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S-Adenosylmethionine metabolism in HL-60 cells: effect of cell cycle
and differentiation
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The effect of the cell cycle and differentiation on S-adenosylmethionine (SAM) metabolism in HL-60 cells
has been investigated. Synthesis and pool sizes of SAM and S-adenosylhomocysteine (SAH) were
cell-cycle-independent (SAM, 315 uM; SAH, 4.6 puM). The SAM-synthase (ATP:L-methionine S-adeno-
syltransferase) of HL-60 cells has a K, for methionine of 12.8 4 2.0 uM and thus appears to be of the
intermediate K,, type found in other malignant tissues. The enzyme does not show cell-cycle regulation.
Treatment of cells with DMSO resulted in a rapid and marked decrease of SAM and SAH levels without
affecting pool turnover or the SAM /SAH ratio. A decrease in SAM concentration could also be observed
in a variant cell line resistant to differentiation with DMSO. DMSO inhibited SAM-synthase in cell-free
extracts. This inhibition was noncompetitive with respect to L-methionine. Inhibition of SAM-synthase by
cycloleucine lowered SAM levels in intact cells, but resulted in differentiation of only a2 minor percentage of
cells. These data indicate that changes in SAM and SAH levels in HL-60 cells seem to be a consequence
rather than a cause of differentiation.

Introduction grown in culture media in which methionine is
replaced by its immediate precursor, L-homocy-
steine. This metabolic peculiarity is found despite
a normal methionine synthesis in cancer cells, and
amine synthesis, which have been implicated in seems to correlate with the cellular S-adenosyl-
the control of cell proliferation and differentia- methionine/S-adenosylhomocysteine (SAM/
tion. SAH) ratio, whereby cells with a ratio of not

Alterations in SAM biosynthesis have been greater than 1 are almost always found to be
found in most tumor cell lines, which, unlike their methionine dependent. It has been postulated that
normal counterparts, show methionine-dependent this difference in methionine metabolism might
growth [1-3]. As a result, these cells cannot be provide a basis for selective chemotherapy [4].

Changes in the pool sizes and especially in the
ratio of SAM/SAH have been reported to in-
fluence cellular methylation reactions. Substances
that interfere with these reactions could be shown
to evoke differentiation in several tumor cell lines,
including the HL-60 line [5-9].

S-adenosylmethionine (SAM) is a key metabo-
lite for cellular methylation reactions and poly-

Abbreviations: SAM, S-adenosylmethionine; SAH, S-adeno-
sylhomocysteine; SAM-synthase, S-adenosylmethionine syn-
thase (EC 2.5.1.6); 1) DMSO, dimethylsulfoxide; Tes, 2-{[2-hy-
droxy-1,1-bis(hydroxymethyl)ethylJamino } ethanesulfonic acid.
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Besides its direct effects on cellular methylation
reactions, the ratio of SAM/SAH could also be
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shown to play a role in protein phosphorylation
[10].

In addition, an altered polyamine metabolism
has been found in several human leukemia cell
lines [11], and a role of polyamines in HL-60
differentiation has been established [12]. Taken
together, these data indicate that SAM and SAH
concentrations and especially the SAM /SAH ratio
might have a variety of biological effects that
ultimately lead to cell differentiation,

The regulation of SAM and SAH metabolism
during cell growth is still not completely under-
stood. Furthermore, a clear role of S-adenosyl-
amino acid metabolism in differentiation has not
béen established.

This paper presents data characterizing SAM
metabolism with respect to the cell cycle and cell
differentiation. Cells used in these studies were the
human promyelocytic cell line, HL-60, as well as a
variant, HL-60 R. Unlike the wild type, this variant
is incapable of granulocytoid differentiation when
treated with dimethylsulfoxide (DMSO) or reti-
noic acid.

Materials and Methods

Cell lines and culture. The HL-60 cell line was
obtained from Dr. R.C. Gallo (NCI, NIH, Be-
thesda, MD.). The HL-60 R line was established
as a subclone that spontancously lost its potential
to differentiate in the presence of DMSO or reti-
noic acid [13-15]. Cells were maintained in RPMI
1640 medium supplemented with 10% fetal calf
serum and gentamycin (25 pg/ml) in a humidified
atmosphere containing 5% CO,. The average gen-
eration time of both lines was about 30 h. Cultures
were -regularly checked for mycoplasma infection
(Mycotect, Gibco, Grand Island, NY) and found
to be uninfected.

Induction and assessment of differentiation. Cells
were either seeded in normal medium or medium
containing 1.5% DMSO (tissue culture grade,
Sigma, St. Louis, MO). Functional maturity of the
cells was assessed by their ability to reduce the
dye Nitroblue tetrazolium as described by Yen
and Albright [16].

Centrifugal elutriation. Separation of randomly
growing cells into different cell-cycle phases was
performed as previously described [14]. Flow cy-
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tometry was used to determine the cell-cycle dis-
tribution of each fraction [17].

Incorporation studies. Cells were seeded at a
density of 0.5-10%/ml. [**S]Methionine (800
Ci/mmol, Amersham International, Amersham,
U.K.) was added at 2 pCi/ml of culture medium.
The concentration of unlabeled methionine in the
culture medium was 100 pM. Cells were incubated
at 37°C for the times indicated, acid-extracted
with 0.5 M perchloric acid ((1.0-1.5) - 107 cells /100
pl) and centrifuged to pellet acid-precipitable
material. Acidic supernatants were stored in liquid
nitrogen, since neutralization resulted in consider-
able degradation of S-adenosylamino acids. Acid-
soluble metabolites were analyzed by means of an
HPLC method described below. Incorporation of
radiolabel into acid-precipitable material was de-
termined according to the method of Schmidt and
Thannhauser [18].

For pulse-chase experiments, cells were labeled
with [*¥*S]methionine at 37°C for 1 h, by which
time steady-state levels of labeling in SAM and
SAH pools had been reached (Fig. 1). After 1 h,
cells were chilled, spun down and resuspended in
medium containing 100 #M unlabeled methionine.
SAM and SAH levels were determined at various
times after reseeding, as described below.

For determination of the effect of cycloleucine
on SAM and SAH pools, cells were preincubated
in medium containing various concentrations of
cycloleucine. After 3 h, [**S]methionine was added
and cells were incubated for an additional 3 h. All
incubations were carried out at 37°C. Sample
processing was as described below.

DNA synthesis was measured by incubating
cells with [6->H]thymidine (20 Ci/mmol,
Amersham International), 2 pCi/ml of culture
medium) for 30 min. Incorporation of radiolabel
into acid-precipitable material was determined
[18]. '
HPLC separation and quantitation of SAM and
SAH. SAM and SAH were separated on a re-
versed-phase column (Varian MCH 10, C18).
Buffer A was acetonitrile and buffer B, 50 mM
Na,HPO, (pH 3.2), containing 10 mM octane-
sulfonic acid as the ion-pair reagent. The column
temperature was 35°C and the flow was 1.0
ml/min. Buffer A was increased from 5 to 13% in
20 min followed by an increase from 13 to 40%
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buffer A in the next 15 min. Absorbance was
detected at 254 nm. The retention time for SAH
was 25 min, and for SAM, 29 min. The SAM peak
could be completely digested under mild alkaline
conditions and the ultraviolet spectrum was iden-
tical to that of authentic standard. The amounts of
SAM and SAH were quantitated by peak integra-
tion of HPLC profiles and on basis of specific
activity of extracellular methionine pools. Both
methods yielded virtually identical values. Pools
were quantitated routinely, from radioactivity as-
sociated with the SAM or SAH peak in HPLC
separations.

Assay of ATP : L-methionine S-adenosyltransfer-
ase. The assay was performed according to the
method of Kotb and Kredich [19]. Cells were
lysed by three cycles of freezing and thawing and
centrifuged at 100000 X g for 1 h. The assay mix
contained 80 mM Tes (pH 7.4), 50 mM KCI, 40
mM MgCl,, 0.5 mM EDTA, 6 mM ATP, 10 uM
L-[methyl-'*C]methionine (40-55 mCi/ml,
Amersham International), varying concentrations
of unlabeled methionine and 0.1-1.0 U of enzyme
in a total volume of 50 pl. Methionine and SAM
were separated by batch elution on Whatman P81
paper. Radiolabeled product was quantitated by
liquid scintillation counting in a Packard CA 2000
LSC. The assay was linear up to 5% substrate
conversion.

Determination of cell volume. Water-accessible
space was determined as described by Wohlhueter
et al. [20].

Results

In the first experiments, SAM and SAH levels
as well as turnover of the SAM and SAH pools
were determined. Steady-state levels of incorpora-
tion of radiolabel from [**S)methionine into SAM
pools were reached after approx. 40 min (Fig. 1).
SAM levels were 189+ 9 pmol/10° cells. Cell
volume was determined to be 0.6 ul/10° cells. The
SAM concentration could then be calculated to be
315+ 15 uM.

SAH levels were 4.6 + 0.3 pmol /10° cells, which
corresponds with a concentration of 7.7 4+ 0.5 uM.
The SAM/SAH ratio in these cells is therefore
approx. 40.
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Fig. 1. Incorporation of radiolabel from [**S]methionine into

(A) SAM and (B) SAH pools. Experimental conditions were as

described in Materials and Methods. For each time point,
1.6-107 cells were analyzed.

Pulse-chase experiments showed that the
first-order rate constant for the consumption of
SAM was 0.071. SAM was therefore utilized at a
rate of 13.5 pmol /min per 10° cells (0.48 nmol/mg
protein per h).

DMSO-induced changes in SAM and SAH levels in
differentiating HL-60 cells

In some experiments, HL-60 cells were treated
with DMSO, a potent terminal inducer of
granulocytoid differentiation [21). SAM and SAH
pools were determined at early time points follow-
ing addition of the inducer to the culture medium.
Specific activity and turnover of SAM and SAH
pools were the same in induced and uninduced
cells. However, a gradual, time-dependent and
coordinate decrease in SAM and SAH levels was
observed. The SAM/SAH ratio stayed essentially
constant (Table I). Concentrations of both
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CHANGES IN SAM AND SAH LEVELS OF HL-60 CELLS AT DIFFERENT TIMES AFTER INDUCTION WITH 1.5%

DMSO

Cells were incubated in the presence of 1.5% (v,/v) DMSO for the times indicated. SAM and SAH level were determined by means of
an HPLC method described in Materials and Methods. Concentrations at individual time points represent the average of triplicate

determinations.

Time of induction (h): 0 3 6 9 12 18
SAM (pmol,/10° cells) 180 170 164 144 142 113
SAH (pmol/10° cells) 46 45 34 3.5 35 2.8
SAM/SAH ratio 39 37 48 4 41 40

metabolites dropped by about 10% after 3 and by
approx. 40% after 18 h. Since SAM and SAH
levels dropped coordinately, the trivial explana-
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Fig. 2. Inhibition of ATP:L-methionine S-adenosyltransferase
by various concentrations of DMSO. V,,,, values at different
concentrations of DMSO are given as a percentage of the
maximal velocity determined in the absence of inhibitor. Maxi-
mal velocities were determined in the ¥ vs. V/[S] plot by
linear least-square fitting of data points obtained at different
concentrations of L-methionine. A comparison of K, values in
the presence and absence of 1.5% DMSO is shown in the inset.
The K, for methionine was not altered by the inhibitor
(noncompetitive inhibition). Velocity (V) is given in nmol/mg
prot per h, substrate concentration in pmol/l. The K, for
methionine was 12.8£2.0 pM.

tion of a decreased methionine utilization from
the medium had to be ruled out. A comparison of
the first-order rate constants of [**S]methionine
uptake into induced and uninduced cultures was
performed and could be shown to be identical
(data not shown).

SAM is generated from ATP and L-methionine
by SAM-synthase. Inhibition of this enzyme by
DMSO could be responsible for the decrease in
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Fig. 3. Differentiation of HL-60 (#) and HL-60 R cells (W).
Functional maturity was assessed as described in Materials and
Methods.
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TABLE II

SAM AND SAH LEVELS IN HL-60 AND HL-60 R CELLS BEFORE AND 18 h AFTER THE ADDITION OF DMSO

Data from two separate experiments are presented. Data represents counts per min recovered in the respective peak of HPLC

separations, as described in detail in Materials and Methods.

Expt. 1 Expt. 2

SAM SAH SAM SAH

cpm % cpm % cpm % cpm %
HL-60 173290 100 5730 100 172373 100 5153 100
HL-60+DMSO 107440 62 3667 64 103423 60 3098 60
HL-60 R 141645 100 3544 100 144768 100 3233 100
HL-60 R+ DMSO 96328 68 4785 135 102401 70 4697 145

.SAM levels. Therefore, we investigated the effect
of DMSO on this enzyme in cell-free extracts (Fig.
2). Concentration-dependent inhibition by DMSO
could be shown. This inhibition was noncompeti-
tive with respect to L-methionine (insert Fig. 2).
At the DMSO concentration used for induction of
differentiation, activity was decreased by approx.
30% (Fig. 2). 100% of control activity could be
recovered in dialyzed extracts from cells treated
with 1.5% DMSO for 18 h, showing that the
decrease in activity was not due to an altered
turnover of the enzyme protein.

DMSO-induced changes in SAM and SAH levels in
a resistant cell line HL-60 R

If changes in S-adenosylamino acid metabo-
lism were to play a major role in differentiation of

TABLE III

HL-60 cells, these changes should not be observed
in a cell line resistant to differentiation. Fig. 3
shows the percentage of differentiation of HL-60
cells and in a variant cell line resistant to DMSO-
induced differentiation (HL-60 R). Less than 10%
of the L-60 R cells showed maturation after being
cultured in the presence of DMSO for 6 days,
while approx. 65% of the cells scored positive in
wild-type cultures.

DMSO was shown to decrease SAM levels in
sensitive and resistant cells. SAH levels, however,
increased in the resistant cell line, while they
decreased in wild-type cells (Table II).

SAM and SAH levels in different cell-cycle phases
Cytokinetic effects of the inducer could be re-
sponsible for the observed effect of DMSO on

SAM AND SAH LEVELS IN DIFFERENT CELL-CYCLE PHASES

Randomly growing cells were separated into fractions enriched in different cell-cycle phases by means of centrifugal elutriation.
Fraction 1 represents essentially pure G1-phase cells and fraction 7, mainly G2-phase cells. The intermediate fractions contain a
varying percentage of S-phase cells. Cell-cycle distribution in fraction 4 was approx. 70% S-phase cells and 30% G2-phase cells.
[6-3H]Thymidine incorporation into DNA and [**S]methionine incorporation into protein were determined as described in Materials

and Methods.

Fraction Incorporation
No. cpm/108 cells pmol /106 cells pmol /mg protein
(6-*H]thd [>*S)met SAM SAH SAM SAH
1 1670 29366 97 2.5 9.5 0.24
2 8124 38388 166 3.9 12.8 0.30
3 24066 46974 180 44 12.7 0.31
4 49800 51181 173 43 12.2 031
5 42819 53214 183 47 11.6 0.30
6 24929 54655 216 5.5 12.4 0.32
7 18267 57140 216 48 12.6 0.29 -




SAM and SAH pools if levels of these metabolites
were regulated by the cell cycle. We therefore
determined SAM and SAH levels in the different
cell-cycle phases. Randomly growing cells were
separated into fractions enriched in cells of differ-
ent cell-cycle phase by means of centrifugal elutri-
ation. Individual fractions were labeled with
[**S]methionine for 2 h or with [6-3H]thymidine
for 30 min. Results are summarized in Table III.
Fraction 1 (98% GO/Gl-phase cells) showed the
lowest thymidine incorporation. The gradual in-
crease in thymidine incorporation from fractions
1-4 was due to the increasing percentage of cells
in S phase and a decreasing number of cells in G1
phase. Fraction 4 was essentially free of G1-phase
cells and contained approx. 70% S-phase and 30%
G2-phase cells. The opposite ratio was found in
fraction 7. Incorporation of label from
[**S]methionine into protein increased from frac-
tion 1-7 and paralleled the increase in cell volume
and protein content per cell. SAM and SAH levels
remained essentially constant when expressed on a
per mg protein basis. Since cell volume and pro-
tein content increased, progressively higher levels
were calculated when normalized to cell number.
This experiment shows that SAM and SAH con-
centrations, and as a consequence the SAM/SAH
ratio, are cell-cycle-independent. Therefore, the
changes in pool sizes observed during differentia-
tion could not be due to cytokinetic effects caused
by the inducer.

TABLE IV
EFFECT OF CYCLOLEUCINE ON HL-60 CELLS
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Spontaneously differentiating cells constitute
about 5% of randomly growing cells. Because of
their small size, these cells are enriched in fraction
1. This explains the slightly lower SAM and SAH
levels in this fraction.

SAM-synthase was shown to be expressed in a
cell-cycle-independent manner. The V., was 21
+1.5 nmol/mg protein per h. The k, for
methionine was 12.8 + 2.0 uM (see inset, Fig. 2).

Differentiation of HL-60 cells by inhibitors of
SAM-synthase

Cycloleucine, an inhibitor of SAM-synthase,
was tested for its differentiating potential in HL-60
cells. The IDs, for inhibition of SAM-synthase in
cell-free extracts was determined to be approx. 1.2
mM (Table IV). Correspondingly, a sustained,
concentration-dependent decrease of SAM levels
was observed when intact cells were treated with
cycloleucine. This decrease was reflected by di-
minished SAM peak areas and by a reduction of
[**S]methionine incorporation into the SAM pool.
Treatment of cells with 10 mM cycloleucine lead
to a reduction of SAM levels equaling that ob-
served after treatment of cells with 1.5% DMSO
for 18 h. The effect on SAH levels was less pro-
nounced. The percentage of differentiating cells at
various concentrations of cycloleucine is shown in
Table IV. Concentrations in excess of 10 mM led
to a considerable decrease in cell viability after 6
days, and could therefore not be used in these

Effects of cycloleucine on SAM-synthase activity in HL-60 extracts, and on SAM and SAH levels in intact cells after treatment for 6
h. SAM levels are given as relative area units (RAU) per 108 cells and as cpm per 10° cells incorporated into the SAM pool from
{**SImethionine. Differentiation was assessed as the ability of cells to reduce the dye Nitroblue tetrazolium (NBT) on day 6. Results
are given as means+S.D. of four determinations. Experimental procedures were as described in Materials and Methods. n.d., not

determined.
Cycloleucine SAM-synthase SAM SAM SAH NBT-positive cells
concn. (nmol/mg per h) (RAU /10 cells) (cpm /106 cells) (cpm /10 cells) (%)
(mM)
- 182+1.0 894+21 4605+142 200+17 412
2.50 74+04 709422 31004396 193114 8+3
5.00 41+08 647+41 2868+162 179+13 10+3
10.00 1.7+0.7 576217 n.d. nd. 15+4
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experiments. Below 10 mM, cell viability was at
least 90%. A small but dose-dependent increase in
differentiating cells could be observed. The per-
centage of nitroblue-tetrazolium-positive cells,
however, did not exceed 15%.

Discussion

SAM is a key metabolite for polyamine bio-
synthesis and represents the methyl donor for a
great number of cellular methylation reactions. It
has been implicated in the regulation of cell differ-
entiation and in irregularities in methionine
metabolism, which can be found in cancer cells,
but not in normal tissue [1-3].

In HL-60 cells, SAM pools were not cell-cycle
regulated. Cantoni proposed [22] that one way of
regulating fluxes of SAM could be at the level of
SAH. While SAH itself is not a branch-point
metabolite, changes in intracellular SAH levels
could determine the metabolic fate of SAM. Our
data show that SAH levels are kept constant over
the cell cycle. It thus appears that this mechanism
of SAM-flux regulation is not operative during
normal cell growth. '

Different forms of SAM-synthase have been
found to be present in normal extrahepatic tissues
and in cancer cells, respectively [23]. SAM-syn-
thase in HL-60 cells was found to have a K, of
12.8 42 pM for methionine, which is comparable
to the K, value found in other malignant tissues.
The concentration of methionine in regular growth
medium is 100 pM, and should therefore not be
limiting for SAM synthesis.

An early and coordinate decrease in SAM and
SAH pools could be detected in association with
treatment of HL-60 cells with DMSO. The de-
crease in SAM levels could be explained by direct
inhibition of SAM-synthase by DMSO. A de-
crease in the amount of enzyme protein was ruled
out as the cause, since 100% of the enzyme activity
was recovered in cultures treated with DMSO for
18 h.

SAM pools in human lymphoid cells have been
found to be regulated in conjunction with turnover
rate of the pools [24]. Increased turnover has
thereby been found to be associated with enlarge-
ment of the SAM pool. In contrast, decreased
turnover might have been the reason for decreased

SAM pools in DMSO-treated cells. Our data,
however, do not support this type of regulation in
HL-60 cells.

Direct or indirect inhibitors of DNA meth-
ylation were shown to induce differentiation in
these cells [6,8]. Since DMSO was found to inter-
fere with SAM synthesis and, as a result, could
affect methylation reactions, the influence of this
inducer on SAM levels was assessed in a DMSO-
sensitive and in a resistant cell line. Analogous
changes were found in both lines. In addition, a
specific inhibitor of SAM-synthase, cycloleucine,
evoked differentiation in only a very small per-
centage of cells.

Furthermore, intracellular SAM levels (315 p M)
are far in excess of the K, values reported for
DNA methyltransferase in human (HeLa cells,
3.25 pM) [25] and rodent cells (regenerating rat
liver, 2.5 pM [26], mouse plasmocytoma cells, 1.2
uM [27]). A drop in SAM levels by at least an
order of magnitude would be required to effect
DNA methylation.

Since SAH acts as a potent inhibitor of cellular
methylation reactions, effects of DMSO on SAH
levels were also determined. Data showed a com-
plete lack of correlation between SAH levels and
HL-60 differentiation, since SAH levels decreased
in the sensitive cell line, while they increased in
the resistant cells, which is the exact opposite of
what would have been expected if SAH levels
played a role in DMSO-induced differentiation of
HL-60 cells. One should, however, bear in mind,
that the ratio of SAM/SAH in HL-60 cells is
approx. 40 and a decrease to 2 was shown to be
necessary to exert an influence on methylation
reactions in human lymphoblastoid cells [28].

" An alternative explanation for the differing
metabolite pattern, found in resistant versus sensi-
tive cells, would be that a low SAM/SAH ratio
prevents differentiation. However, inhibitors of
SAH-hydrolase, which cause an increase in SAH
levels and thus a decrease in the SAM /SAH ratio,
could be shown to lead to differentiation of HL-60
cells [29]. This means that an increase in SAH
levels does not prevent differentiation of these
cells. However, inhibition of SAH-hydrolase might
not necessarily be the sole effect of these com-
pounds and an alternative mode of action should
be considered.



Taken together, our results strongly suggest that
significant changes in SAM and SAH levels, or the
SAM/SAH ratio, which can be detected in con-
junction with DMSO-induced differentiation of
HL-60 cells, are not causally related to the process
of differentiation, but are of a secondary nature.
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