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The complete amino  acid  sequence of mitochondrial 
serine hydroxymethyltransferase from  rabbit  liver 
was determined. The sequence  was  obtained  from 
analysis of peptides  isolated  from  chymotryptic,  cyan- 
ogen  bromide, and limited  acid  cleavages of the  pro- 
tein. The  enzyme  consists of four  identical  subunits, 
each of 475 residues, i.e. 8 residues  shorter  than  the 
subunit of the  corresponding cytosolic isoenzyme. The 
sequences of the  two  rabbit  proteins  are  easily  aligned, 
provided a gap of 5 residues  near  the  amino  terminus 
and a gap of 3 residues  near  the  carboxyl  terminus are 
included  in  the  mitochondrial sequence. The  overall 
degree of identity  between  the  two isoenzymes is 
61.970, whereas  the  structural  identity of each eukar- 
yotic  isoenzyme with  the  corresponding Escherichia 
coli enzyme is about 40%. The  rabbit isoenzymes are 
about 70 residues  longer than  the E. coli enzyme, with 
one-half of these  residues  accounted  for  by  insertions 
in both  isoenzymes near  their  carboxyl  terminus.  Pre- 
dictions of secondary structure  and calculations of hy- 
dropathy  profiles are also  presented,  suggesting an 
even  more  extensive  degree of identity  in  the  three- 
dimensional  folding of the  three  proteins, in  accord 
with  the  known  similarity of their  catalytic  properties, 
Evidence was  obtained for the existence of additional 
molecular forms of the  mitochondrial  protein,  differing 
in  the absence of some amino  acid  residues at the amino 
terminus of the  polypeptide  chain. 

Serine hydroxymethyltransferase is a  pyridoxal phosphate- 
containing enzyme that catalyzes the conversion of serine  and 
tetrahydrofolate  to glycine and 5,lO-methylenetetrahydrofol- 
ate. It is a key enzyme in  the  biosynthesis of purines, lipids, 
hormones,  and several other cell components.  The enzyme is 
present  in  prokaryotic  organisms,  plants,  and  eukaryotic cells. 
Eukaryotic cells have  been shown to  contain  both cytosolic 
and  mitochondrial  forms of the enzyme (1). 
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Both  the cytosolic and  mitochondrial isoenzymes from  rab- 
bit liver have been  purified to homogeneity and  compared 
with  respect to  reaction  and  substrate specificity (2-8). A 
study of cysteine-containing  peptides from tryptic digests 
shows  clearly that  these two  isoenzymes  have different  pri- 
mary  structures (5-7). Both isoenzymes  catalyze the cleavage 
of many  different  3-hydroxyamino acids, and several reactions 
characteristic of other pyridoxal phosphate-containing  en- 
zymes, i.e. decarboxylation, transamination,  and  racemization 
(8-10). Each isoenzyme is a tetramer of identical  subunits, 
and  both have  isoelectric points  near 7.2 ( 2 ) .  

Recently, the complete amino acid  sequence of the cytosolic 
isoenzyme was determined (4). The primary  structure of the 
corresponding Escherichia coli enzyme was deduced  from the 
sequence of the glyA gene (11). Studies  comparing  the two 
eukaryotic isoenzymes and  the E. coli enzyme  suggest that  all 
three enzymes  have the  same  mechanism of action (8, 12). 

The  purpose of this  paper is to  present  the complete primary 
structure of the  mitochondrial isoenzyme from rabbit liver 
and  to  compare  this sequence  with those of the  corresponding 
cytosolic and  bacterial  proteins,  as a basis for establishing 
structure-function  relationships in this system. 

EXPERIMENTAL PROCEDURES AND RESULTS’” 

DISCUSSION 

The complete amino acid  sequence of rabbit liver mito- 
chondrial  serine hydroxymethyltransferase is  reported  in Fig. 
1. The enzyme subunit  has 475 amino acid  residues,  yielding 
a molecular  weight of 52,647, which is  in good agreement with 
the previously reported value determined from  sodium  dodecyl 
sulfate-polyacrylamide gel electrophoresis (3). Moreover, 
there is good agreement  between  the  amino acid  composition 
determined from  acid  hydrolysis of the  protein  and  that 
deduced  from  sequence data  (Table  I). 

The sequence was deduced following the isolation and  the 
identification of an  almost complete set of chymotryptic pep- 
tides which were first  tentatively aligned with  the sequence 
of the cytosolic enzyme on  the  basis of homology considera- 
tions  and  subsequently definitively ordered with the  help of 

Portions of this  paper (including “Experimental  Procedures,” 
“Results,”  Tables 11-XX, and Figs. 3-5) are  presented  in  miniprint 
at  the  end of this  paper.  Miniprint  is easily  read with  the aid of a 
standard magnifying  glass.  Full size photocopies are included in  the 
microfilm edition of the  Journal  that is available  from  Waverly Press. 

The  abbreviations used  are:  CmCys, 5’-carboxymethylcysteine; 
Hse, homoserine; Hsl, homoserine  lactone;  hplc, high performance 
liquid chromatography. 
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FIG. 1. Complete amino acid sequence of mitochondrial  serine hydroxymethyltransferase from 
rabbit  liver. -, extent of the various  fragments used to reconstruct the sequence; - - -, sequence inferred  from 
amino acid compositions. C, chymotryptic peptides; E, cyanogen bromide peptides; P,  limited acid hydrolysis 
peptides. 

overlapping peptides produced  from  cyanogen  bromide and 
partial acid cleavages. 

Peptide  purification was performed by gel filtration fol- 
lowed by high performance liquid chromatography  on  macro- 
porous reverse phase columns. Most of the  small  and medium 
size peptides were analyzed by dansyl-Edman  degradation, 
while for the larger peptides a gas-phase  automated  Sequencer 
was  used. The  latter  type of analysis, by allowing quantitative 
evaluation of the progress of Edman  degradation, was also 
essential for collecting  sequence information  from  fragments, 
such  as  those  generated  after  partial acid cleavage, which were 
not  obtained in pure form. For  identification of the carboxyl- 
terminal peptide,  a  selective  procedure was applied (13). 

Sequence analysis of both  the  entire  protein  and  amino- 
terminal  peptides showed that  the enzyme preparation is 
heterogeneous, containing  forms with both  an  amino-terminal 
Lys and Ala. The sequencing results suggest that  the longest 
enzyme  form contains  an  amino-terminal  Lys  and  accounts 
for about 60% of the  protein.  Another 30% of the  protein  is 
missing the  amino-terminal Lys, and 10% is missing the 
amino-terminal Lys-Ala (Figs. 1 and 2). Such microhetero- 

geneity, not  found in the cytosolic isoenzyme, which has  the 
amino-terminal  alanine  acetylated,  has  also been  observed in 
the  case of another  pyridoxal-P-dependent  mitochondrial  en- 
zyme, ornithine  aminotransferase  from  rat liver (14). This 
phenomenon may be  an  indirect  demonstration  that  mito- 
chondrial  serine hydroxymethyltransferase is a protein coded 
by the nuclear genome that, simultaneously to or after  trans- 
location  into  the  mitochondrion, undergoes  a post-transla- 
tional proteolytic  process to remove a  leader peptide (15). 
However, it may also be due to proteolytic  processing during 
purification. 

The  amino acid  sequence of rabbit liver mitochondrial 
serine hydroxymethyltransferase is compared in Fig. 2 with 
both  that of the  corresponding cytosolic isoenzyme and  that 
of the  protein coded by the gZyA gene of E. coli (4, 11). In 
order  to optimize the  alignment,  it was necessary to  insert a 
number of gaps into  the sequences. These gaps account  in 
part for the larger size of the  mammalian  proteins (483 and 
475 residues  for the cytosolic and  mitochondrial isoenzymes, 
respectively)  compared to  the  bacterial  protein (417 residues). 
The  extra residues of the cytosolic  enzyme  with respect to  the 
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TABLE I 

Amino acid composition of mitochondrial serine 
hydroxymethyltransferase from rabbit liver 

Acid hydrolyses were performed  on unmodified serine hydroxy- 
methyltransferase  for 24, 48, and 82 h. The values of threonine  and 
serine were obtained by extrapolation to  zero time of hydrolysis. 
Values of valine and isoleucine were from  82-h hydrolysates. 

Amino acid Amino acid 
analysis Sequence 

residuesfsubunit 

Aspartic acid 42.6  42" 
Threonine 25.4 26 
Serine 25.6 26 
Glutamic  acid 49.3 4ab 
Proline 25.8 25 
Glycine 36.2 36 
Alanine 49.3 50 
Half-cystine 6.5' 7 
Valine 28.3 28 
Methionine 8.2 9 
Isoleucine 17.8 18 
Leucine 51.8 52 
Tyrosine 13.3 15 
Phenylalanine 18.9 19 
Histidine 9.9 11 
Lysine 21.8 21 
Arginine 38.4 39 
Tryptophan N D ~  3 

' 29 aspartic  acid  and 13 asparagine residues. ' 28 glutamic acid  and 20 glutamine residues. 
Determined  as cysteic  acid after  performic acid oxidation. 
ND, not  determined. 

.* "I 

mitochondrial  one  appear  to be mainly clustered at  the  amino- 
and carboxyl-terminal  extremities of the  chain, where the two 
eukaryotic  proteins also show major structural differences 
with  the E. coli enzyme. Fig. 2 shows the  positions which are 
occupied by either  the  same residues in  the  three  proteins  (a 
total of 169 positions, i.e. 34.3% identity)  or  only  in  the two 
eukaryotic isoenzymes (299 residues, 61.9% identity). Also, 
the residues which are  found selectively conserved  between 
the  bacterial  and  either  the cytosolic or  the  mitochondrial 
enzyme are  marked. I t  is interesting  to  note  that more  residues 
are selectively conserved in  the  bacterial  and cytosolic pro- 
teins  than  in  the  bacterial  and  mitochondrial  pair (37 and 25 
residues,  respectively). 

The  distribution of conserved and  substituted regions is 
clearly not  uniform  throughout  the  three molecules. For  ex- 
ample,  the 10-residue  long  sequence  encompassing the lysyl 
residue  which binds  pyridoxal-P (Lys-256) represents a  more 
extended  tract of structure  identical for the  three  serine 
hydroxymethyltransferases. On the  other  hand,  the  amino- 
and  carboxyl-terminal  extremities  are  the  protein regions 
which exhibit a lower degree of identity.  For  both  the mito- 
chondrial  and cytosolic  isoenzymes, about 70% of their  in- 
creased length,  with respect to  the E. coli enzyme, is the  result 
of large insertions  at  their  amino  and carboxyl terminus.  One 
insertion begins a t  residue 20 and  the  other  at residue 412 
(Fig. 2). Even  though  both  the  rabbit isoenzymes  have  larger 
inserts a t  these locations, there  is  little homology between 
these  inserts in the two isoenzymes. For  both isoenzymes, 
these two  large inserts  are hydrophilic,  suggesting they  are  on 
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FIG. 2. Comparison of the amino acid sequence of E. coli  serine hydroxymethyltransferase with 
those of the corresponding cytosolic and mitochondrial isoenzymes from rabbit liver. Gaps (-) in  the 
sequences  have  been introduced  to maximize the homology. Boxes indicate  positions a t  which  residues are identical. 
Residues selectively  conserved  between the  bacterial  and  either  the cytosolic or  the  mitochondrial enzyme are 
marked  with * or . , respectively. Numbering refers to  the cytosolic isoenzyme. 

mitochondrial  one  appear  to 
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the surface of the  protein.  For  the cytosolic isoenzyme, we 
have previously shown  that digestion with  trypsin  results in 
35  residues  being lost from the  amino-terminal  portion of the 
protein  with a concomitant 2-fold  increase in kcat (16). The 
peptide being lost includes essentially  all of the  insert  at  the 
amino  terminus. Although similar  experiments  with  the  mi- 
tochondrial  and E. coli enzymes do not show this loss of 
amino-terminal residues and  increase  in  activity when incu- 
bated with trypsin,  the  results  with  the cytosolic  enzyme 
suggest that  this  portion of the molecule is exposed to  solvent 
and does not play  a significant role in  the  catalytic  function 
of the enzyme. 

If the two  large inserts  in  the cytosolic and  mitochondrial 
isoenzymes  have  a function,  it  is  not for increased  catalytic 
efficiency, since the E. coli enzyme has  the  largest kat/Km 
value  for the  three enzymes  (12). Other possible functions for 
the two inserted regions  could be  either  to  generate  an allo- 
steric  site  or  to  generate a site which interacts with some 
other cellular component. However, presently  no  allosteric 
effectors  have been  found for either  the cytosolic or mito- 
chondrial isoenzymes. Also, no evidence is currently available 
that  either isoenzyme interacts  with  other  proteins or mem- 
branes  in  the cell. The mitochondrial enzyme is  transported 
from  the cytosol to  the  matrix of the  mitochondria,  and  it  is 
possible that  its  inserted regions  play some role in  this process. 

The overall degree of identity between the cytosolic and 
mitochondrial isoenzymes (61.9%) is significantly  higher than 
that  found for another  pair of pyridoxal-P isoenzymes, i.e. the 
cytosolic and  mitochondrial  aspartate  aminotransferases  from 
pig heart, where the degree of identity  is 47.3% (17). Moreover, 
comparison of the cytosolic and  mitochondrial  serine hydrox- 
ymethyltransferase isoenzymes with  the  corresponding E. coli 
enzyme  shows a  degree of identity of  41.8% and 40.1%, 
respectively. Similar values are  found when comparing  the 
two  eukaryotic  aspartate  aminotransferase isoenzymes  with 
the  corresponding  prokaryotic enzyme (39.1% for the  cyto- 
solic enzyme and 40.4% for the  mitochondrial enzyme). We 
have  also demonstrated  the residues  which are conserved in 
all  three  forms of both  serine hydroxymethyltransferase and 
aspartate  aminotransferase. If one excludes the  insertions  in 
the  eukaryotic  forms of these enzymes, the  extent of identity 
among  the  three  serine hydroxymethyltransferases is 41.5%, 
while for  the  three  aspartate  aminotransferases  the  identity 
is only 30.3%. The greater  retention of residues in  serine 
hydroxymethyltransferase suggests  more extensive  require- 
ments  for  conservation of catalytically  and/or  conformation- 
ally relevant residues. 

Similarity of the  three-dimensional folding of the  three 
proteins is suggested by the  conservation of glycyl and prolyl 
residues. Out of the 44 glycyl and 23 prolyl  residues present 
in  the cytosolic  enzyme, 23 and  11, respectively, occupy the 
same position in  the  mitochondrial  and E. coli proteins.  Pre- 
diction of secondary structure shows  (Fig. 4) that  the  three 
enzymes are 44.7% identical by this  criterion.  Furthermore, 
the  calculated hydrophilicity  profile of the  inserted  segments 
(Fig. 5) is compatible with their location on  the surface of the 
protein molecule, suggesting that  the  inserted  segments 
should cause no large deviation  from a catalytically  competent 
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three-dimensional folding. Thus,  the common  origin of the 
three enzymes is  supported  not only  by the  primary  structures, 
but also by the  predicted  secondary  structures. 

General  relationships based on  primary  structures of var- 
ious eukaryotic isoenzymes and  their  prokaryotic  counter- 
parts have  been recently reviewed by McAlister-Henn (19). 
The case of the  serine hydroxymethyltransferase system  is 
similar  to  that of citrate  synthase  (20), where the  mitochon- 
drial isoenzyme is  also much  more closely related  to  the 
cytoplasmic  isoenzyme than  to  the E. coli enzyme. 
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6.2 

Al9 

327-332 
c 37 

1.0111 

2.2121 

0.8111 

1.0111 
1.1111 

30.3 

LY 5 

c 47 
428.432 

1.2111 

0.9111 

2.1(21 
1.0l11 

5.8 

Glu 

133-341 
c 38 

1.011 I 

1.1111 

1.0111 
1.7121 

2.0(21 
0.6111 

1.1111 

40.3 

Ala 

c 48 
433-439 

1.1111 
o.8(11 

1.0111 

1.1111 

1.0111 

0.8111 

l . O l l 1  

16.8 

Thy 

142-354 
c 39 

2.0121 
0.9111 
1.6121 

2.0121 

2.0121 

2.7131 

0.9(11 

18.0 

S l ?  

c 49 
140-442 

1.Ol11 

1.1111 

l.Ol11 

17.1 

LY 5 

355-362 
C 40 

1.0(11 

0.9111 
1.2111 

0.9111 

1.9121 

0.9111 
1.1111 

35.0 

v.l 

C 50 
443-453 

1.0111 

0.9111 
1.0111 

2.1121 
1.0111 

2.1131 

l.1111 
1.1111 

2 2 . 4  

Le" 

363-371 
C 41 

0.9111 

1.1111 

1.1111 
2.0121 
1.0111 

1.0111 

2.0(21 

19.8 

ASP 

C 51 
464-475 

2.7131 
1.0111 

2.0121 
1.1(11 

0.9111 

2.0121 
0.9111 

1.0111 

13.8 

A l a  

Vepllde C 1 
ReslaYe 15-28 

nos. 

A m  2.0121 
CRCYS 

29-31 32-42 
c 2  ( 3  

45-50 
C 4  

1.0111 

1.011 I 
1.1111 

1.1111 

1.0111 

0.9i I l  

14.2 

I l e  

51-56 
c 5  

0.8111 

1.2111 

1.9121 

1 .OIIl 

1.0111 

3.5 

LUCY5 

57-63 64-67 68-76 77-89 90-95 96-105 
C 6  C 7  C 8  C 9  G I 0  C 1 1  tmCyr 

AID 
l h r  

Glu 0.9111 
ser 0.9111 

P m  1.6121 
Gly 1.8121 
Ala  1.1(11 
Val 0.6111 
net 

Le" 1.0111 
I l e  

0.9111 
1.2111 

1.0111 
1.9121 

0.8111 
1.0111 1.9121 

l h r  1.1121 

Glu 3.113) 
Ser 1.9121 

P," 1.1111 

0.811 1 0.9111 
1.2111 1.1111 3.0131 ~ . 1 1 1 ~  2.1121 

1 ,011 I 
1.011) 

1.1(11 

1.1111 
2.1121 2.0121 

1.1111  1.111) 2.0121 
1.6121 

l .O( l1  2.9131 

1.111) Gly 1 . 2 i l 1  
A l a  

net 0 . 9 0 1  
v.1 

11e 
Le" 1.1111 
TY r 
Pho 
H I *  

LYS 
ur9 
1rp * I l l  

Yie ld  I 58.3 
N-termlnal 

~ e s ~ a y o  i h r  

Tyr 

H is  0.7111 
Phe 0.711) 

1.9121 0.9111 

1.0(11 1.0111 
1.2111 2.0121 

+ Ill 

18.1 58.9 3.7 10.1 12.0 25.0 

Glu A m  Ser Tyr CmCyr Glu 

1.0111 
2.1131 

15.6 3.1 

Glx  Gin 

l h r  0.9111 
ser 1.0111 
Glu 1.0111 
P r o  Z . O ( Z I  

1.0111 0.7111 G ~ Y  
l . O l l 1  1.0111 Ala 1.1111 

net 
VI1  0.8111 

0.8111 1.1111 
1.0111 3.3131 

S W  
Glu 1.1111 

Gly 1.0111 
vro I .Oil 1 

A1  1 
V a l  1.9121 
net 
I l e  
Le" 
l y r  0.611) 
Phe 
n,r 
LY 5 

A79 
TrP 

Y?ela 2 0 . 3  
N- te imnal  
rerldue Gly 

1.8121 
1 1 0 ,  

1.5121 
. . . . , ,  

I.0111  1.1111 1.1111 
l.1111 
l . l l l1 2.0(21 

3.0131 1.1111 
1.011 I 

1.1111 
0.9111 

l .O( l1  

1.0111 

8.2 

Thr 

281-288 
C 31 

1.9121 
1.1111 

1.11Il 

1.0111 

2.0111 

1.0111 

60.0 

l h r  

11e 0.1(11 
LC" 1.1111 

0.6111 
0.9111 

1.4121 
0.71 I I 

1.0111 1.2111 2 .8 (31  
0.8111 1.0111 

1.0111 
I .0(11 

0.811 1 
3.0131 

0.7111  0.811) 
2.2121 

0.911) 2.0121 1.1(1) 

0.9111 1.0111 
1 .111~ 1.0111 

1.Ol11 

13.6 

LY * 

261-263 
C 30 

0.9111 

1.1111 
1.0111 

4.8 

IIC 

1.5  5.0 

5er Glu 

20.1 

Ser 

200-205 
c 24 

l . l ( I 1  

1.011 1 

1 .111~ 
0.9111 
0.6111 

l.lll1 

13.3 

Ala 

5.4 33.1 53.3 2.9 3.5 

116 Leu Gly l h r  Ser 

206-218 
L 25 

0.8111 
1 .OI  1 I 

2.1121 

1.7121 

0.1(11 
1.1121 

0.8(11 
0.9(11 
1.7121 

2.0 

A la  

219-229 
C 26 

1.0111 

0.8(11 

1.1111 
1.8121 

1.0111 
0.8111 
3.1131 

0.8111 

10.0 

Le" 

230-239 
C 27 

1.1111 

1.9121 

2.1121 
1.8121 

0.91 1 I 

1.1111 

1.1111 

15.1 

Y.1 

240-253 
c 28 

1.011) 
4.3151 

1.0111 
1.3121 

0.9111 

2.0121 
1.6121 

3.3 

L Y l  

!48-253 
c 28a 

2.5131 

1 . O l l l  

0.9Lll 
1.1111 

3.4 

Thr 

254-260 
C 29 

0.8111 

2.1121 
1.0111 

1.0111 

2.1121 

20.5 

A w  

Gly  1.1111 
A l a  2.3121 

Lie 1.4(21 
Leu 0.7111 
T w  1.3111 



Mitochondrial Serine Hydroxymethyltransferase 

c 5  

C 6  

C I  

C 8  

c 9  

C 1: 

c 1 1  

C 12 

C I 1  

C 14 

C 15 

...... 
C I R C A L  

E i l G S L L  

I I h K Y  

.,,.,, 

....... 

.,.. 
S f G Y P G X R Y  ......... 
i G G A f V V 3 t  """.". 
C O R R A L  
~ .I  .I .. ,, 
E P F O L O P A O  ......... 
G Y N X O Y Y  

S G S P A N L  
..1*.,, 

- , . . , < 7  
A A Y  

L O P H O R I I I  
I ? ,  

IArg &Erg 91 
84.1 

32-47 

C 20 10.5 nmoll 

P I H - a d  Ylcld 
1P"Ol l  

C 42 I 1  n m l l  

P l H - a a  Y i e l d  
lp 'o l~  

C 15 1134-1451 

C 11 1144-1061 

C 16 1149-1571 

C 19 1 1 5 8 - l 5 l i  

C 70 1162-1661 

C 21 1161-1801 

C 22 1183-1871 

C 2 3  1188- lYY1 

C 24 1200-2051 

C 25 1206-2181 

C 26 1219-2291 

C 27 1230-2391 

C 28 ( 2 4 0 - 2 5 3 1  

C 281 1248-2531 

C 29 1254-2501 

C 30 1261-2831 

C 31 1281-2881 

C 32 1289-2991 

* , . 7 7 * . ,  
G L C L P O G G H L T H  

T H t V , !  

S G V K R V S A T  

S l i , F , F 1  

E S M P I  

K L N P q 1 G L : O Y E Q L  

T P R L F  

.,.,x .... ,." ...... 

..... 
* . -  ..,.., 

_"".., 
.............. 
. , 7 . 7  
R P R L I I A G 7 5 A Y  

1 Ser 54 
2 A S P  35 
3 Val 56 

G l u  16 
Ser 11 
Met 66 
P I 0  47 

A l a  28 
A r g  23 
Met 25 

G l u  2 1 1  

V a l  178 
Le" 322 

4 l y r  19 
5 4 v g  44 
6 V a l  4 0  
7 Ser 25 
8 A l a  21 
9 lhr 11 

IO 

ser 283 
l l e  203 

A l a  194 
l h r  26 

A r n  61 

lyr 40 

Val 12 
1 1  
12 
13 

1 y r  4 
A l a  1 
H i s  NQ' 

I G l u  I-Met 31  
9 3 - 2  

162-166 

I V a I  6 - V a l  101 
88.0 

206.218 

l l h r   2 - l h r  51 
n3.9 

248-253 

( L e "  2-11e 51 
85.1 

3 1 2 - 3 7 9  

. "  
a n t i n y  

A R M R E V C O E V K A H  

L L A D M A H I I G L  

. . ,  
-,,.-. 
"l..,., ........ " .... 
........... 
V A A K V I P Z P F  

K H A D Y Y l l T T H K l L  
" . . " 1 . . 1  

............ 
T T H K l L  

R G A R S G L  
- ,. I, .. * 
....... 
!II.YI 

T F E O R l N F  
- , . -?,*? 
A V F P S L Q G G P H  ........... 

'NO: observed but no t  quantltated 

c 33 1300.3101 N n A I A 
. , 7 . .  

C 34  1311-3111 X 9 A C 1 

C 35 018 -3211  F R f Y 

C 36 1322-3261 5 L Q V L 

C 31 1321-3321 K N A R A 

..... 
- . 7 ?  

- . . I ,  

..... 
c 3 8   1 3 3 3 - 3 4 1 1  A n A L L 

" " *  
C 39  1342-3541 5 L V 5 G ..?.. 

V A Y A L  

M 
. 7 , 1 ?  

A 

P 

M 

E R G  Y 

l 8 8 H t Y L  
. T I  

.-..,., G 

c 4 0  1355.3621 Y n L R P K G  L 

C 41 063-3111 0 6 A R A f R V 1 

C 42 1372-3791 E L V S I T A N 

.,.,*,*. 

......... 

............ 
c 4 3  1380-3951 K B T C P G O R ~ A I T P G G L  .............. 
C 44  1396-4021 R L G A P A 1 

C 45 ( 4 0 3 - 4 0 7 1  T 5 R Q F 

C 4 6  1408-4211 R Z B ~ F R R V V B F l B L G V B l G L  

C 4 1   ( 4 2 8 - 4 3 2 1  i V K R K 

C 4 8   1 0 3 - 1 3 9 1  1 !! X L 0 0 F 

C 49  1410-4421 K 5 F 

....... 
- 7 7 7 7  

- * , . 7  ..? 
.,-., 
....... 

C 50 1443.4531 L L K 0 P E I 5 1 R L 

C 51 1464-4151 A R A F P M P G F P E H 

. * ,  

.......... 

............ 
The residues above the arrm were identified by danlyl-Edman 
degraddtioo 1.1 01 by automated Etirndn degradation on a 
g a r - p h a s e  sequencer 1 - 1 .  

PeDtldP 8 1  8 2  8 3  8 3 3  8 3 b  8 4  8 5  8 6  8 1  8 8  8 9  
Rehdue nos. 1 - 2 7  28-133 134.164 134-148 149-164 165-208 209-223 224-311 318-332 333-459 470-415 

2.0121 

2.6131 
3.1141 

6.0161 
0.8111 

2.6(41 
3.0131 
1 .1 l21  
3.1141 
I . L ( l 1  
1.2111 

2.0121 
0.9111 

I.Oll1 3.0131 
0.5111 
1.6121 

0.61 I I 
5.4151 
6.4191 
3.8141 
5.8151 

1 0171 
1.2111 

1.2111 
0 . 7 l I ~  

6.8111 
14.81161 10.01101 

0 . 7 1 1 1  
5.1161 

11.31151 
4.4151 

0 1111 
3.2141 
1.4111 

0.81 1 I 

0.8111 
1.1121 

2.5131 

3.8131 
l . I l ~ 1  

3.0131 

0.8111 
2 . 6 1 2 1  12.41121 

5.8111 

11.11111 
6.5161 

1 . 9 1 2 1  1 . l l l i  

1.0111 
1.8121 0.9111 

3.6141 3.1131 
2.5131 12.01121 

8.2181 

3.4141 
3.1131 

3.8141 2.2121 
5.4161 

6 . 3 0 1  
2.9141 

3.1111 
1 . l l I l  

2.0121 
I . Z i 1 1  

I .Oil 1 
1 . l l 3 1  

2 . I l 2 1  
2.0121 

2.1121 

11.41121 

4 8161 
7.6191 

5.a151 

2.012; 
1.0111 

11.71121 
9.31101 
3.6141 

16.41181 
1.0111 

I.O(l1 13.51141 3.113) 
0.1111 

1.1121 

2.1121 

0.1111 
0.6111 

0.81 1 1  
1.8121 

4.8161 
2.1121 
LIIII 
3.5131 

0.611) 

1.8121 
1.4121 

1.2111 

1 . 2 1 2 l  
3 . 8 ( 5 1  
5.2151 
4.8161 
5 . 2 1 5 1  

0.9111 
0.8lll 

0.9111 
0.9(11 
1.0111 

0.1111 1.011; 
5.2151 0.9111 

+ I l l  
* I 1 1  

+ I 1 1  + I l l  * j l l  + ( I !  + I 1 1  



8516 Mitochondrial Serine Hydroxymethyltransferase 

TABLE IX 

8 1  8 2  8 6  

Peptlde T 1 T 2 T 1 1 2 1 3 1 1   1 2  1 3  
relldue nos.  2-12  13-27  54-74  76-92  94-131 265-268 269-273  286-311 

A L G S C L N N K Y S E G Y P G K R Y Y G G A E Y V O E I E  
.. . . 

2.0121 
1.5121 2.0121 
1.1!11 2.0!21 
3.0131  3.7131 

1.1111 1.8(21 
0.8111 

2,8131 

0.511)  0.7111 
1.9121  1.0111  4.6151 

1.8121 
1.1111 

2.1121  3.5141  4.2141 
1.7121 

3.1131 2.0121 2.1121 
1.011) 3.5141 

3.0131  1.2111  6.2171 
11.8111 2.0!21 

1.1111 2.0121 
0.8111 

n . R i l i  

1.2111  2.1121 
1.111l 

1.0111 2.212i 
6.2161 

0.8111 1.0111 2.5131 

~. 

Le" 
I l e  

l.Oll1 2.8131 1.7121 4.4151 

Phe 
1.7121  1.4121  1.2121 

HIS 0.8111 
LY 
Arg 1 . l l l l  0.9(11  1.Ol l l   1.011) 

Hse/Hrl 

Y l e l d  % 19.5  38.0  24.6  10.0 26.0 
N- te rn lna l  

10.0 11.0 9.5 

re l l due   A la   G ly   A la   Ty r   A la   t ys   Th r  l i e  

0.7111  1.4121 
2.012i 

1.1111  1.7121 
1.6I21 

1.9121  0.9111  1.0111 0.9111 

1.v 

T v  + I 1 1  + I11  
+ Ill 

8 8  

r e r l d u e  nos. 441-452  339-356  373-398 399-409 410-421  422-428  429-448  449-455 
Peptlde 1 1   5 1  5 2  5 3  8 4  5 5  5 6  5 7  

cncyr 
ASP 

'?.7!1) 
1.011) 3.013) 3.0131 

T h l   0 . 9 l l l  0.8111  2.713)  0.7111 
S W  
Glu 

1.7121 2.0121 1.912)  0.911) 
2.1121 

3.6141 1.111)  2.0121  1.011) 
0.9111 0.8111 
0.811)  1.0111 

1.9121 1.1111 0.9111 2.1121 1.111) 
1.1111 PTO 1 . O l l i  2.0121 1 . O l l i  

GlY 
A la  
VI1 

2.9131 3.8141 2.2121 

2.8131 0.9111 
2.0121 2.0121 1.0111 0.7111 

1.5121 1.0111  0.9111 
I l e  
Leu 2.0121  3.0131 3.0131 0.811) 

1.3121  1.0111  0.8111 
0.911)  3.013) 0.8111 

TY 
Phe 0.9(11 0.8111 2.012) 1.8121 
H15 

LY 5 0.911 I 
AT9 

4.515) 
1.0111  0.811)  1.6121 2.1121 0.911)  0.8111 

0.7111 

0.8111 
0.7111  1.8121 

Yield% 16.5 11.3 3 .7  15.0  10.0  11.2 4.5 7.2 

res idue Ser Arg Leu A l l  ASX Gly  VI1  Thr 
N- te rmna l  

Presence O f  tryptophan was ind icated  by  absorbance  a t  280 nn 

1 A la  262 
2 A la  187 
3 G ln  178 
4 Thr 160 
5 Gln 127 
6 Thr 148 

Gly  135 A la  43 

Thr 91 Leu 31 
Trp 57 A la  35 

Gly  100 Glu  29 
Gln 74 A la  36 
Glu 90 Leu 26 

Leu 46 Ser 24 
Ser 21 Gly  24 

ser 28 cmcyr my 
ASP 35 Le" 22 
Thr 32 A m  18 
Alp  42 A m  20 

Glu 46 T y l   1 7  
Hre 2 5  Ser 13 

PTO 77 t y r  12 

Tyr 64 I l e  65 
Tyr 60 Arn 41 
Gly 56 Phe 41 
Gly  59 & l a  37 
1\11 45 Val 36 
Glu 39 Phe 48 
Val 42 Pro 41 
Val 46 Ser 42 
Asp 40 Leu 41 
Glu  25 Leu 48 

Glu 24 Gly  38 
l l e  43 Gln 26 

Leu 37 Gly  38 
Le" 39 Pro 21 
cmcyr N Q ~  HIS NQI 
Gln 21 A m  22 
Arg NQa H i s  NQ' 

A la  14 
11e 7 

A la  12 
A11  12 

VI1 7 
A la  7 

89.5 93.7 
161" 6-61" 10) (Ala  4-Ala  18) 

7 , "  

7 Gly  86 
8 Glu 72 

10 Ser 60 
9 A la  72 

Glu  11 
Gly  9 
Tyr 5 

G l y  4 
Pro 4 

t y r  2 

y i e l d  % (A la  2-Ala 91 
R e p e t i t i v e  87.3 92.0  94.3 

IG lu  6-61"  141 (Leu 3-Leu 61 

P o s i t l o "  2-12 13-27  54-74  76-92  286-311 

'NQ: Obferved  but  not  quantitated 
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167 20  30 
149 

SW 
21 G l Y  26 

124 2 2  26 
143 

Ser 
23  Pro   22  

99 24  22 
I00 

a l a  
25 20 

99 
A S "  

2 6  Le" 19 
9 3  21 G l a  22 
78 28 G I  a 26 
93   29  Tyr 13 
68 30 Thr I 1  
21 31 G l a  I 1  
61 32 Le" 12 
60 3 3  Le" I 5  
54 34 G in  9 
5 4  35 8 
4 1  36 H 1 I  5 

P I 0  

4 2  37 ASP 6 
32 I 3 8  Grg 3 

7 GI, 
? 

449-455 
1 
2 
3 
4 
5 
6 

8 
9 

10 
1 1  
I 2  
1 3  
14 
15 
16 
I 1  
18 
19 
20 
21 
22 
23 
24 
25 
26 
21 

29 
30 
31 
32 
33 
34 

28 

yield b 

R e p e t l t l u e  

P O I l t > " "  

I1 

8517 

:*ELI P1' 
Automated Edman ie&~nl o f  Llmlted A c l d  C l e a v a g e  D e p t I d e 5  ~- 

P 1 10 .5  m o l 1  P 2 ( 1 . 5  nm011 P 4 ( 1 . 5  rnnoli P 6 1 0 . 5  n m l i  

P . ~ - a a  Yield P T P - a a  Yield i T q - ~ a  ) ~ e l d  1Tri-da Y le ld  

___ 
lOR"11 ! Pin01 I 10"1"1, ! U I O  I I 

A l a  17 F l o  397 VII 443 Fir, 74 
Glr 36 G l u  2 7 0  ' i d 1  435 P l i  42 
Thr 2 3  Met 272 I h r  202 Leu 79 
G i n  28 l r p  12C T h r  146 \'a1  64 

Gly 38 Leu 233 ' h r  93 Val 76 

U l d  24 G l n  96 L y i  30 Le', 16 
Ser 14 A r g  5 7  :hr 46 A-g 53 

Gly 25 Lyi 81 Arg I 3  Lyl 33 
Trp 1 2  A s p  14 G l y  47 Gly 50 

Gly 16 G l n  85 A r g  I 4  A lp  L1 
l h r  N O a  Rrg 69 i l d  36 Leu 4 6  

Gin  8 CrnCyP 40 Ser ' 6  G l y  43 
Rrg 59 G l y  36 A l a  4 4  
Gly 59 Leu 19 Ary 32 

Glu 53 Phe I S  G l u  27 

Ile  49 Arg 10 'Val 34 
G l d  79 L y l  1 Leu 32 

G'y 1 4  G l u  24 
V a l  I O  l e u  28 

\ 'd l  29 
ser 1 7  
: l e  23 
Thr 8 

Thr 20 G I "  2 1 1  T P V  159 Leu 7 2  

GI" 34 t e u   2 5 1   3 3  A S P  7 4  

9 G I "  99 l e u  38 p ro  48 

teu 95 : l e  1 7   AI^ 38 

Le" 87 1 y r  12 A'g I 7  

 AI^ 18 
a s n  1 6  
L Y i  I 2  
Ain 14 
-hr NUd 
CnCyr N O d  

91 . 2  92.8 
; l y  6-Gly 111 !Leu  6-Leu 18, IGly 12-Gly 161 (Leu  3-Leu 1 3 1  

3-24 25-101 244-211 350-383 

93 .6  9 4 . 7  
( L e u  7 - m  10i 

9 6 . 5  

C 4 7 ~ 4 1 S  

%Q. observed b u t  n o t  q u a n t i t a t e d .  



8518 Mitochondrial Serine  Hydroxymethyltramferase 
TABLE X V !  

Automated Edman D e g r a d d t l o n  of Peptlde P 3 

( 2  "mol 1 

(DmOIer) 
Y l e l d  

57 
64 
30 
36 
17 
35 
39 
25 
13 
29 
48 
37 
5 5  
27 
33 
33 
35 
NQb 
57 
10 
NQ 
31 
12 

cyc 1 B 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3  
14 
15 
16 
17 
18 
19 
20 
21 
2 2  
23 

, 2-5 I 
58-69 

2.5121 
1 0111 

2.0121 
1.7111 

0.9(11 
1 Oil1 

0 911 I 
1.8(21 

1.6111 

18.2 

A la  

I 2 - 5  2 
70-81 

1 9 1 1 1  
l . O l l 1  
4.0141 
0.911) 

2 9 ( 3 1  

1.6111 
0.9(11 

2 4 . 3  

Gly 

P  4-c I 
264-271 

1 . 1 ! 1 1  
1.3111 

1 . 3 ( 1  I 

Z . O ( Z I  

l . l ! l l  
2.0(21 

16.0 

Arg 

P 5 ~ T  I 
331-339 

I . O ( l 1  

1.1111 

3.0(31 

0.6(11 

1.8!21 

0.9111 

3 2 . 4  

AI I 

P 7-5 1 
429-446 

2 . 2 ( 2 1  
1.2111 
1.011) 
1.3111 

0.9111 
1 . 0 1 l i  

2.7131 

5.0!51 
2.1121 

1.0!11 

25.6 

V I 1  

759 2 4  
675 25 
488 26 
116 27 

28 
248 
316 

29 

5 1  37 
58 38 

102 39 
3 7  40 
61 41 

P 2 - 5  1 
1 1 . 9 )  

PTH-ad Y l e l d  
( pma1 I 

Ala  371 
Le" 335 
Gly 217 
SPI 131 
cmcyr 35 

Arn 35 
l e u  56 

A m  28 
t y i  11 
Tyr 25 

Gl" I 7  
Ser 16 

1 1 . 5 1  
P 2 - 5  2 

( l.il 
P 4-c 1 P 7-5 I 

( 1 . 5 1  

PTH-ad Y l e l d  
(PrnOl) 

VI1 492 

Arg 68 
t y r  378 

L y l  335 
l h r  279 
Ala 178 
Lys 5 6  
Leu 137 
Gln 87 
Asp 43 
Phe 76 
L y l  I17  
Ser 71 
Phe 76 

Leu 70 
Leu 66 

LYS 40 

94.1 
l l y r  2-Lyl 4 1  

429-446 

Cycle PTH-II PTH-aa Y l e l d  
lpmoler l  (pmolei] 

Y l e l d  

28 
10 

7 
I 1  
8 

1 5  
12 
19 
21 
10 
21 
11 
19 
11 

5 
5 
9 
3 

5 
5 
4 

NQa 
3 
3 

NOS 

cyc  1 e 
no. 

Cycle 

1 
2 
3 
4 
5 
6 
1 
8 
9 

10 
1 1  
12 
13 
1 4  
15 
1 6  
17 
I8 
19 
20 
21 
2 2  
23 
24 
25 

PlH-ad  Yleld 
(urn01 1 

G ly  275 
l y r  213 

Gly 198 
Pro 292 

l y s  65 
Arg 2 2  
Tyr 55 
1yr 44 
Gly 4 2  
Gly  58 
A la  47 

PTH-aa Y I e l d  
( D m 1  1 

Arg 352 
Ly6 228 
Gly 227 
Val 194 

Pro 143 
L y i  142 
Thr 61 
GlY 121 
Gin 1 1 3  
G l u  103 

P I 0  

l i e  149 
18 

Thl  92 
11 

GI" 
Phe 

47 
A lp  32 
Arg 28 
Ile  47 
45" 36 
Phe 27 
A la  5 4  
V L I  35 
Phe 31 
Pro 17 
Ser I 5  
Le" 31 
GI" 14 
Gly  25 

Tyr 101 

26 Gly 
27 
28 

Pro 
H 1 5  

29 A i "  
30 H I 1  
31 AI a 
32 I l e  
33 
34 

A1 a 
Ala  

35 V a l  
36 A I  a 
37 Val 
38 AI a 
39 
40 

Le" 
LY 3 

41 Gln 
4 2  A I  I 

44 Thr 
45 
46 

PVO 

He1 
47 
48 

Phe 
Ar9 

49 
50 

G l u  
TYr 

43 cmCyr 

Arg 178 

Val 154 
Thr 107 

Asp 98 
9 

1 1  
1 2  

I n  

(Leu  2-Leu 71 
63.9 

58-69 

l G l y   I - G l y  41 
89.6 

70-81 

(Val   ( -Val  71 
92.6 

264-271 

( A l a  3-Ala 5 1  
91.5 

331-339 

Repe t i t i ve   y ie ld :   92 .8%  IG ly   4 -G ly  2 5 1  
P o l i l l o n :  272-349 

a N q :  observed  but not quant i ta ted  
1 D 70 

2/ I"" 

TABLE XVlll 

Automated tdman Oegradrt lon o f  Peptide P 7 

11 "mo l l  

Cycle 
iprolesl 
Y l e l d  

2 2  
17 
23 
2 4  
28 
2 2  
18 
18 
18 
23 
zn 
16 
18 
14 
11 
11 
8 

11 
12 
17 
7 
8 
5 
7 

1 P r o  163 1 25 

7 I l e  64 \ 31 
8 
9 

In 
11 
12 
13 

4 
15 
16 
1 7  
18 
19 
23 
21 
22 
23 
24 

l h r  26 

P10 

A1 d 53 
39 Gly  47 
38 l e "  65 
37 A v  53 
36 LC" 78 
35 GlY 7s 
34 Gly  68 
33 P I 0  60 
32 

40 
44 4 1  

A l d  7 1  4 2  
Le" 64 
T h r  

43 
9 44 

15 45 
Arg 
Ser  

24 
Gln 20 

46 
47 

Phe 28 48 
F i g .  3 .  Reverse-phase h p l c  o f  t h e  b a r i c  peptides ebtalncd from I 

t r y p l i n - c a r b o x y p c p t l d . l L  8 d l g e I t  O f  t h e  P r D t L l n  r e a c t e d  
w i t h   g l y c i n a m l d e .   T h e  number above  t h e  p e a k s  r e f e r s  t o  

t e x t .  
t h e  p e p t l d e r  f o r  w h l c h   a n s l y t l c a l  d a t a  a r c  g i v e n  I n  t h e  Repet l t lve  y l e l d :   9 1 . 4 ,  1Gly 2 ~ G l y  101 

P o s t l l ~ n .  384-446 
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