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ABSTRACT

Following PHA-stimulation of lymphocytes in culture, it is
known that nuclear RNA synthesis and the amount of extractable
RNA polymerase activity rise in these cells. The relationship
between these two phenomena has been examined. Using an in vitro
assay system which discriminates between polymerase activity
which is "engaged" in nuclear RNA synthesis and a pool of "free"
enzyme, the data suggest that the factors regulating the inter-
action between these two pools of enzyme activity are different
for forms I and II RNA polymerases.

INTRODUCTION

The investigation of the regulation of RNA transcription in

eucaryotic cells requires an experimental system in which trans-
criptional rates show a change induced by an agent in vitro which,

as nearly as possible, reproduces a similar in vivo stimulus. One

such system is the transformation of resting lymphocytes by

Phytohaemagglutinin (PHA) which is assumed to resemble the events

following antigen binding in vivo. The increase in the rate of

RNA synthesis (particularly rRNA and tRNA) which occur during
this process has been studied extensively [1]. Although the

mechanism of RNA synthetic activation is still obscure, it has

been shown that (a) there is an increased RNA polymerase activity
in nuclei isolated from PHA-stimulated lymphocytes [2 - 4] and

(b) stimulation results in a progressive increase in the level of

RNA polymerases I (rRNA), II (putative mRNA) and III (5S and

tRNA) which can be extracted from these cells [5]. These findings

prompt the question as to whether changes in nuclear RNA polymer-

ase activity are in any way directly related to the apparent
'levels' of RNA polymerase enzyme.
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In approaching this problem, account must now be taken of

two functional states of RNA polymerases in most (if not all)
eucaryotic cells [6,7]: firstly, that which is bound to the
chromosome and is involved in RNA synthesis ("engaged" enzyme
which can be inhibited in vitro by Actinomycin D) and, secondly,
a pool of activity (normally referred to as "free" polymerase)

which is not associated with the chromosome and can be identified
by its ability to transcribe poly [d(A-T)] in the presence of
high concentrations of Actinomycin D [8]. It would be anticip-
ated that the rates of cellular RNA synthesis would be closely
related to the concentration of "engaged enzyme activity trans-

cribing the genome rather that to the total concentration of
cellular polymerases" [9]. However, contemporary literature with

respect to lymphocyte transformation fails to draw a distinction
between the different polymerase pools, casting doubt on the
interpretability of data which suggests that RNA transcription
rates are somehow regulated by gross cellular enzyme 'levels'.

In a reappraisal of the events following PHA-stimulation of
resting human lymphocytes, we have examined changes in (a) the

endogenous nuclear polymerase activity and (b) the "free" enzyme
pool of RNA polymerases I and II and the data indicate that these

two phenomena may not always be related directly.

METHODS AND MATERIALS
L. Blood, taken by venesection into

Fenwal Blood packs from healthy, adult human blood donors was

subjected to low speed centrifugation and the upper part of the
red cells, buffy coat and serum was removed and pooled in batches
from 4 - 5 donors; the serum was then removed after a further low

speed centrifugation and the resulting "buffy coat residue" stored

at room temperature. The buffy coat residues, taken on the same

day, were purified in two steps in a method similar to that of
Kay et al. [10], omitting the Dextran sedimentation step. Briefly,
residues were passed through a large (2.5 x 15 cm) column of

absorbent cotton wool at a slow rate to remove polymorphs, macro-

phages and monocytes and the resulting eluate was layered in

batches of 20 - 25 ml over an equal volume of Ficoll-Hypaque
(6.35 g Ficoll and 10 g Hypaque per 100 ml, specific gravity
1.078 g/ml) in 50 ml glass centrifuge tubes. These were cent-
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rifuged at 360 x g for 25 min in an M.S.E. Super Minor Bench

Centrifuge. The cells at the gradient interface were carefully

removed, washed once in Phosphate Buffered Saline (PBS, pH 7.4:

0.20 g NaH2PO4H2O, 1.92 g Na2HPO4, 7.8 g NaCl and 0.4 g KC1

dissolved in 1 litre of deionised water) by resuspension and

spinning at 360 x g for 10 min and washed again in complete

culture medium (see below). The cells were resuspended in

complete culture medium and counted in a haemocytometer by

dilution in 2% (v/v) glacial acetic acid. They consisted of

95 - 98% small lymphocytes. All operations were carried out at

room temperature under sterile conditions.

Lymphocyte Culture. Purified lymphocytes were resuspended

in Alpha-MEM, supplemented with 10% (v/v) Foetal Bovine Serum,

100 units/ml Benzylpenicillin and 100 ig/ml Streptomycin Sulphate

to a concentration of 1 - 2 x 106 cells/ml, distributed in 100 ml

aliquots into 75 cm2 glass culture flasks and incubated at 37 C

in a humidified 5% CO2/air mixture. After overnight incubation,

PHA was added to each flask to a final concentration of 2 vg/ml
to stimulate the cells. Cells were harvested by combining

flasks, spinning at room temperature for 5 min at 360 x g and

washing the pelleted cells twice in ice cold PBS. The final

cell pellet was counted and was used immediately for isolation

of nuclear and 'cytoplasmic' fractions.

Isolation of Nuclear and 'Cytoplasmic' Fractions. Nuclei

were prepared by a modiciation of the Hypotonic Method of Woolf

et al. [11]. Cells (4 - 5 x 108) were resuspended in 3 ml

Hypotonic Buffer (containing 0.4 mM potassium phosphate, pH 6.7,
2 mM MgCl2 and 1 mg/ml Bovine Serum Albumin [BSA]) and left for

15 min to swell. Cells were then disrupted by 20 gentle passes

in a tight-fitting, Teflon/glass hand homogeniser. Glycerol was

then added to 25% (v/v) and mixed with the nuclear suspension by
vortexing and was subjected to a further 5 passes in the homog-
eniser. The suspension was centrifuged at 1500 x g in a Sorvall

RC2B Centrifuge using the SM-24 rotor for 10 min at 40C, the

supernatant (referred to as the 'cytoplasmic' fraction) was kept
on ice for immediate assay for RNA polymerase activity and the

nuclei resuspended in a buffer containing 10 mM Tris/HCl, pH 8.O,
1 mM MgCl2, 1 mg/ml BSA and 25% (v/v) glycerol and counted.
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Nuclei were pelleted again at 1500 x g for 10 min and the pellet

resuspended in the same Tris/Glycerol buffer to a final conc-

entration of 1 x 108 nuclei/ml (the 'nuclear' fraction). Recov-

ery of nuclei was 50 - 60%. All operations were carried out at

40C.

RNA Polymerase Assays. All assays contained in a final

volume of 0.25 ml: 25 mM Tris/HCl, pH 8.0, 0.3 mM each of ATP,

GTP and CTP, 0.05 mM [3H]-UTP (325 cpm/pmole), 0.5 mM dithio-

threitol, 1 mM MnCl2 with the following additions:

(i) Nuclear polymerase assays: for nuclear RNA polymerase I, the

final salt concentration was 25 mM (NH4)2S04 and 200 pg/ml
a-amanitin; nuclear polymerase II was that activity sensitive to

1 pg/ml a-amanitin at 200 mM (NH4)2S04. Incubations contained

5 x 106 nuclei and were for 60 min at 370C (see below).

(ii) 'Cytoplasmic' polymerase assays: 'cytoplasmic' polymerase I

was assessed at 40 mM (NH4)2S04 in the presence of 200 ig/ml

a-amanitin; 'cytoplasmic' polymerase II was that activity sens-

itive to 1 ig/ml a-amanitin at 130 mM (NH4)2S04. These are the

optimal salt concentrations for in vitro RNA synthesis by these

enzymes [12]. Calf thymus DNA was added to 40 Ug/ml together
with 50 4l of the 'cytoplasmic' fraction. Incubations were for

20 min at 37°C (see below).

(iii) Diagnosis of 'free' polymerase in the 'cytoplasmic'
fraction: this was based on the system of Yu [6] and Kellas

et al. [8]. Assays contained a final salt concentration of 40 mM

(NH4)2S04, poly [d(A-T)] at 25 ig/ml and actinomycin D at 200

Ug/ml where indicated; the incubations were otherwise as des-

cribed for the 'cytoplasmic' polymerase above.

Activity was assessed by the incorporation of [ 3H]-UMP into

TCA-precipitable material, collected on Whatman GF/C glass fibre

discs and processed according to Chesterton and Butterworth [13].

Thymidine and Uridine Pulses. [3H]-thymidine (28 Ci/mmole)

and [ 3H]-uridine (16.3 Ci/mmole) were diluted to 20 pCi/ml and

8 pCi/ml respectively. Aliquots containing 2 uCi of each were

added to 1 ml lymphocyte cultures containing 1 x 106 cells and

were incubated as above for either 1 or 2 hours. The reaction

was stopped by cooling the tubes to 0OC and adding 5 ml ice-cold

10% TCA, containing 3% Na4P207 (both w/v). The cells were pel-
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etted at 1500 x g for 10 min and washed twice in ice-cold 10%
TCA-pyrophosphate before passing onto glass fibre discs and being

processed in a similar manner as for RNA polymerase assays.

DNA assay. DNA was measured by the diphenylamine method
of Giles and Myers (14].

Materials. Poly [d(A-T)] and a-amanitin were supplied by
Boehringer, Mannheim, GmbH; all radioactive materials by the
Radiochemical Centre, Amersham, U.K., Actinomycin D by Sigma,
London; Alpha-MEM and Foetal Bovine Serum by Flow Laboratories,
Irvine, Scotland; Ficoll by Pharmacia, Uppsala, Sweden and
Hypaque by Winthrop Laboratories, Surbiton, U.K.; PHA-purified
(HA 16-17) was purchased from Wellcome Reagents Ltd., Beckenham,
U.K. and Benzyl-penicillin and Streptomycin sulphate from

Glaxo, U.K.

RESULTS

Culture Characteristics. The cultures showed the normal character-
istics for cells grown under these conditions [1, 15]. The
decrease in cell numbers (Fig. 1A) which is routinely observed
may arise initially from the trauma of lymphocyte fractionation
and subsequently from essential nutrient depletion in cultures at
this cell density either in the presence or absence of PHA [15].
Rates of uridine incorporation (Fig. 1B) increased rapidly over
24 hours, reaching a maximum at 48 hours. As lymphocytes were
from mixed donors, cultures in the absence of PHA exhibited the
characteristics of a mixed lymphocyte reaction on days 3 and 4.
This means that the only meaningful time 'control' values are

those indicated at the time of addition of the mitogen (referred
to as time '0'). This has also been shown to apply to cultures

from single donors, due to background stimulation by calf serum

and other agents [15]. Thymidine incorporation showed a rapid
rise which peaked on day 2 which was also reflected in a virtual

doubling of the lymphocyte DNA content at this time (Fig. lC).
Most of the cells therefore were in S-phase by day 2. All para-
meters showed a decline after 48 hours in stimulated cultures.
the sharp and rapid nNA synthetic response may be due to a com-

bination of highly purified PHA preparations, culture at high
cell densities (1 - 2 x 106 cells/ml) and background allogeneic
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Fig. 1. Characteristics of the Lymphocyte Culture.
Lymphocytes were purified from buffy coat residues and cultured
as described in Methods. Zero-time refers to the time of PHA
addition to the culture medium. A: Cell concentration during
culture in the presence (C) and absence (o) of PHA; B: the
uptake of [3H]-uridine by cells cultured in the presence (0)

and absence (o) of PHA; C: uptake of [3H]-thymidine (*) and
cellular DNA content (an) during the culture period in the
presence of PHA.

stimulation of cells.

Characteristics of Nuclear and 'Cytoplasmic' Fraction RNA
Polymerase Reactions. In this work, we have restricted our

attention to forms I and II RNA polymerase activities as it is
known that form III, though significant, is a minor component of

this system [5].. The cell fractionation system which was used
gave rise to a 'cytoplasmic' fraction which was totally devoid
of DNA. It will be shown that both nuclear and 'cytoplasmic'
fractions contain forms I and II RNA polymerases; the polymerase
activity in the 'cytoplasm' is representative of a pool of 'free'
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Fig. 2. Time Course of in vitro RNA Synthesis. The time
course of in vitro RNA synthesis was monitored in the presence
of 200 pg/ml a-amanitin (i.e. form I RNA polymerase only) using
5 x 106 nuclei per assay ( o----o ) or 50 il 'cytoplasmic'
fraction per assay ( *-* ) derived from lymphocytes cultured
for 48 hours in the presence of PHA.

enzyme (i.e., not associated with the chromosome).
(i) Time course of in vitro RNA synthesis. The time course

of [3H]-UMP incorporation into RNA in isolated nuclei by the
endogenous, chromosome-associated RNA polymerases at all stages
of PHA-stimulation had charcteristics similar to those described
by Cooke and Kay [3]. For either polymerase, the reaction was
essentially complete after 20 min at 370C with little or no sub-
sequent decay in [3H]-RNA up to 1 hour. On the basis of abundant
evidence [see e.g. ref. 16], one can assume that reinitiation of
RNA synthesis does not occur to a significant extent in the nucl-
ear transcription system in vitro. The reaction catalysed by the
'cytoplasmic' RNA polymerase using exogenous (purified, nicked)
calf thymus DNA as a template was always linear for at least 20
min at 37°C, reaching a plateau by about 60 min. Fig. 2 shows RNA
synthesis by form I polymerase in the 2 cell fractions derived
from 48 hour, PHA-stimulated lymphocytes, which is a typical
example of the difference between these two time courses.
Because the kinetics of the nuclear and 'cytoplasmic' RNA poly-
merase reactions are very different, it is not rational to draw
direct comparisons between them. By adopting standard incubation
conditions (60 min and 20 min for the nuclear and 'cytoplasmic'
polymerases respectively, see Methods), changes in the apparent
RNA synthetic potential of the separate cell fractions can be
established following PHA-transformation.
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Table 1. Actinomycin D Sensitivity of 'Cytoplasmic' RNA
Polymerase Activity

Time after PHA - Act. D + Act. D
stimulation

Hours prAe [HI-UMp / 106 cells a

24 0.53 0.53

48 1.26 1.30

72 1.63 1.47

a 50 pl aliquots of 'cytoplasmic' fraction were assayed using
saturating concentrations of poly [d(A-T)] in the absence or
presence of 200 ig/ml Actinomycin D as described in Methods.
Data is normalised to RNA polymerase activity derived from 106
cells. This assay, in the absence of a-amanitin, includes
forms I, II and III RNA polymerases (see text).

(ii) All 'cytoplasmic' RNA polymerase is in a 'free' form.
In the presence of poly [d(A-T)], the actinomycin sensitivity of
RNA polymerase activity defines whether or not enzyme is 'free'
or is associated with the chromosome (i.e. 'engaged') [6 - 8].
Analyses of 'cytoplasmic' fractions from lymphocytes at various
stages in the PHA response using this template showed no sig-
nificant sensitivity to actinomycin (Table 1). The salt conc-
entration used for this assessment was 40 mM (NH4)2S04 which is
optimal for poly [d(A-T)] transcription by forms I and III poly-
merase but is marginally suboptimal for polymerase II [17].
In subsequent experiments, forms I and II polymerase were assess-
ed using discriminating concentrations of a-amanitin (see
Methods).

'Free' RNA polymerase is not restricted to the 'cytoplasmic'
fraction: endogenous (chromosome-associated) nuclear polymerase
can be inhibited using high concentrations of actinomycin D [8]
and poly [d(A-T) ]-dependent activity is still evident (data not
shown). The RNA synthetic potential of this activity fluctuates
during the PHA response in a parallel manner to that in the 'cyto-
plamsic' fraction and, making reasonable assumptions concerning
nuclear volume, it is apparent that 'free' enzyme is not conc-
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entrated significantly in either the nuclear or the 'cytoplasmic'
fractions which arise from our cell fractionation procedure
(which involves hypotonic swelling of the cells in the first
instance). However, this situation may not define the in vivo
distribution of 'free' polymerase. For the interpretation of
the data which follows, it is therefore assumed that the RNA
synthetic potential of the 'cytoplasmic' fraction reflects that
of the gross 'free' polymerase pool.

Effect of PHA-transformation on Nuclear and 'Cytoplasmic'
Forms I and II RNA Polymerase Activities. The capacity for RNA
synthesis by either polymerase I or II in nuclei in resting
lymphocytes is low but significant (see Fig. 3). Similarly, the
amount of 'cytoplasmic' ('free') polymerase activity which is
assayable using either calf thymus DNA (Fig. 3) or poly [d(A-T)]
(data not shown) is very low. The increase in nuclear form I
activity by a factor of 5 and form II activity by about 1.5 over
the first 24 hours of PHA stimulation is similar to the effects
seen by others [3]. There is a corresponding increase in the RNA
synthetic potential of the 'free' polymerase pools and this would
account for the relative increase in the amounts of RNA polymer-
ase which Cooke and Brown [2] and Jaehning et al. [5] solubil-
ised from (the nuclei or whole cells of) 24-hour PHA-stimulated
lymphocytes. Although synthesis of new enzyme molecules may be
the favored interpretation of these findings, the possible act-
ivation of pre-existing (inactive) enzyme molecules cannot be
excluded.

Subsequent events do not follow this simple relationship.
Between 24 and 48 hours, the 'free' form I polymerase pool rises
by a factor of 8 but there is no evidence of any further increase
in the form I activity in nuclei; nuclear form II activity rises
considerably but the 'free' polymerase II pool increases at an
even greater rate. Therefore, during this period, there would
appear to be no single definable relationship between nuclear
function on the one hand and the potential RNA synthetic capacity
of the 'free' polymerase pool on the other. The same is true for
the events which occur between 48 and 72 hours under the culture
conditions used in these experiments: the pool of 'free' poly-
merases I and II both decline; whereas nuclear form I activity
is reduced, nuclear form II activity persists at a high level.
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Fig. 3. Effect of PHA-stimulation on Nuclear ('engaged') and
'Cytoplasmic' ('free') RNA polymerases. Nuclear and 'cytoplas-
mic' fractions were resolved from lymphocytes at various times
during the PHA response. Using discriminating concentrations of
a-amanitin (see Methods) each fraction was assayed for form I
(upper panels) and form II (lower panels). All data has been
normalised to show polymerase activity derived from 10 cells.
The data is presented in two ways for each enzyme: either as
gross RNA polymerase activity (left hand panels) or (for
consistency with other publications in this area) as changes
in polymerase activity relative to time zero (right hand panels).
Nuclear RNA polymerase, e-e; 'cytoplasmic'RNA polymerase,oo-o.

DISCUSSION

This data presents an important new dimension to the long

catalogue of experiments which have been designed to character-

ise the effect of PHA-stimulation on lymphocyte RNA metabolism.

We have shown that there is no consistent relationship between

the transcriptional activity of nuclear RNA polymerases I and II

and a 'free' pool of these enzymes which is generated following
PHA-stimulation of human lymphocytes. As newly synthesised RNA

polymerase is probably distributed between the nucleus and the
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extra-nuclear compartment of the cell, studies confined to iso-
lated nuclei [2 - 4] or the solubilisation of RNA polymerases
for whole cells [5] present an incomplete picture of the state
and organisation of the RNA synthetic machinery which obviously
change during PHA transformation. Superimposed on these phenom-
ena are post-transcriptional events which themselves may contrib-
ute to the control of the activation process: for example, the
resting lymphocyte exhibits a 'wastage' phenomenon whereby a
significant proportion of 45-S pre-rRNA is degraded without giv-
ing rise to mature 18-S rRNA ; early in the PHA-response, this
'wastage' is reversed [18,19].

There is thought to be an early, protein synthesis-indep-
endent activation of rRNA synthesis [4] although this remains
controverbial [20]. However, within the first 24 hours, it is
evident that both the capacity of the nucleus to synthesise RNA
rises and (as has been shown here and by others [2,5]) there

is a coincident increase in RNA polymerase activity in these
cells. This increase in polymerase activity includes the gener-
ation of a considerable pool of 'free' enzyme which continues to
rise (up to 48 hours) at a rate in excess of that which appears
to be required for nuclear function. It is possible that this
constitutes the accumulation of macromolecules which are required
for daughter cells arising from subsequent cell division, a sit-
uation which is thought to pertain in several early developmental
systems [21,22]. At the moment, it is not possible to describe
the size of the 'free' polymerase pools in stimulated lymphocytes
(in terms of numbers of enzyme molecules), neither is it possible
to compare the number of polymerase molecules which constitute
the endogenous nuclear RNA polymerase activity with the 'free'
pool (assessed on the basis of in vitro RNA synthesis using
nicked DNA templates).

The data in Fig. 3 form the critical observation that, in
the approach to the first S-phase following the PHA-induced
transition from Go, the factors regulating the relationship bet-
tween functional, nuclear RNA polymerase and the 'free' poly-
merase pools would appear to be different for forms I and II

enzymes. There is other evidence which suggests that, in the
case of form I polymerase, rapidly-turned-over auxiliary factors
may be required to regulate transcriptional activity of the enz-

2109



Nucleic Acids Research

yme [23 - 25]: one could speculate that the controlled express-

ion of these factors may be involved in co-opting enzyme from

the 'free' pool to become transcriptionally active in nuclei,

accounting for the disparate response of nuclear and 'free'

pools of form I polymerase to PHA-activation. On the other hand,

it has recently been shown that the synthesis of form II poly-

merase in mammalian cells may be auto-regulatory [26] and it is

interesting that, over the first 48 hours, nuclear form II act-

ivity rises virtually pari passu with respect to the pool of

'free' enzyme (Fig. 3).

Under the culture conditions of high cell density used in

these experiments, cell division does not take place [15,27].
Between 48 and 72 hours, an artificial shut-down in RNA synthes-

is may begin to take place. This would account for the decline

in the 'free' polymerase pools, endogenous form I (rRNA synthes-

ising) polymerase system in nuclei and a plateauing in the rate

of nuclear form II polymerase activity.
The response of resting lymphocytes to PHA is complicated

by differential effects of the mitogen on different sub-classes

of lymphocytes. The lymphocyte preparative technique used in

this work (see Methods) yields a population of cells which is

predominantly T-lymphocytes (i.e. monocyte depleted and partially
depleted in B-cells).T-lymphocytes are the stimulated cells but

recent work has shown that 'suppressor-' and 'helper-' T cells

(Ty and Tp respectively [28,29]) differ in their individual res-

ponse with respect to the optimal concentration of PHA and the

response of a mixed population of Ty and Tp cells is synergis-
tic rather than being a simple additive phenomenon [29]. Future

efforts to analyse specific events in the induction process are

therefore going to require the resolution of lymphocyte sub-

populations.
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