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Abstract

L (leucine-favoring)-system amino acid transport is uniquely
and selectively diminished in chronic lymphocytic leukemia B
lymphocytes: the maximal velocity of transport is 10% of nor-

mal B lymphocytes. Weexamined L-system transport in
chronic leukemic B lymphocytes after incubation with tetrade-
canoyl phorbol acetate to determine if the transport abnormal-
ity can be corrected by the apparent cell maturation induced by
this agent. Amino acid uptake was measured using 2-amino-2-
carboxy-bicycloheptane, an L-system specific synthetic amino
acid. Marked enhancement of L-system transport occurred in
each of 12 leukemic cell populations; the initial velocity of
transport in phorbol ester-treated cells increased 8-fold and
14-fold at 16 and 40 h, respectively, compared with untreated
cells. The V.,. of the L-system in phorbol ester-treated leu-
kemic cells was similar to that of phorbol ester-treated normal
B lymphocytes. The L-system enhancement of the leukemic
cells paralleled the development of plasmacytoid features at 40
h. Uptake of leucine, a naturally occurring L-system amino
acid, was also increased by tetradecanoyl phorbol acetate. Cy-
cloheximide, 100 ,ug/ml, which inhibited over 90% of protein
synthesis in phorbol ester-treated chronic leukemic cells,
blocked completely the phorbol ester-induced L-system en-

hancement. Phorbol ester treatment restores the selective L-

system transport defect in chronic lymphocytic leukemia B
lymphocytes, and this process coincides with in vitro matura-
tion of the leukemic cells.

Introduction

Chronic lymphocytic leukemia (CLL)' is characterized by the
proliferation and accumulation of immature lymphocytes.
These cells are thought to be arrested at the early B and inter-
mediate B lymphocyte stages of normal B cell maturation as
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1. Abbreviations used in this paper: A-, alanine favoring; ASC-, ala-
nine-serine-cysteine; BCH, 2-amino-2-carboxy-bicyclo(2,2, 1 )-hep-
tane; CLL, chronic lymphocytic leukemia; K., constant for nonsatur-
able uptake; L-, leucine favoring; methyl-AIB, 2-(methylamino) iso-
butyric acid; TC-199, tissue culture medium 199; TPA, tetradecanoyl
phorbol acetate; Vi, initial velocity of amino acid transport.

judged by monoclonal antibody reactivity to their surface an-
tigens and by the type and location of immunoglobulin (1).
CLL cells have two well-characterized nonimmunologic cell
membrane abnormalities: absent or diminished 5'-nucleotid-
ase activity in most patients studied (2) and markedly dimin-
ished L (leucine-favoring)-system amino acid uptake (3, 4).
The Vmax of L-system transport in fresh CLL cells is 10% of
normal blood B lymphocytes and is also significantly lower
than tonsillar B lymphocytes, blood T lymphocytes, and a B
cell line (Table I). Uptake by the A (alanine-favoring)- and
ASC (alanine-serine-cysteine)-systems, the two other major
amino acid transport systems in mammalian cells, is normal in
CLL cells as compared with other lymphocyte types (4).

Maturation of CLL B cells to a plasmacytoid phenotype
can be induced in vitro by treatment with tetradecanoyl phor-
bol acetate (TPA) (5-7). Plasmacytoid morphology and in-
creased cytoplasmic immunoglobulin concentration are noted
at 48 h (5), and immunoglobulin secretion occurs after longer
TPA exposure (6, 7). Wehave examined the kinetics of L-sys-
tem amino acid transport in CLL B lymphocytes after treat-
ment with TPA and have found marked enhancement of L-
system transport with uptake velocities comparable with those
found in TPA-treated normal B lymphocytes.

Methods

Preparation of lymphocytes. CLL lymphocytes were obtained from the
blood of chronic leukemia patients with stable disease; 10 out of the 12
patients studied had not received chemotherapy, and the remainder
had not been treated in the previous 6 mo. Platelets were removed by
centrifugation at 160 g for 15 min and aspiration of the platelet-rich
supernatant fraction. The remaining buffy coat was suspended in 100
ml of tissue culture medium 199 (TC- 199) containing 1%wt/vol BSA
and 5 ml of packed sheep red blood cells pretreated with 2-aminoeth-
ylisothiouronium bromide. The suspension was incubated at 370C for
30 min, followed by centrifugation over Ficoll-metrizoate as pre-
viously described (4). T lymphocyte-sheep cell rosettes sedimented
with the granulocytes below the Ficoll-metrizoate, and purified CLL B
lymphocytes were harvested from the supernate-Ficoll interface. Cells
were washed twice in TC-199, and resuspended in RPMI 1640 me-
dium containing 20% vol/vol heat-inactivated bovine calf serum at a
density of 2 X 106 lymphocytes/ml. The cell phenotype was deter-
mined using an Epics C flow cytometer (Coulter Electronics Inc., Hia-
leah, FL) with fluorescent monoclonal antibodies against B4, a B lym-
phocyte determinant; Leu 4, a T lymphocyte determinant; and Leu 1,
a surface antigen found on normal T lymphocytes and CLL B lym-
phocytes, but absent from normal B lymphocytes (8). The final cell
suspensions contained 96% CLL B lymphocytes and 4% residual T
lymphocytes.

Normal blood B lymphocytes were prepared from the platelet-
pheresis residues of healthy blood donors (9). Lymphocytes and mono-
cytes were isolated by step gradient centrifugation over Ficoll-metri-
zoate, washed once in TC-199, and separated by countercurrent cen-
trifugal elutriation (10). Aliquants containing > 98% lymphocytes
were separated into B and T cell fractions using a nylon wool adher-
ence technique (11). A 60-ml polypropylene syringe was used as a
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Table I. V,,, of L-System Transport in CLL and Normal B Lymphocytes

CLL Blood Tonsillar Blood B cell line
B lymphocytes B lymphocytes B lymphocytes T lymphocytes (RPMI 1788)

103 (10) 1029 (6) 840 (2) 969 (3) 900 (1)

The data represent the mean measurements from the number of cell populations shown in parentheses. The Vn is expressed as micromoles
per liter cell water per minute (4).

column and packed with 2.4 g nylon wool compacted to a volume of
24 ml with the syringe plunger. The column was heat sterilized and
washed with 150 ml of TC-199 containing 5% vol/vol bovine calf
serum at 370C. A 10-ml cell suspension containing 4 X 10' lympho-
cytes/ml in TC-199 with 10% vol/vol bovine calf serum was washed
into the nylon wool using an additional 5 ml of media. The column
was sealed and incubated at 370C for 45 min to allow adherence of the
B lymphocytes. The nonadherent T lymphocytes were eluted from the
column with 50 ml of media followed by an additional wash of 250 ml
of media. The adherent B lymphocytes were eluted by teasing the
nylon wool with sterile forceps and forcibly expelling media from the
column using the syringe plunger. Cells were resuspended in RPMI
1640 medium containing 20% vol/vol heat-inactivated bovine calf
serum at a density of 2 X 106 lymphocytes/ml. This procedure yielded
5 X 107 B lymphocytes. The percent B lymphocytes in both B and T
cell fractions was determined by quantifying the number of surface
immunoglobulin positive cells with a fluorescein-labeled anti-human
Ig antibody using a Nikon Fluophot microscope. The adherent B cell
fractions contained 85% B lymphocytes with 15% residual T lympho-
cytes.

Lymphocytes were cultured in RPMI 1640 medium containing
20% vol/vol heat-inactivated bovine calf serum at 370C in a humidi-
fied incubator with 5%CO2. Penicillin, 100 U/ml, streptomycin, 100

sg/ml, gentamicin, 40 jg/ml, and amphotericin B, 0.25 ttg/ml, were
present in each flask. TPA (Sigma Chemical Co., St. Louis, MO) was
dispensed from a 0.3-mM stock solution in DMSOto a final concen-
tration of 0.15 MMin treated samples. Cycloheximide (Calbiochem-
Behring Corp., La Jolla, CA) was dispensed from a 10-mg/ml stock
solution in distilled water to a final concentration of 100 gg/ml in
treated samples.

Pathways of amino acid uptake. The L-, A-, and ASC-systems of
amino acid uptake have been well characterized in mammalian cells
(12-15). The L-system transports amino acids with rings or branches
on their side chains, such as leucine and phenylalanine, is transstimu-
lated by intracellular L-system amino acids, and is insensitive to the
sodium gradient across the plasma membrane. L-system transport is
characterized by the system specific synthetic amino acid, 2-amino-2-
carboxy-bicyclo(2,2, 1)-heptane (BCH) (14). The A-system transports
neutral amino acids with short, polar, or linear side chains, is transin-
hibited by intracellular A-system amino acids, and is dependent on the
transmembrane sodium gradient. The synthetic amino acid, 2-meth-
ylamino) isobutyric acid (methyl-AIB) is transported selectively by the
A-system and is used to characterize this pathway. The ASC-system
transports alanine, serine, and cysteine, and is also dependent on the
transmembrane sodium gradient.

Measurement of amino acid uptake. Lymphocytes were removed
from culture at the required times, washed twice in HBSS, and resus-
pended at a concentration of 1 X I07 cells/ml in HBSScontaining 1%
wt/vol BSA, pH 7.45. The cell volume and cell water were determined
as published previously ( 16), and cell viability was assessed by fluores-
cent microscopy using propidium iodide and acridine orange (17). Cell
viability was > 90% in all experiments. Cells were preincubated at
37°C for 30 min in l-ml aliquots to deplete the intracellular amino
acid stores (4), and uptake was initiated by adding 0.5 MCi/ml of
'4C-labeled amino acid with sufficient carrier to provide amino acid
concentrations from 0.05 to 4.0 mM. Uptake was measured for 0.5
min with BCHand leucine and for 1.0 min with methyl-AIB. Samples

were removed from the incubation medium at the required time,
chilled, and rapidly separated from the suspending medium through a
butyl phthalate/corn oil gradient (4). Uptake is known to be linear
during the time periods measured, enabling the calculation of the
initial velocity of amino acid transport, Vi, from the formula: Vi
= d[(Ai/A)]I/dt X C,.tsi& where Ai and A, represent the intracellular
and extracellular radioactivity per unit volume of water. Couth is the
micromolar concentration of amino acid in the incubation medium;
Vi is expressed as micromoles per liter cell water per minute. The
values for Vi were calculated using the cell volume observed at each
time point of the experiments.

Calculation of the kinetics of amino acid uptake. A computerized
multicomponent analysis was used to analyze the kinetic parameters of
amino acid uptake as described previously (13). The experimental
values for Vi reflect the sum of two uptake processes: a saturable,
carrier-mediated process that follows Michaelis-Menten kinetics and a
nonsaturable process related to the transmembrane concentration gra-
dient. The values for K,, V.,,, and constant for nonsaturable uptake,
K., that best fit the observed data are calculated by a nonlinear least-
squares analysis:

VITn) - I Vynax +K[,.~)- i()]12[Km/Cout(n)] + 1

where S, the sum of the squared residuals, is minimized. The measured
velocity, V(n), reflects the value obtained at the nth external and in-
ternal amino acid concentrations, Co,,(n) and Ci,(n), respectively.

Statistical methods. Amino acid transport velocities of untreated
and TPA-treated samples were compared using a paired, two-tailed t
test.

Cell morphology and cytoplasmic immunoglobulin. CLL B lym-
phocytes were removed from culture after 40 h, washed twice in HBSS,
resuspended in TC- 199 with 1%BSA, and cytocentrifuged onto micro-
scope slides. Cell morphology was evaluated by light microscopy after
standard Wright-Giemsa staining. Cytoplasmic immunoglobulin pro-
duction was evaluated by observing the increase in fluorescein-labeled
anti-human Ig antibody binding to cells treated with TPA as com-
pared with untreated cells. Cytocentrifuged samples were fixed and
permeabilized in cold acetone for 10 min followed by incubation with
50 Ml of a 1:10 dilution of anti-Ig (Cooper Biomedical, Inc., Malvern,
PA) for 30 min at room temperature in a humidified chamber. Non-
bound antibody was washed free with phosphate-buffered saline, and
intensity of fluorescence was determined using a Nikon Fluophot mi-
croscope. Bone marrow plasma cells from a patient with myeloma
were used as a positive control, and fluorescein-conjugated anti-rat C3
(Cooper Biomedical, Inc.) was used as a control for nonspecific
binding.

Results

TPA effect on L-system transport in CLL B lymphocytes. The
Vi of L-system amino acid uptake in TPA-treated CLL B lym-
phocytes was assessed with 0.1 mMBCH, an L-system specific
amino acid (14). Values obtained after 2, 16, and 40 h incuba-
tion with 0.15 AMTPAare shown for five populations of CLL
lymphocytes in Table II. The mean Vi for untreated cells
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Table II. L-System Transport in CLL B Lymphocytes Treated with TPA

Initial velocity of BCHuptake

Untreated TPA treated
Experiment
no. Patient 2 h 16 h 40 h 2 h 16 h 40 h

1 V.P. 102 127 101 89 1,103 3,122
2 A.C. 59 93 90 42 488 698
3 Ni.Di. 58 196 121 ND 1,437 1,938
4 A.B. 91 180 237 60 1,658 2,540
5 M.M. 54 134 154 39 1,250 1,674

Mean±SE 73±10 146±19 141±27 58±12 1,187±198 1,994±416

The L-system was assessed by measuring the uptake of the L-system specific amino acid, BCH, at 0.1 mM. The initial velocity of transport was
determined after incubation with TPA (0.15 AM) for the indicated time periods. The Vi is expressed as micromoles per liter cell water per min-
ute. ND, Not done.

showed a modest change in magnitude, with increasing length
of incubation from 73 gmol/liter cell water per minute at 2 h
to 141 umol/liter cell water per minute (P < 0.05) at 40 h. The
mean Vi for TPA-treated cells at 2 h, 58 gmol/liter cell water
per minute, was similar to untreated cells after 2 h of incuba-
tion. A twofold increase in the Vi was noted in TPA treated
cells as compared with untreated cells after a 9-h exposure.
However, marked enhancement of L-system transport was
seen after incubation with TPA for 16 and 40 h in each exper-
iment. The mean uptake of BCHwas eight times greater in
TPA-treated CLL cells, 1,187 Mumol/liter cell water per minute,
after a 16-h incubation, and increased 14-fold to 1,994 ,umol/
liter cell water per minute after incubation for 40 h. The degree
of enhancement in individual experiments ranged from an
8-fold to a 3 1-fold increase in transport after 40 h of incuba-
tion in TPA.

The relationship of L-system enhancement to TPA con-
centration is illustrated in Fig. 1. There was a modest enhance-
ment of BCHtransport at 16 and 40 h in CLL cells exposed to
DMSOalone and to TPA at a concentration of 0.0005 uM.
Marked transport enhancement was noted at TPA concentra-
tions 5 0.005 ,M, and was maximal between 0.05 and 0.5 ,M.
In all other experiments, 0.15 MAMTPA was used, which pro-
duced a maximal increment in transport.

The TPA-induced enhancement of L-system transport par-
alleled the cell maturation induced by this agent in CLL B
lymphocytes (5-7). Morphologic changes were seen in 70% of
TPA-treated cells at 40 h and included an increase in cell
volume, an increase in nuclear parachromatin, the reappear-
ance of nucleoli, an eccentric location of the nucleus, and an
increase in cytoplasmic volume with multiple thin cytoplasmic
projections (Fig. 2). In contrast, untreated cells contained only
2 and 7% large lymphocytes at 0 and 40 h, respectively. Cell
volume increased in TPA-treated CLL cells from a mean of
204 fl/cell at 2 h to 255 fl/cell at 40 h, while untreated cells did
not increase in volume over 40 h (Fig. 3). Increased cytoplas-
mic immunoglobulin was detected at 40 h in TPA-treated cells
of three of the five patients tested using a fluorescein-labeled
anti-Ig antibody. These changes are characteristic of TPA-in-
duced maturation of CLL B lymphocytes (5-7).

TPA effect on L-system transport kinetics in CLL B lym-
phocytes. The L-system transport V.m of fresh CLL B lym-
phocytes is 10% of that observed in normal blood B lympho-

cytes (4). The Vm,,t, the affinity constant (Ki), and the con-
stant describing nonsaturable transport (K,) were determined
in CLL B lymphocytes after incubation without and with TPA
for 16 h. A multicomponent analysis was used to separate
transport into a saturable carrier-mediated process and a non-
saturable process related to the transmembrane concentration
gradient (13). Fig. 4 shows the relationship of the velocity of
BCHuptake to external BCHconcentration for a representa-
tive experiment. The solid lines represent the nonlinear least-
squares fitted curves for total BCHuptake, and the dashed
lines represent saturable carrier-mediated transport. The Vmax
of saturable transport increased from 139 Mmol/liter cell water
per minute in untreated cells to 963 in TPA-treated cells. This
marked enhancement of saturable BCHuptake represents an
increased capacity of the L-amino acid transport system.

Results of five individual experiments are shown in Table
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Figure 1. Initial velocity of BCHuptake by CLL B lymphocytes in
the presence of no additive (solid arrow), 0.05% DMSO(open arrow),
and increasing concentrations of TPA. The initial velocity of trans-
port was determined after incubation for 16 h (diamonds) and 40 h
(squares). TPA was present at the indicated concentrations from the
beginning of the incubation. The V1 is expressed as micromoles per
liter cell water per minute. Values are the means of duplicate deter-
minations in a single experiment in which the standard errors did
not exceed 4%. The thin arrow at 0.15 ,M indicates the TPA con-
centration used in all other experiments.
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Figure 2. Wright-Giemsa stained CLL B lymphocytes after a 40-h in-
cubation without (A) or with (B) TPA (0.15 AM). Untreated cells re-
semble fresh CLL B lymphocytes. TPA-treated cells have an increase
in cell volume, an altered nuclear appearance with increased para-
chromatin and visible nucleoli, eccentric location of the nucleus, and
increased cytoplasm with multiple thin cytoplasmic projections.
Original, X 1,000.

III. The mean V. for untreated CLL cells was 200 Mumol/liter
cell water per minute after the 16-h incubation. TPA treat-
ment increased the V. fivefold to 1,055 Mmol/liter cell water
per minute (P < 0.01). There was a shift in the Kmfrom a mean
of 156 gmol/liter to 33 Amol/liter (P = 0.05), suggesting an
increase in L-system transport substrate affinity after TPA
treatment. There was a small increase in the Ku for BCH, from
0.07 to 0.10 min' (P < 0.10), although this effect did not
account for the marked enhancement in BCHtransport
(Fig. 4).

TPA effect on L-system transport in normal B lymphocytes.
The V1 of BCHuptake was determined in normal blood B
lymphocytes after incubation with or without TPA for 12 h.
The V1 of 0.1 mMBCHwas 300 Amol/liter cell water per
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Figure 3. Cell volume distribution of CLL B lymphocytes after 40-h
incubation at 370C without (dashed line) and with (solid line) 0.15
MMTPA. Cell volume was determined using an electronic cell
counter (model ZBI; Coulter Electronics Inc.) equipped with a chan-
nelyzer (Coulter Electronics Inc.). A computer program, Accu Comp
C/1000 (Coulter Electronics Inc.), was used for calibration based on
lymphocyte deformability and counting solution tonicity (16). Data
shown are from experiment 4 of Table II and are expressed as femto-
liters per cell.
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Figure 4. Initial velocity of BCHuptake by CLL B lymphocytes at
increasing concentrations of external BCHdetermined after a 16-h
incubation without or with TPA (0.15 MM). The observed measure-
ments of BCHuptake at BCHconcentrations from 0.05 to 4.0 mM
are expressed in micromoles per liter cell water per minute and are
indicated by the squares (untreated cells) and diamonds (TPA-
treated cells). A multicomponent analysis was used to separate the
rate of amino acid uptake into a carrier-mediated process that obeys
Michaelis-Menten kinetics and a nonsaturable process related to the
transmembrane concentration gradient. The solid lines through the
points are the fitted curves for total BCHuptake, and the dashed
lines indicate carrier-mediated transport.

minute in untreated B lymphocytes and increased threefold to
1,027 in B cells treated with TPA (P < 0.01) (Table IV). A less
pronounced enhancement was seen at 5.1 mMBCH, with a
mean Vi of 1,360 in untreated B lymphocytes and 1,700 in
TPA-treated B cells (P > 0.10) (Table IV). Mean cell volume at
12 h was 192 fl/cell without TPA treatment and 233 fl/cell
with TPA.

A full kinetic analysis of L-system transport in TPA-treated
normal B lymphocytes was not possible due to the limited
number of cells available after purification. However, an esti-
mate of the V.. after 12 h of TPA treatment was calculated as
1,190 Mmol/liter cell water per minute using the V, at 5.1 mM
BCHand the diffusion constant of 0.1 min' obtained with
both TPA-treated CLL B cells and normal T lymphocytes (13).
This is similar to the Vm. of TPA-treated CLL B cells at 16 h
(1,055 Mmol/liter cell water per minute) and suggests that
TPA-treated CLL B cells have the same L-system transport
characteristics as TPA-treated normal B lymphocytes.

TPA effect on leucine transport in CLL and normal B lym-
phocytes. The L-system is the primary transport carrier for the
naturally occurring amino acid, leucine, in normal blood B
lymphocytes, and leucine uptake is diminished in resting CLL
B lymphocytes due to the low L-system activity. The V., for
leucine uptake is 450 Amol/liter cell water per minute in CLL
B cells as opposed to 1,686 in normal blood B cells and 1,240
in normal blood T cells (4). Much of the existing leucine up-
take in CLL B cells occurs due to compensatory transport by
the ASC-system (4).

TPA treatment for 12 h resulted in a fourfold increase in
the total Vi for 0.1 mMleucine in CLL B lymphocytes from a
mean of 279 ,umol/liter cell water per minute in untreated cells
to 1,123 in TPA-treated cells (Table V). The total Vi for 0.1
mMleucine in normal blood B lymphocytes was 387 gmol/
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Table III. L-System Kinetic Parameters in CLL B Lymphocytes Treated with TPA

Untreated TPA treated
Experiment
no. Patient V. Km K. V, Km K.

1 M.M. 180 63 0.10 1,660 29 0.16
2 J.Mi. 73 102 0.06 580 46 0.05
3 J.B. 139 271 0.07 963 33 0.09
4 J.Me. 351 148 0.08 1,020 11 0.10
5 V.P. 257 198 0.03 1,050 47 0.08

Mean±SE 200±48 156±36 0.07±0.02 1,055±173 33±7 0.10±0.01

The kinetics of L-system transport were assessed by measuring the uptake of the L-system specific amino acid, BCH, at concentrations of
0.05-4 mM. The V1 at each concentration was determined after incubation with TPA (0.15 gM) for 16 h. The Vm. is expressed as micromoles
per liter cell water per minute, the Kmas micromoles per liter. The Ku is expressed as minute'.

liter cell water per minute in untreated cells and increased to
1,024 in TPA-treated cells (Table V).

To determine the proportion of the enhanced leucine up-
take mediated specifically by the L-system, transport of [14C]-
leucine was measured in the presence of a 50-fold excess of
unlabeled BCH, an amino acid transported only by the L-sys-
tem. Excess BCHinhibited > 90% of ['4C]BCH uptake in un-
treated and TPA-treated cells as would be expected (data not
shown). E;xcess BCHinhibited 88% of 0.1 mMleucine uptake
in CLL B cells treated with TPA for 12 h as compared with
only 36% inhibition in untreated cells, indicating that the en-
hanced portion of leucine transport in TPA-treated CLL B
lymphocytes was mediated by the L-system (Table V).

The L-system specific V1 for leucine was calculated from
the product of the total V1 for leucine and the percent inhibi-
tion of uptake by excess BCH. The L-system specific V1 for 0.1
mMleucine in CLL B cells was 100 ,mol/liter cell water per
minute, or 39% of the Vi in normal B cells, 259 ,gmol/liter cell
water per minute (Table V). TPA treatment caused an increase
in the L-system specific V1 in both CLL and normal B cells.
The Vi for CLL B cells increased 10-fold to 988 and the Vi for
normal B cells increased 3-fold to 901 (Table V). The L-system
specific Vi for leucine in TPA-treated CLL B lymphocytes was
similar to that of TPA-treated normal B lymphocytes at a
physiological leucine concentration of 0.1 mM.

Cycloheximide effect on L-system transport in CLL B lym-
phocytes. The enhanced L-system transport in CLL cells that
followed TPA treatment may have required protein synthesis,
since the effect was not seen after a 2-h exposure to TPA, and

Table IV. BCHTransport in Normal Blood B Lymphocytes
Treated with TPA

BCH
concentration Untreated TPA treated

mM

0.1 300±18 (6) 1,027±75 (6)
5.1 1,360±136 (3) 1,700±68 (3)

The Vi of the L-system specific amino acid, BCH, was determined
after incubation with TPA (0.15 MM) for 12 h. The Vi is expressed as
the mean±SE of (N) lymphocyte populations in micromoles per liter
cell water per minute.

the transport rate increased further from 16 to 40 h (Table II).
To test this possibility, CLL B lymphocytes were incubated
with or without cycloheximide, 100 Ag/ml, for 12 h, which was
a concentration that we established inhibited > 90% of ['4C]-
leucine incorporation into cellular protein in TPA-treated
cells. Cycloheximide treatment reduced the L-system V1 of
CLL cells not exposed to TPA in separate experiments from
141 and 144 ,umol/liter cell water per minute to 104 and 85,
respectively, a 34% mean inhibition (Table VI). Moreover,
cycloheximide treatment decreased the L-system Vi in TPA-
treated cells from 1,317 and 936 qmol/liter cell water per min-
ute to 107 and 90, a 91% mean inhibition (Table VI). The Vi
for CLL cells exposed to both TPA and cycloheximide was
identical to that for CLL cells exposed to cycloheximide alone
(Table VI). CLL cells exposed to TPA for 12 h followed by
cycloheximide exposure for 30 min showed no inhibition of
L-system transport, indicating that cycloheximide did not di-
rectly inhibit the L-amino acid transport system.

TPA effect on A-system transport in CLL B lymphocytes.
A-system amino acid transport was assessed using the A-sys-
tem specific synthetic amino acid, 2-(methylamino) isobutyric
acid (methyl-AIB, 0.1 mM). The Vi of fresh CLL B cells unex-
posed to TPAwas 22 14mol/liter cell water per minute, which is

Table V. Leucine Transport in CLL and Normal Blood B
Lymphocytes Treated with TPA

Untreated TPA treated

CLL B lymphocytes
Total V, 279±35 (3) 1,123±308 (3)
%inhibition by BCH 36±12 (3) 88±1.4 (3)
L-system specific V1 100 (3) 988 (3)

Normal B lymphocytes
Total V, 387± 18 (3) 1,024+229 (3)
%inhibition by BCH 62, 72 88, 87
L-system specific V1 259 (3) 901 (3)

The V1 of the naturally occurring amino acid, leucine, was assessed at
0.1 mMafter incubation with TPA (0.15 gM) for 12 h. The L-system
specific V; for leucine was calculated from the product of the total V1
and the percent inhibition of uptake by a 50-fold excess of the L-sys-
tem specific amino acid, BCH. The total V1 and the L-system specific
V, are expressed as micromoles per liter cell water per minute. The
number of cell populations is shown in parentheses.
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Table VI. Inhibition of L-System Transport by Cycloheximide
in CLL B Lymphocytes Treated with TPA

Untreated TPA treated

Control 141, 144 1,317, 936
Cycloheximide 104, 85 107, 90
Mean inhibition 34% 91%

The V1 of L-system transport was assessed by measuring the uptake
of the L-system specific amino acid, BCH, at a concentration of 0.1
mM. Transport was measured after incubation with either TPA (0.15
juM), cycloheximide (100 ,g/ml), or both for 12 h. The V, is ex-
pressed as micromoles per liter cell water per minute. Cycloheximide
inhibited 91% of ['4C]leucine incorporation into cellular protein in
the TPA-treated cells.

similar to the Vi found in normal human B lymphocytes, 15
,gmol/liter cell water per minute (4). In contrast to TPA-in-
duced L-system enhancement, TPA treatment resulted in a
rapid induction of enhanced A-system transport in CLL B
lymphocytes, with mean initial velocities of 47, 55, and 84
after 0.5, 2, and 12 h of incubation with TPA, respectively
(four experiments).

Discussion

TPA treatment increased the low level of uptake of L-system
amino acids in CLL B lymphocytes by increasing the activity
of the L-system transporter. Four lines of evidence support this
contention. First, the enhanced BCHtransport exhibited the
saturation kinetics of a transport carrier protein and repre-
sented an increase in carrier capacity. Second, after 16 h of
TPA treatment, the Vmax of L-system transport in CLL cells
was similar to that of TPA-treated normal B lymphocytes.
Third, the proportion of leucine uptake that occurred via the
L-system increased with TPA treatment, and fourth, the mag-
nitude of L-system specific leucine transport in TPA-treated
CLL cells was similar to that of TPA-treated normal B lym-
phocytes.

After TPA treatment, the L-system transporter in CLL B
lymphocytes had an apparent increased affinity for BCH.
Heightened affinity for A-system amino acids has been ob-
served previously in CLL B lymphocytes as the cells adapted to
an amino acid-deficient environment (18). Adaptive A-system
transport has been described in many cell types, and it has
been suggested that a new species of carrier for A-system sub-
strates may be synthesized in a milieu with a low amino acid
concentration (18). The reason for the increased affinity of the
L-system for BCHin TPA-treated CLL cells is unclear. How-
ever, the markedly enhanced transport of 0.1 mMBCHin
TPA-treated normal B lymphocytes suggests the presence of a
high affinity L-system transporter in these cells as well.

The biologic response to phorbol esters in lymphocytes and
other cell types is thought to result from direct activation of the
calcium-dependent enzyme, protein kinase C, with resultant
phosphorylation and activation of either intermediary or re-
sponse proteins (19-21). Several TPA-induced biological re-
sponses are rapid, such as superoxide production in human
monocytes (22) and Na+/H' exchange in rat thymic lympho-
cytes (23). We found that TPA-induced enhancement of A-
system amino acid uptake in CLL cells occurred after 30 min

of incubation with TPA. Increased transport of neutral amino
acids in bovine tonsillar lymphocytes (24) and rat thymic
lymphocytes (23) also occurred within 30 min of TPA expo-
sure, and the rapid effect in rat thymocytes was felt to be the
result of direct phosphorylation of existing transport proteins
(23). In contrast, no increased L-system amino acid transport
was observed in CLL B lymphocytes after a 2-h incubation
with TPA. Furthermore, the cycloheximide-sensitive L-system
enhancement measured at 16 and 40 h is compatible with a
requirement for new protein synthesis to restore L-system
transport function in the B lymphocytes of CLL. TPA may be
activating an intracellular signal to enhance L-system trans-
port that persists after potential down-regulation or degrada-
tion of protein kinase C over the 40-h period of observation.

The fundamental reason for the low L-system transport in
CLL B lymphocytes is unclear. Our prior studies of L-system
uptake by several normal and neoplastic lymphocyte types
including T cell CLL (Sezary syndrome) have confirmed the
uniqueness of the low L-system transport by CLL B cells (3, 4).
Cells expressing early and intermediate B lymphocyte pheno-
types have recently been identified in normal human lymph
nodes (25) and fetal spleen (26), but they have not been iso-
lated in sufficient quantity and purity to study amino acid
transport. Webelieve it improbable that CLL B cells have an
order of magnitude decrease in L-system transport as an ex-
pression of cell immaturity. The fundamental importance of
amino acid acquisition for the heightened protein synthesis
and metabolism of young, proliferative, maturing cells would
argue against such a profound decrease in uptake in immature
but otherwise normal cells.

There is precedent for chemical additives correcting the
maturation block of neoplastic cells and, in the process, per-
mitting the expression of a more normal phenotype. The abil-
ity of the HL-60 progranulocytic leukemia cell line to com-
plete maturation to neutrophilic segmented granulocytes in
the presence of DMSOor to macrophages in the presence of
phorbol esters is well documented (27, 28). We believe the
effect of TPA on CLL L-system transport is analogous, since
its increased capacity closely parallels the induction of a phe-
notype that is characteristic of later cells in the B cell lineage
(e.g., plasma cells).
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