crude homogenate fraction.

CONCLUSION

The properties ofserine hydroxymethyltransferase from spinach
leaf mitochondria appears to be generally similar to those of the
alloenzyme in pea chloroplasts (26) and the enzymes from other
plant tissues (6, 16, 22). The above evidence also suggests that in
spinach leaves, as is the case in pea cotyledons (5), but not in rat
liver (20) or yeast cells (34) the activity of serine hydroxymethyl-
transferase was predominantly located in the mitochondria. The
similarity of the cofactor requirements, kinetic properties, and pH
optima of the enzyme from different fractions argues against the
presence of significantly different alloenzymes in this tissue.

Glycine decarboxylation is linked to serine hydroxymethyl-
transferase for serine synthesis. The activity of serine hydroxy-
methyltransferase in isolated leaf mitochondria of C3 species
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FIG. 3. Effect of Triton X-100 on activity of mitochondrial enzymes.
A: OAA-dependent glycine decarboxylation; 0: serine hydroxymethyl-
transferase; A: NADH-Cyt c reductase; 0: malate dehydrogenase. Aliquots
(2 ml) of crude mitochondrial fraction were solubilized with appropriate
concentrations of Triton X-100 and kept at room temperature for 10 min.
This fraction was assayed for NADH-Cyt c reductase activity. This fraction
was centrifuged at 30,000g for 10 min. The pellet fraction was assayed for
glycine decarboxylation activity, and the supernatant fraction was assayed
for malate dehydrogenase and serine hydroxymethyltransferase activity.

appears to be comparable to the rate of glycine decarboxylation
(15). The integrated enzyme system of glycine decarboxylation
and serine hydroxymethyltransferase appears to be adequate to
account for the rate of photorespiration and serine synthesis
during photorespiration (4). The organization of this integrated
enzyme system in spinach leaf mitochondria is presumably similar
to the extensively studied systems in bacteria (14, 24) and rat liver
mitochondria (18, 19). The integration of this enzyme system in
vivo would presumably favor the transfer of carbon from glycine
to serine during photorespiration since there is little evidence that
the synthesis of glycine from serine could take place in vivo even
though the reaction of serine hydroxymethyltransferase is readily
reversible in vitro (28).
Ammonia is released during the decarboxylation of glycine in

leaf mitochondria (13, 31). Evidence indicates this photorespira-
tory NH3 is refixed outside the mitochondria via glutamine syn-
thetase and glutamate synthase in the chloroplast and the gluta-
mate formed is returned to the peroxisomes for transamination
(12, 15, 30, 31). A photorespiratory nitrogen (NH3) cycle involving
the peroxisomes, mitochondria, and chloroplasts is an integral
part of the tightly integrated (and stoichiometrically balanced)
pathway of photosynthesis and photorespiration (15). In such a

tightly integrated system it is most unlikely that the reverse

synthesis of glycine from serine could take place in the mitochon-
dria during photosynthesis and photorespiration.

Localization studies have indicated that both the glycine-decar-
boxylating system and seine hydroxymethyltransferase are lo-
cated behind the mitochondrial inner membrane. This is consistent
with our earlier suggestion (32) that the regeneration of NAD+
required for glycine decarboxylation could involve either the
mitochondrial electron transport chain or the faster matrix malate
dehydrogenase.
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FIG. 4. Solubilization of mitochondrial enzymeswith increasing

centration of KCI. (a) (malate dehydrogenase) 0: membrane fraction; :

supernatant fraction. (b) (serine hydroxymethyltransferase) 0:

fraction; supernatant fraction; : OAA-stimulated glycine

ation. Aliquots (50 ul) of crude mitochondrial fractionwere pipetted

4 ml of 5 mm Hepes (pH 7.5) andI mM DTT and incubated at 0

min. Appropriate KCI concentrations were then added and incubated

an additional 30 min, centrifuged at 30,000g for 10 min, and

fraction was assayed for glycine decarboxylation. For malate dehydrogen-

ase and serine hydroxymethyltransferase activity, the pellet and

tant fractions were solubilized with 0.05% Triton X-100 before

activity is expressed as percentage of controlwhich is the Triton

(0.05%) treated and unfractionated fraction at zero KCI; in the

glycine decarboxylation the control is the intact mitochondrial

zero KCI.

Recent studies in isolated leaf mitochondria (8, 17) have

that the oxidation of glycine involving the mitochondrial electron

transport chain is, as expected, coupled to thesynthesis of

The capacity of this system remains to be reconciled with

vivo rates of photorespiration. If this is indeed the system by

in vivo glycine decarboxylation is coupled then it is reasonable

expect mitochondrial electron transport to be unaffected

light even though tricarboxylic acid cycle metabolism

affected under these conditions. Recent studies in nitrate reduction

(1, 3, 25) in leaves ofhigher plants had indicated that the

respiratory electron transport chain may be inhibited or

in the light for the reduction of nitrate. This would impose

restriction on glycine decarboxylation coupled to the

respiratory chain but would not affect glycine decarboxylation

linked to a dicarboxylate shuttle in which the NAD+ requirement

for glycine decarboxylation in the mitochondria is coupled

NADH requirement for hydroxypyruvate reductase in

isomes via a malate-OAA shuttle as proposed by Woo

mond (32). In addition, the higher activity observed

dicarboxylate linked glycine decarboxylation compared

decarboxylation linked to the respiratory electron transport

(32) may also indicate an in vivo role for this dicarboxylate-linked

glycine-decarboxylating system during photorespiration.
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