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Studies on N5-Methyltetrahydrofolate-Homocysteine

Methyltransferase in Normal and Leukemic Leukocytes

RENATEPEYTREMANN,JANET THORNDiKE, and WInI.AM S. BECK

From the Department of Medicine, Harvard Medical School, and the
Hematology Research Laboratory of the Massachusetts General Hospital,
Boston, Massachusetts 02114

A B S T R A C T A cobalamin-dependent N5-methyltetra-
hydrofolate-homocysteine methyltransferase (methyl-
transferase) was demonstrated in unfractionated ex-
tracts of human normal and leukemic leukocytes. Ac-
tivity was substantially reduced in the absence of an
added cobalamin derivative. Presumably, this residual
activity reflects the endogeneous level of holoenzyme.
Enzyme activity was notably higher in lymphoid cells
than in myeloid cells. Thus, mean specific activities
(+SD) were: chronic lymphocytic leukemia lympho-
cytes, 2.15+1.16; normal lymphocytes, 0.91+0.59; nor-
mal mature granulocytes, 0.15+0.10; chronic myelo-
cytic leukemia granulocytes, barely detectable activity.
Properties of leukocyte enzymes resembled those of
methyltransferases previously studied in bacteria and
other animal cells. Granulocytes and chronic myelocytic
leukemia cells contain a factor or factors that inhibits
Escherichia coli enzyme. The data suggest that the
prominence of this cobalamin-dependent enzyme in
lymphocytes and other mononuclear cell types may be
related to their potential for cell division.

INTRODUCTION
Many studies have shown that the final step in the co-
balamin-dependent pathway of methionine synthesis in
bacteria and in animal cells is catalyzed by N5-methyl-
tetrahydrofolate-homocysteine methyltransferase (meth-
yltransferase)1 according to equation 1 (reference 1):
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1Abbreviations used in this paper: ALL, acute lympho-
cytic leukemia; CH3-FH4, N5-methyltetrahydrofolate; CLL,
chronic lymphocytic leukemia; CML, chronic myelocytic
leukemia; FH4, tetrahydrofolate; methyltransferase, N5-
methyltetrahydrofolate-homocysteine methyltransferase; M-

reducing system

CH3-FH4 + L-homocysteine rcaing sAm
cobalamin, SAM

FH4 + methionine. (1)

Analogous enzymes have been characterized in Esche-
richia coli (2-4) and in various cells of animal origin
(5-15). Some evidence suggests that a major function
of the enzyme is the maintenance of methionine levels in
tissues. According to other evidence, the pathway has an
essential role in producing FH4, which can enter into
essential transfers of "one-carbon" units in various
other pathways, e.g., the folate-dependent synthesis of
thymidylate (16). Doubtless, both views are correct,
the relative importance of the two functions differing
perhaps under different conditions.

Despite extensive discussion of an hypothesis that
gives this pathway critical importance in the impair-
ment of DNA synthesis associated with the megalo-
blastosis of vitamin Bi2 deficiency (reviewed in refer-
ence 17), little is known of the distribution and char-
acteristics of methyltransferase in human blood cells.
This lack has motivated the present investigation.
Human leukocytes were chosen for study since they
include cells that are grossly altered morphologically
by vitamin B12 deficiency (granulocytes) and cells that
are not (lymphocytes); certainly though, evidence is
available to suggest that vitamin B12 deficiency has ef-
fects on the immunologic function (18, 19) and chromo-
somal patterns (20, 21) of lymphocytes.

In the present study, methyltransferase activity was
assayed in crude extracts of isolated granulocytes and
lymphocytes, and kinetic properties of the enzymes in
these extracts were characterized. The data show that
lymphocytes contain higher enzyme levels than granulo-
cytes, that lymphocytes from subjects with chronic lym-

ML, myelomonocytic leukemia; PBS, potassium phosphate
buffer, 10 mM, pH 7.4, in 0.9% NaCl; PV, polycythemia
vera; SAM, S-adenosylmethionine.
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phocytic leukemia (CLL) had even higher enzyme
levels than normal lymphocytes, and that granulocytes
contain one or more factors that inhibit methyltrans-
ferase activity.

METHODS
Reagents. Chemicals were obtained from the following

sources: L-homocysteine thiolactone hydrochloride, S-aden-
osylmethionine chloride, folic acid, soybean and beef pan-
creas trypsin inhibitors, and bovine pancreas trypsin from
Sigma Chemical Co., St. Louis, Mo., casein (Hammarsten
quality) from Nutritional Biochemicals Corp., Cleveland,
Ohio; cyanocobalaminandhydroxycobalamin from Schwarz-
Mann Div., Becton, Dickinson & Co., Orangeburg, N. Y.;
deoxyadenosylcobalamin from Calbiochem, San Diego, Calif.
Samples of methylcobalamin were kindly provided by Dr.
Bernard M. Babior, New England Medical Center, Boston,
and Dr. Robert H. Abeles, Brandeis University, Waltham.
Propylcobalamin was synthesized by reduction of cyanoco-
balamin with sodium borohydride, followed by alkylation
with propyl bromide. The product was isolated by thin-
layer chromatography on silica gel, using propanol: water:
ammonium hydroxide (100: 99: 1) as solvent system (22).
Nonradioactive d,l-CH3FH,, synthesized according to Blair
and Saunders (23), was purified by DEAE-cellulose chro-
matography according to Gupta and Huennekens (24). N5-
[1"C CH3-FH4 was purchased from Amersham/Searle Corp.,
Arlington Heights, Ill. Both products were chromatographi-
cally homogeneous and stable when stored under N2 at
-20'C for 1 yr.

L-Homocysteine thiolactone hydrochloride was converted
to L-homocysteine by exposure to 0.3 M NaOH (7-10 min),
followed by neutralization with 0.3 M KH2PO4 (25).

Preparation of lymphocytes and granulocytes. Venous
blood (20-100 ml) was drawn from ostensibly normal
donors (hospital personnel and patients without blood
dyscrasias other than mild leukocytosis) and patients with
CLL and other hematologic disorders that were untreated
except as noted. Cell morphology in CLL patients studied
was primarily that of typical small lymphocytes, without
nucleoli, nuclear clefting, or pleomorphism. Normal sub-
jects and CLL patients were not matched for age, the mean
ages of the two groups being 26±4 and 63±+13 yr. Serum
prepared from an aliquot of blood was stored at -100C
for assay of serum folate and vitamin B12 levels by methods
employing Lactobacillus casei (26) and Lactobacillus leich-
inannii (27). Normal ranges in this laboratory for serum
folate are 6-16 ng/ml and for serum vitamin B12 are
150-450 pg/ml. Heparin (Liquaemin sodium, The Upjohn
Company, Kalamazoo, Mich.) was used as anticoagulant
for blood samples (10-20 U/ml).

Leukocytes from normal subjects were obtained by mix-
ing blood with 0.1 vol of 6%o dextran and sedimenting
erythrocytes for 1 h at 370C (28). The supernatant frac-
tion was centrifuged at 100 g to remove platelet-rich plasma
and leukocytes were suspended in 0.9%o NaCl. Lymphocytes
and granulocytes were then separated in a Hypaque-Ficoll
gradient according to Boyum (29) with centrifugation
steps as modified by Handin et al. (30).

Collected lymphocytes were washed three times with ice-
cold potassium phosphate buffer (PBS). Granulocytes col-
lected from the pellet of the gradients, after lysis of eryth-
rocytes (with 6 ml H20 for 30 s followed by 2 ml of 3.5%o
NaCl), were washed twice with PBS. Cell counts and
stained smears were prepared from the final suspension.
About one to two contaminating platelets and a rare
erythrocyte were observed per leukocyte. Final lymphocyte

suspensions contained 0-2% granulocytes in CLL blood
and 8-12% in blood of normal donors. Granulocyte prepara-
tions contained less than 5% lymphocytes.

Lymphocytes and granulocytes were then suspended in
3-8 vol of 20 mMPBS, pH 7.4 with 1 mMfi-mercapto-
ethanol and disrupted for 60 s in a cooled 18-20 kcycle
MSE ultrasonic disintegrator (Measuring & Scientific
Equipment Ltd., London). Phase microscopy showed essen-
tially complete disruption. Sonic extracts were centrifuged
at 27,000 g for 30 min, and supernatant fractions were as-
sayed for methyltransferase. Experiments showed that all
activity was recoverable with these fractions.

Leukocytes from the blood of CLL patients with > 80%
lymphocytes or other leukemias were routinely isolated by
dextran sedimentation (28) with omission of the Hypaque-
Ficoll gradient. Separate experiments clearly indicated that
similar enzyme levels were obtained when the gradient was
not omitted. Platelet-rich supernatant fractions were again
discarded, erythrocytes were lysed osmotically, and cells
were washed twice with PBS. Cell extracts were prepared
as described above. Supernatant fractions were assayed for
methyltransferase after storage for 18 h or less at 4°C
or for longer periods at -50'C. Enzyme activity decreased
less than 10% after storage up to 40 days at - 500C. When
indicated, cell extracts were dialysed for 18 h against 100-
200 vol of 20 mMPBS, pH 7.4, with 1 mMa-mercapto-
ethanol.

Preparation of E. coli extracts. E. coli B was grown in
minimal essential medium (31) except in experiments in
which it was grown in minimal medium containing added
0.01 AM cyanocobalamin. Cells were harvested in the loga-
rithmic phase of growth. Cells were suspended in 3 vol of
Tris-chloride buffer, 50 mM, pH 7.4, containing 1 mMj3-
mercaptoethanol and disrupted for 3 min in a cooled 18-20
kcycle MSE ultrasonic disintegrator. Cell debris was re-
moved by centrifugation for 30 min at 27,000 g at 2°C.
Aliquots of supernatant fractions (termed E. coli extract)
were stored at - 50'C for methyltransferase assay. At this
temperature activity remained stable for several months.
With each batch of enzyme assays in leukocyte materials,
methyltransferase was assayed simultaneously in a control
E. coli extract.

Methyltransferase assay and other assays. Methyltrans-
ferase was measured as the amount of ["C]methionine
formed from N6- ["C]CHa-FH, according to Weissbach et
al. (3), with minor modifications (7). The standard assay
system contained in a total volume of 0.5 ml: N- [14C]-
CH3-FH4, 250 ,M (sp act, 400 cpm/nmol); SAM, 100
,uM; L-homocysteine freshly prepared from the tliiolactone
hydrochloride, 1.25 mM; cyanocobalamin, 100 jiM; ,B-mer-
captoethanol, 200 mM; PBS, 50 mM, pH 7.4; and 0.5-1.0
mg of leukocyte protein or 0.2-0.3 mg of E. coli protein.
All incubations were carried out in duplicate. As noted
below, parallel assays were ordinarily performed with and
without added cyanocobalamin in the incubation mixture.
Incubations lacking enzyme were used as blanks.

Standard-type incubations were conducted at 37°C for
1 h in the dark in air. Certain incubations, as indicated
below, were conducted in an atmosphere of N2. All reac-
tions were terminated by chilling on ice and addition of
1 ml of ice water. Aliquots of incubation mixtures were
passed through 0.5 X 3-cm Dowex 1-Cl columns (Dow
Chemical, Midland, Mich.). Columns were then washed
with 2 ml of water. Control experiments demonstrated
complete retention of N- [14C]-CH3-FH4 by columns. Ali-
quots of total effluent were counted in naphthalene-dioxane
scintillation fluid. Specific enzyme activity was expressed
as nanomoles methionine formed per milligram of protein
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per hour. In most cases specific activities below 0.1 could
not be reliably detected by the assay methods used. Specific
activity of various E. coli extracts was 108-140. Reaction
products of methyltransferase activity in leukocyte and E.
coli extracts were identified as methionine by chromatog-
raphy on Dowex 50-H' columns and then on Whatman
no. 1 paper (butanol: acetic acid: water, 60:15: 25) (3,
32). Radioassay of paper chromatogram showed that 88-
97% of the radioactivity in reaction products was in the
methionine and methionine sulfoxide regions. The amount
of methionine formed increased as a linear function of
time with incubation times up to 2 h in lymphocytes and
E. coli extracts and as a linear function of enzyme con-
centration (1-5 mg protein for lymphocyte extracts, 0.3-
1.0 mg for E. coli extracts). Km values were calculated by
the Lineweaver-Burk method (33).

Protease activity was measured as described by Laskow-
ski with casein as substrate (34). Protein was determined
by a modification of the microbiuret method (35). Routine
hematological data were obtained by standard methods.

RESULTS

Methyltransferase activity in leukocytes. Striking
differences were observed in the methyltransferase ac-
tivity of different classes of leukocytes (Tables I and

II). Specific activity in lymphocytes from normal sub-
jects in the standard assay system was 0.91±0tO.39
(Table II). Lymphocytes from patients with CLL had
a higher mean specific activity, the difference from
normal lymphocytes being statistically significant (P =
<0.001). Repeated determinations of enzyme activity
on different blood samples from normal subjects and
leukemic patients showed variations of less than 10%
of the mean. Mixtures of normal lymphocyte and CLL
extracts gave results predictable from the sums of
their separate activities.

Cells from a child with acute lymphocytic leukemia
(ALL) (patient 19) showed activity intermediate be-
tween that of normal and CLL lymphocytes. Similar
values were found in lymphocytes of a patient with
Sezary syndrome.

Omission of exogenous cyanocobalamin decreased the
activity of methyltransferase in normal and CLL lym-
phocytes by about 65%. Even in the absence of added
cyanocobalamin, the difference between normal and
CLL cells was significant (P = < 0.01). Only traces

TABLE I

Patients Studied

Methyltransferase,
sp act

Leuko- Serum Cyanoco- Cyanoco-
Patient Hemato- cytes Neutro- Mono- Lympho- vitamin Serum balamin balamin

no. Diagnosis crit (X 103) Blasts phils cytes cytes B 12 folate added omitted

% mm3 % pg/ml ng/ml nmol methionine mg
protein-' -1

I CLL 38 38 0 18 2 74 340 16.1 2.48 1.01
2 CLL 37 42 0 28 7 63 430 9.4 2.34 0.84
3 CLL 31 22 0 17 1 82 310 10.5 1.68 0.50
4 CLL 33 21 0 9 1 90 410 7.2 1.72 0.56
5 CLL* 44 26 0 7 1 91 450 14.4 5.78 1.98
6 CLL 34 160 0 9 3 86 335 4.8 1.65 0.62
7 CLL 27 59 0 5 2 90 540 7.2 0.64 0.24
8 CLL 25 102 0 3 0 97 380 11.6 2.09 0.68
9 CLLJ 26 77 0 2 1 97 270 >40 1.93 0.55

10 CLL 46 22 0 11 2 87 320 13.2 1.91 0.71
11 CLL 41 68 0 7 1 92 300 6.3 3.25 1.05
12 CLL 35 46 0 0 0 lCO 110 34.2 3.01 0.76
13 CLL 29 239 0 2 0 97 275 18.6 1.93 0.83
14 CLL 46 34 0 16 0 83 21C 23.4 0.55 0.08
15 CLL 49 33 0 9 0 89 310 4.2 1.95 0.59
16 CLL 34 90 0 6 0 93 170 13.6 1.46 0.38
17 CLL 36 80 0 1 6 93 160 6.7 2.15 0.58
18 Sezary 40 46 0 14 0 85 200 6.3 1.32 0.30

syndrome§
19 ALL 24 29 94 5 0 0 325 16.8 1.51 0.29
20 CML 42 36 2 39 8 5 >1,000 13.8 0.21 0.06
21 CML 44 33 0 60 3 4 > 1,000 10.0 0.19 0.05
22 CML 40 77 0 53 1 4 500 10.2 0.00 0.00
23 CML1j 26 138 70 8 2 3 > 1,000 6.4 2.01 0.47
24 PV 54 22 0 83 5 8 420 9.4 0.19 0.07
25 MML 34 68 39 20 30 7 170 8.0 0.63 0.18
26 MML 32 78 0 17 77 4 270 2.6 0.58 0.11

* Patient receiving prednisone, 7.5 mg/day.
Patient receiving folic acid.

I Surface properties of lymphocytes were investigated by Dr. A. C. Aisenberg. Absence of surface immunoglobulins, positivity for thymus-specific surface
markers in 92% of the cells, and other parameters were consistent with T-cell origin.
¶ In blastic crisis.
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TABLE II
Methyltransferase Activity in Extracts of Leukocytes*

Methyltransferase, sp act

Cyanocobalamin Cyanocobalamin
Cell type(s) Diagnosis Subjects added omitted

n nmol methionine -mg protein-1 hIr
Lymphocytes Normal (7) 0.91 ±0.39 0.34±-0.21
Lymphocytes CLL (17) 2.15±t1.16 0.72A0.41
Lymphocytes Sezary syndrome (1) 1.32 0.30
Lymphocytes ALL (1) 1.51 0.29

Granulocytes Normal (11) 0.154±0.10 0.094±0.09t
Granulocytes CML (3) 0.13 0.04

Mixed CML§ (1) 2.01 0.47
Mixed PV (1) 0.19 0.07
Mixed MML (2) 0.61 0.15

* Figures represent specific activities of methyltransferase in leukocyte extracts as described
in text. Values are means ±SD. When indicated 50 nmol of cyanocobalamin was added to
incubation mixture.
t Mean of only five determinations.
§ In blastic crisis.

of methyltransferase activity were detected in normal
granulocytes and cells from patients with chronic mye-
locytic leukemia (CML) and polycythemia vera (PV)
when assayed in the standard system with up to 2.0 mg
of protein per incubation. Enzyme in those cells was
virtually undetectable when assayed without added cy-

TABLE I II
Requirements of Methyltransferase System in CLL Extracts*

Relative
Experi- methyl-
ment transferase

no. System activity

1 Complete system 100
Minus CHs-FH4$ 1.7
Minus L-homocysteine 8.5
Minus SAM 2.3
Minus #-mercaptoethanol§ 0
Minus cyanocobalamin 29
Minus cyanocobalamin plus methylcobalamin 91
Minus cyanocobalamin plus deoxyadenosylcobalamin 79
Minus cyanocobalamin plus hydroxycobalamin 68

2 Complete system 100
Minus cyanocobalamin 21
Minus cyanocobalamin plus methylcobalamin 107
Minus cyanocobalamin plus propylcobalamin 48

* Figures represent relative specific activities. Activity with the complete
sytem is designated 100%. Actual specific activities in the complete systems
in exps. 1 and 2 were 3.42 and 1.87, respectively. When shown, 50 nmol of
the indicated cobalamin derivative was added per incubation.
$ Reaction mixture contained 0.5 nmol of N5-[14C]-CH3-FH4.
§ Reaction mixture still contained 11 nmol of ,-mercaptoethanol added
with CHa-FH4 solution.

anocobalamin. Even in the complete system, no activity
could be detected in granulocytes of 1 of 11 normal
subjects and leukocytes from 1 of 3 CMLpatients. Two
patients with myelomonocytic leukemia (MML) (pa-
tients 25 and 26) had methyltransferase activities of
0.63 and 0.58 in the standard assay system, values
lower than those of normal lymphocytes. Enzyme ac-
tivity comparable with that in CLL lymphocytes was
found in the leukocytes of patient 23 who had CML in
blastic transformation.

With some exceptions serum folate and vitamin B12
levels were within the normal range in the patients
studied (Table I). Methyltransferase activity in ex-
tracts of two CLL patients with low serum folate (pa-
tients 6 and 15), with and without added cyanocobalamin,
did not differ from levels in patients with normal folate
levels.

Characterization of lymphocyte methyltransf erase.
Kinetic studies were carried out exclusively in CLL
cells, normal lymphocytes being scarce and mature
granulocytes lacking activity. Substrate and cofactor
requirements for methionine biosynthesis in CLL ex-
tracts were studied in the experiments summarized in
Table III.

There was an absolute requirement for 8-mercapto-
ethanol. Little activity was detected in the absence of
added CH5-FH4 and SAM. Cyanocobalamin and methyl-
cobalamin were about equally effective in stimulating
enzyme activity. Hydroxycobalamin and deoxyadenosyl-
cobalamin were somewhat less effective. The observed
Km values for substrates and cofactors in two different
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FIGURE 1 Effect of added cyanocobalamin on methyltrans-
ferase activity of a pooled extract of CLL lymphocytes.
Abscissa, final molarity (X 108) of added cyanocobalamin.
Ordinate, methionine formed (nanomoles per milligram
protein per hour).

unpooled or pooled CLL extracts were as follows: L-
homocysteine, 0.21 mM(range 0.14-0.28); CH8-FH4,
0.11 mM(range 0.10-0.13); SAM3.0 AM (range 1.5-
4.4); and cyanocobalamin 10 /M (range, 7-14). The
Km for cyanocobalamin fell within the same range when
determined from incubations assayed anaerobically.

Since methyltransferase activities in the absence of
substrates or cofactors other than cyanocobalamin were
below 10% of the control value of the standard incuba-
tion no corrections for this activity were applied in
calculating reaction velocities in complete incubations.
However, data used in the calculation of the Km for
cyanocobalamin were corrected by subtraction of veloci-
ties observed without added cyanocobalamin. Thus, the
Km of 10 ALM, calculated from velocities in the presence
of added cyanocobalamin, is an apparent Km for the
dual activity of cyanocobalamin in promoting enzyme
activity in vitro. The effect of cyanocobalamin concen-
tration on observed CLL methyltransferase activity is
shown in Fig. 1.

Two types of experiments were performed to deter-
mine to what extent stimulation by added cobalamin
reflected conversion of apoenzyme to holoenzyme, oc-
currence of which has been demonstrated in bacterial
systems (1, 3), and to what extent it may have been
due to the known capacity of cobalamins to catalyze a
nonenzymatic oxidation of thiols that can result in non-
specific enhancement of the reducing atmosphere, the
so-called Peel effect (36). In one series of experiments
cyanocobalamin was replaced by propylcobalamin,
which in bacterial extracts can stimulate methyltrans-
ferase activity only by promoting the Peel effect (37).
With our extract of E. coli B propylcobalamin per-
mitted less than 10% of the enzyme activity found in

the presence of added methylcobalamin. When CLL ex-
tract was assayed with propylcobalamin in place of cy-
anocobalamin there was some stimulation of activity
relative to activity without added cobalamin (Table
III). The ratio of activity with propylcobalamin rela-
tive to that with methylcobalamin was 0.45, indicating
that 45% of the enzyme was, in fact, present as a
holoenzyme (1). This conclusion was supported by ex-
periments showing that when incubations were con-
ducted anaerobically cobalamin-independent holoenzyme
activity in CLL extracts was again about half of that
observed when cobalamin was present.

When methionine was added to incubation mixtures
in final concentrations of 1 iAM-10 mMin the pres-
ence of saturating concentrations of SAMno inhibition
of CLL methyltransferase was detected.

Inhibitors of methyltransf erase. The low level of
methyltransferase activity in late myeloid cells led to
a search for a possible endogenous inhibitor of this
enzyme. When myeloid cell extracts were mixed with
E. coli extract, a marked inhibitory effect was observed
with extracts of normal granulocytes and cells from
CML (Fig. 2), in striking contrast to the pattern

160

K4

Kz

L2J
C-)

,KZ

"a

100O

80

60

40

20

o-o CLL cells
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- CML cells
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FIGuRE 2 Effect upon E. coli methyltransferase of pooled
extract of granulocytes from normal subjects, extracts of
leukocytes from patients with CLL, MML, and CML.
Leukocyte extracts containing indicated amounts of pro-
tein were added to the incubation mixture with 0.3 mg
E. coli protein. Activities are expressed as specific activity
of E. coli methyltransferase relative to E. coli control.
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found with extracts of CLL cells and leukemic myelo-
blasts. Similar results were obtained with E. coli ex-
tract from bacteria grown in cyanocobalamin. CML
extract containing 0.2 mg protein decreased E. coli
methyltransferase activity to 60% of its original level,
inhibition leveling off at CML protein concentrations
of about 1 mg. Pooled granulocyte extracts of two non-
leukemic subjects with leukocytosis also depressed E.
coli methyltransferase as shown in Fig. 2, and were
only slightly less inhibitory than extracts of CML cells.
When normal granulocyte and CMLextracts of diverse
origin were repeatedly tested inhibition was invariably
present.

To investigate the possibility that inhibition was due
to the presence of cobalamin-binding proteins in the
granulocyte extract (38, 39) increasing amounts of cy-
anocobalamin were added to standard incubation mix-
tures. The percent of inhibition of the E. coli methyl-
transferase reaction by normal granulocyte extract (0.6
mg of protein) was constant at cyanocobalamin con-
centrations up to 1.0 mM. E. coli enzyme was inhibited
by cyanocobalamin concentrations above 1.0 mMwith-
out addition of granulocyte extract.

The inhibitor was not dialyzable. Its activity was de-
creased by 85 and 97% after heating to 60'C for 5 and
15 min, respectively. When soybean trypsin inhibitor
was incubated in increasing amounts with a mixture
of E. coli protein and CML extract, the inhibitory ac-
tivity of CML cell extract was progressively lost
(Table IV). However, increased endogenous methyl-
transferase activity in CML cells was not detectable

TABLE IV
Effect of Soybean Trypsin Inhibitor on Inhibition of

E. coli Methyltransferase by CMLExtract*

E. coli
Soybean trypsin methyltransferase

CMLprotein inhibitor activity

mg mg %of control

O 0 100
0.6 0 65
0.6 0.08 83
0.6 0.16 86
0.6 0.32 97
0.6 0.8 115
0.6 1.2 118

* CMLextract (patient 20, Table I) and soybean trypsin
inhibitor were added together in the shown amounts to incu-
bations containing E. coli extract (0.25 mg protein) plus the
standard incubation mixture. Patient was receiving busulfan.
In a separate control experiment, soybean trypsin inhibitor
in the absence of CMLextract was shown to have no in-
hibitory effect on E. coli methyltransferase activity.

after incubation with soybean trypsin inhibitor. Pan-
creas trypsin inhibitor had no effect on CML cell in-
hibitor. CML extracts themselves lacked demonstrable
proteolytic activity with casein as substrate.

It is of interest that modest inhibition of CLL methyl-
transferase by CML extract was noted at low levels
of CMLprotein (0.2 mg). However, activities returned
to control levels with further additions of CML ex-
tract.

Cell extracts in amounts up to 0.5 mg protein from
a patient with MML(patient 25, Table I) was only
slightly inhibitory when tested against E. coli enzyme.
Surprisingly, extracts from a patient with CLL not
only failed to inhibit E. coli enzyme, but there was a
regularly observed stimulation rising in an apparently
hyperbolic manner with increasing additions of CLL
extracts. In the experiment shown in Fig. 2, the ap-
parent rise in E. coli methyltransferase activity after
addition of CLL extract reached a maximum of nearly
60%. The possible significance of this result will be
the subject of a subsequent report.

DISCUSSION

The present results confirm the presence of methyl-
transferase in human leukocytes (12) and show that
the enzyme is apparently cobalamin-dependent in lym-
phoid and myeloid cells. Its other cofactor requirements
are also similar to those of methyltransferases from
E. coli (3, 4, 37, 40) and various animal cell preparations
(3, 5, 7, 11, 41, 42). Enzyme activity is higher in
normal lymphocytes than in granulocytes and is higher
still in lymphocytes from patients with CLL. Others
(12, 43) have found that leukocytic enzyme activity is
increased in acute but not chronic leukemias. Since in
these experiments lymphocytes were not isolated before
preparation of cell extracts, reported normal values
cannot be compared directly with the values reported
here.

The data raise several points of interest. One con-
cerns the enzymologic properties of leukocyte methyl-
transferase. Although studied only in unpurified extracts,
the enzyme can be readily measured with precision.
Activity is substantially stimulated by an added cobala-
min derivative, but significant activity remains in the
absence of added cobalamins in each of the mononuclear
cell types studied. In this respect leukocyte enzyme re-
sembles the methyltransferases of other animal tissues
and bacteria (3, 11). Since methylcobalamin is a direct
participant in the bacterial methyltransferase system (1,
3, 40), it may be assumed that in the present complete
system, cyanocobalamin is reduced by P8-mercaptoetha-
nol to B,2r which by dismutation becomes Bias which
is then methylated by CHa-FHi. The modest stimulation
by propylcobalamin, a cobalamin analogue incapable of
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converting apoenzyme to holoenzyme, indicates that
about 20% of the cobalamin stimulation is attributable
to the nonenzymatic Peel effect. The increased cobala-
min-independent activity in anaerobic conditions has
similar implications. This fact, however, does not alter
the differences observed in the relative activities of cell
types studied. It also does not conflict with the con-
clusion that most of the stimulation provided by co-
balamins is independent of the Peel effect.

The precise biological function of cobalamin in lym-
phocytes remains a subject for speculation. As noted
earlier, this enzyme may generate methionine for pro-
tein synthesis or for diverse methyl donor functions or
it may provide the FHi that gives rise to cofactors
needed in the synthesis of thymidylate, purine ribonu-
cleotides, or other compounds. There is circumstantial
evidence that all these roles might be operative in lym-
phocytes. In these cells synthesis of proteins, e.g., lym-
phokines (reviewed in reference 44) or immunoglobu-
lins (45), would require a methionine source and pos-
sibly a higher methyltransferase level than in granulo-
cytes, where these proteins are not synthesized. In
addition lymphocytes display a high proliferative ca-
pacity when antigenetically stimulated.

In a number of instances, increased methyltransferase
activity can be correlated with accelerated cell division,
e.g., in certain phases of lymphoblastic leukemia or
during the log phase of growth in phytohemagglutinin-
stimulated lymphocytes (43). Methyltransferase activity
has been found to increase in parallel with certain en-
zymes known to participate in cell division (e.g., DNA
polymerase and thymidine kinase) (43). Moreover,
methyltransferase activity is higher in bone marrow
(the locus of active cell division) than in peripheral
blood (12). The present data also show that measurable
methyltransferase activity is found in blasts of leukemic
myeloid and myelomonocytic lines. Presumably, these
cells, too, have a high proliferative potential. It is of
interest that all of the cells shown here to contain sub-
stantial methyltransferase activity are mononuclear in
type.

Investigators of leukocyte metabolism have long been
aware that granulocytes are richer in glycolytic and
many hydrolytic enzymes than normal and leukemic
lymphocytes (46, 47). But recent work has shown that
in certain respects the enzymatic endowment of lym-
phocytes is superior to that of granulocytes. For ex-
ample, normal blood lymphocytes have three to four
times the nuclear and cytoplasmic DNA polymerase
of granulocytes (48). Also, serine hydroxymethylase
is higher in CLL cells than in normal and non-CLL
leukocytes (49). The relatively high methyltransferase
level in normal and CLL lymphocytes must be added to
this list, which presumably reflects the lymphocyte's

proliferative potential. It should be noted, however, that
this potential (as measured by phytohemagglutinin
stimulation) is lower in CLL lymphocytes than in
normal ones (50).

Any observed metabolic difference between a normal
cell and its neoplastic analogue, especially qne in which
the neoplastic cell has higher activity than the normal,
suggests a possible target for chemotherapeutic attack.
Recently, consideration has been given to methionine
depletion by means of methioninase as a possible model
for cancer therapy (51, 52). The fact that methionine
depletion in the presence of adequate folate and cobala-
min levels increases methyltransferase activity (7, 42,
53) may be a barrier to the success of such an ap-
proach. Moreover, the low methyltransferase activity of
mature granulocytes might make them unduly sensitive
to the toxic effects of such therapy.

It is difficult to interpret the significance of the ap-
parent inhibitor of E. coli methyltransferase in granulo-
cytes until the material is purified and characterized.
The present data do not establish the nature of the
inhibitory effect which could operate by several mecha-
nisms, among them, (a) inhibition of a labile form of
E. coli enzyme; (b) inhibition of the conversion of
apoenzyme to holoenzyme; (c) direct inhibition of
holoenzyme activity; and (d) destruction or competi-
tion with methyltetrahydrofolate. It is of interest that
granulocytes appear to contain inhibitor and little en-
zyme activity, while mononuclear cells contain substan-
tial enzyme activity and little inhibitor (Fig. 2). Elimi-
nation of inhibitory activity by incubation with a
trypsin inhibitor suggests that one or more proteolytic
enzymes of later myeloid cells may be part of the in-
hibitory effect. The possibility also arises that certain,
possibly protein-bound, cobalamin derivatives inhibitory
to methyltransferase might be present (54, 55), espe-
cially in view of the high levels of cobalamin (56),'
and cobalamin-binding proteins (38, 39) in myeloid
cells. The biochemical mechanism of inhibition and
insight into whether or not the apparent inhibitor of
methyltransferase in myeloid cells has physiologic sig-
nificance and indeed whether it has a role in suppress-
ing the activity of endogenous enzymes will be subjects
for further research.
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