
2 standard error), whereas decapped 
roots bent only 9" + 2" (Fig. 1). Decap- 
ping had no effect on the potential for 
root growth, since the controls and de- 
capped plants grew 0.80 + 0.25 and 
0.90 2 0.26 mm, respectively. Thus, be- 
cause the plant does not respond to 
gravity, the root cap seemed to be the 
site of hydrotropic sensory perception. 

We suggest the following mechanism 
for the downward bending d emergent 
'Ageotropum' pea roots. When the seed 
is planted, the radical and then the root 
grows in whatever direction it was point- 
ed at planting. As the secondary roots 
appear, they also grow in random direc- 
tions. By chance, some of these roots 
grow upward and emerge from the soil 
into the air (and into the light if the plants 
are in an illuminated area). As soon as 
the root cap has emerged, a sensory 
system in the cap detects a moisture 
gradient between the wet soil and the 
drier air. It responds to this gradient by 
bending and growing back into the soil. 
The fact that it bends downward when 
exposed to the light is purely fortuitous, 
since its behavior is the same in the dark 
as it is in the light as long as the moisture 
gradient is present. The moisture gradi- 
ent of 80 percent RH (air) to about 99 
percent RH (water-saturated soil) is 
great enough to induce hydrotropism. 

Thus a model system is now available 
to study hydrotropism in roots, unim- 
peded by complicatidns involving gravi- 
tropism, phototropism, or phytochrome. 
This mutation should provide a probe for 
the elucidation of the mechanism of hy- 
drotropism in plant roots. 
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Transcription of Class I11 Genes Activated by 
Viral Immediate Early Proteins 

Abstract. The adenovirus ElA and pseudorabies virus immediate early (IE) 
proteins induce transcription from transfected viral and nonviral genes transcribed 
by RNA polymerase I1 (class 11 genes). These proteins have now been shown also to 
activate transcription of transfected genes transcribed by RNA polymerase I11 (class 
111 genes). As previously observed for class I1 genes, this stimulation of class III 
gene transcription was much greater for transfected genes than for the major 
endogenous cellular class III genes. Extracts made from cell lines stably expressing 
a transfected pseudorabies virus IE gene were 10 to 20 times more active in the in 
vitro transcription of exogenously added class III genes than extracts of the parental 
cell line. These results indicate that the ElA and IEproteins stimulate the expression 
of class 111 genes by a mechanism similar to the mechanism for stimulation of class 
11 gene transcription by these proteins. 

RICHARD B. GAYNOR 
Department of HematologylOncology, 
UCLA School of Medicine, 
Los Angeles, California 90024 
LARRY T .  FELDMAN 
Department of Microbiology and 
Immunology, 
UCLA School of Medicine, 
Los Angeles, California 96024 
ARNOLD J .  BERK 
Department of Microbiofogy and 
Molecular Biology Institute, 
University of California, Los Angeles 

Genetic studies have led to the discov- 
ery of viral proteins that induce viral 
gene transcription. In the adenoviruses, 
which have a duplex DNA of about 36 
kilobase pairs, the largest protein (289R) 
encoded in the leftmost transcription 

unit called EIA, stimulates transcription 
from five viral promoters transcribed by 
RNA polymerase I1 (1,2). In the herpes- 
viruses, which have genomes of about 
150 kbp, immediate early (IE) proteins 
are required for transcription of an even 
larger set of viral promoters (3). 

The adenovirus EIA protein, unlike 
well-studied positive activators of tran- 
scription in prokaryotic systems such as 
the adenosine 3'5'-monophosphate (cy- 
clic AMP) binding protein of Escherichia 
coli (4) or sigma-like factors of the Bacil- 
lus subtilis phage SPOl (5), is not abso- 
lutely required for the transcription of 
the genes under its control. After infec- 
tion of HeLa cells by an Ad5 E1A dele- 
tion mutant, dl3 12 (6), transcription 
from early viral promoters occurs, al- 
though it is greatly delayed compared to 

m 
d Fig. 1. Transcription- .- 

P A  a1 activation of the : g m l  
I N 2 E  Ad2 VA-I gene by vi- 

ral early proteins. 
Two 100 mM plates of 
HeLa (lane l), 293 
(lane 2), 143 (lane 3). 
and PR-143 (line 
PR14) (lane 4) cells 
were cotransfected 
with 15 pg of a plas- 
mid containing the ad- 
enovirus VA-I and 
VA-I1 genes (28) and 
5 pg of the RSV-CAT 
plasmid (23). Total 
cytoplasmic RNA was 
harvested from one 
plate 48 hours after 
transfection (26), and 
100 pg of RNA was 
analyzed by Sl  nucle- 
ase analysis with a 
96-bp 5' end-labeled 
Barn HISal I DNA 

2 3 o 10 fragment (28). Hy- 
bridized VA-I RNA 
protects a 75-nucleo- 

tide fragment from digestion by S1. The remaining 100 mM plate rrom each transfection was 
harvested and analyzed for CAT activity as described (23). The percentage of conversion of 
[14C]chloramphenicol (CAM) to the acetylated form at 10, 20, and 30 minutes of reaction 
catalyzed by 300 pg of protein extract is shown at the right. 
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the time course observed after infection cis-acting process (9). This observation 
with wild-type Ad5 (2). Although the led us to suggest that the ElA protein 
ElA proteins clearly act in trans to stim- facilitated the assembly of viral DNA 
ulate early viral transcription (1, 7, 8), into stable transcription complexes (9). 
the delayed transcriptional activation ob- Pseudorabies virus (PRV), a member 
served in dl312-infected HeLa cells is a of the herpesvirus group, encodes a sin- 

gle 180-kilodalton IE protein that is re- 
quired for transcription of PRV early and 
late genes (10). This PRV-IE protein has 
an activity similar to that of the adenovi- 
rus E1A protein, since it can also induce 
the transcription of early adenovirus 
genes in HeLa cells infected with both 
PRV and dl312 (11). There is no signifi- 
cant DNA sequence homology between 
Ad5 and PRV. Therefore, the observa- 
tion that both the Ad5 E1A protein and 
the PRV-IE protein can induce early Ad5 
genes suggested that these proteins acted 
indirectly-for example, by modifying or 
inducing the same host-cell factor (or 
factorstrather than by interacting di- 
rectly with specific sequences in the Ad5 
early promoter regions (11). 

Subsequent studies showed that the 
transcription-inducing activities of the 
ElA and IE proteins are not restricted to 
viral genes. These proteins greatly stim- 
ulate transcription from many different 
nonviral genes including human (12) and 
rabbit (13) p-globin and rat preproinsulin 
I (14), when these genes are newly intro- 
duced into cells by DNA transfection or 
infection in a virus particle. This tran- 
scription induction is not observed for 
the endogenous copies of the p-globin or 
preproinsulin I genes. With few excep- 
tions [for example, the 70-kD heat shock 
protein (15) gene and a p-tubulin gene 
(16)], expression of ElA protein does not 
significantly alter the transcription of en- 
dogenous class IT genes (17). 

Since the E1A and IE proteins are 
nonspecific in their ability to stimulate 
transcription of both viral and nonviral 
class I1 genes, we asked whether these 
proteins could also stimulate expression 
of genes trangcribed by RNA polymer- 
ase 111. To study the effects of the E1A 
and PRV-IE proteins on class 111 genes, 
we examined the level of transcription of 
the Ad2 VA-I gene after transfection into 
several human cell lines. The cell line 
used to study the effect of the EIA 
protein was the 293 cell line, a human 
embryonic kidney cell line transformed 
with the left 14 percent of the adenovirus 
genome (18). The 293 cells constitutively 
express ElA (and ElB) proteins (19). 
HeLa cells were used as the E1A pro- 
tein-negative (control) cells. The cell 
line used to study the effect of the PRV- 
IE protein was PR-143, derived from 
143, a human osteogenic sarcoma cell 
line (20). The 143 cells were stably co- 
transformed with the plasmid pSVneo, 
which produced resistance to the antibi- 
otic G418 (20, and a cloned gene encod- 
ing the PRV-IE protein (22). The PR-143 
cell line produced PRV-IE protein as 
determined by Western immunoblot 
analysis and also complemented the ade- 

CAT activity Fig. 2. Transcription- 
al activation of the 
Drosophila tRN A ar- 
ginine gene by viral 
early proteins. HeLa 
(lane I), 293 (lane 2), 
143 (lane 3), and PR- 
143 cells (line PR14) 
(lane 4) were co- 
transfected with 15 pg 
of a plasmid contain- 
ing the Drosophila 
tRNA arginine gene 
(31) and 5 pg of the 
RSV-CAT plasmid. 
Total cytoplasmic 
RNA was h a ~ e s t e d  
48 hours after trans- 
fection, and 100 pg of 
RNA was analyzed 
by Sl nuclease analy- 
sis with a 920-bp 5' 
end-labeled Hinf I 
probe. Hybridizations 
were performed at 
46°C for 12 hours; S1 
digestion, electropho- 
resis, and autoradiog- 

20 30 

Minutes 

raphy followed. H;- 
bridized tRNA arginine protects a 60-nucleotide fragment from Sl digestion. A 100 mM plate 
from each transfiction was harvested and analyzed for CAT actiiity. The percentage of 
conversion of ['4C]chloramphenicol (CAM) to the acetylated form at 10, 20, and 30 minutes 
after the reaction was initiated by addition of 300 pg of protein from each extract is shown at the 
right. 
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Fig. 3. (A) Transcription activation of the Drosophila tRNA arginine gene by adenovirus 
infection. HeLa cells were either mock-infected (lane 1) or infected with Ad2 at a multiplicity of 
infection of 100 (lane 2) in the presence of Ara-C (20 pgtml). Six hours after infection, the 
medium was removed and the cells were transfected with 15 pg of the tRNA arginine plasmid 
and 5 pg of the RSV-CAT plasmid per 100 mM plate. Fresh medium containing Ara-C was 
added, and cytoplasmic RNA was harvested 48 hours after infection. Sl nuclease analysis was 
performed with a 5' end-labeled Hinf I probe and was followed by electrophoresis and 
autoradiography. A 100 mM plate from each transfection was harvested and analyzed for CAT 
activity. (B) ElA protein does not greatly stimulate transcription of endogenous cellular class 
111 genes. HeLa cells were either mock-infected (lane 1) or infected with wild-type Ad2 (lane 2) 
at a multiplicity of infectioh of 100 in the presence of Ara-C. "PO4 labeling was performed 34 to 
36 hours after infection, and 10 pg of cytoplasmic RNA was subjected to electrophoresis on 8 
percent polyacrylamide gels with 8M urea and analyzed by autoradiography. Lane 3 shows 
transcripts transcribed in vitro from Ad2 DNA by a HeLa cell Sl00 extract (38). 
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novirus mutant d 13 12 for the expression 
of the DNA-binding protein encoded in 
adenovirus E2A. The parental 143 cells 
were used as PRV-IE protein-negative 
(control) cells. 

Because the percentage of cells that 
can be transfected varies in different cell 
lines, a control was needed to correct for 
differing transfection efficiencies of the 
cell lines used in these experiments. A 
plasmid containing the long terminal re- 
peat of Rous sarcoma virus (RSV) fused 
to the chloramphenicol acetyltransferase 
(CAT) gene (23) was included in each of 
the transfections as an internal control. 
EIA proteins do not further induce tran- 
scription from class I1 promoters closely 
linked to a strong viral enhancer such as 
that found in the RSV long terminal 
repeat (8, 12). Cotransfection into HeLa 
cells of a plasmid containing the Ad2 
EIA gene and of the RSV-CAT plasmid 
results in levels of CAT expression that 
are similar (within a factor of 2) to single 
transfections with RSV-CAT (data not 
shown). This is in contrast to the report- 
ed suppression of transfected genes 
linked to the SV40 (24.25) and polyoma 
(24) enhancers by cotransfection of the 
E1A gene. Thus, comparing the level of 
CAT activity produced after transfection 
of two different cell lines with the same 
amount of RSV-CAT was a measure of 
the transfection efficiency of the two cell 
lines. 

The adenovirus VA-I gene is tran- 
scribed by RNA polymerase 111 (polIII) 
(26). During adenovirus infection, VA-I 
RNA is required for efficient transla- 
tion of late viral messenger RNA's 
(mRNA's) (27). Plasmids containing the 
VA-I gerie (28) and the RSV-CAT gene 
(23) were transfected into 293 cells, 
HeLa cells, PR-143 cells, and 143 cells. 
Cytoplasmic RNA was harvested 48 
hours after transfection (29). and the 
VA-I RNA was examined by SI nuclease 
analysis with an end-labeled VA-I DNA 
probe (30) (Fig. I).  Approximately 40 
times more VA-I RNA was transcribed 
in transfected 293 cells than in HeLa 
cells, and about 20 times more in PR-143 
cells than in 143 cells, as determined by 
densitometry of the 75-nucleotide SI 
protected fragment (Fig. I).  CAT activi- 
ty 48 hours after transfection was twice 
as great for 293 cells as for HeLa cells, 
indicating that the efficiency of transfec- 
tion of the 293 cells was about twice that 
of the HeLa cells. But this twofold dif- 
ference could not account for the 40-fold 
difference in the amounts of VA-I RNA 
transcribed in the two cell lines. The 
PRV-143 cells and 143 cells expressed 
approximarely the same level of CAT 
activity. Thus, expression of either the 

EIA or PRV-IE proteins stimulated tran- 
scription of the transfected VA-I gene by 
a factor of approximately 20. This differ- 
ence was not due to differences in trans- 
fection efficiencies between the cell 
lines. 

Next, we asked whether the EIA and 
PRV-IE proteins could induce transcrip- 
tion of a nonviral class I11 gene. We 
chose a Drosophila transfer RNA 
(tRNA) arginine gene that has been well 
characterized (31) and produces a tran- 
script that can be distinguished from the 
background of human tRNA's. A plas- 
mid clone of the tRNA arginine gene (31) 
was cotransfected with the RSV-CAT 
plasmid into the same set of cells as were 
used in the VA-I study. Cytoplasmic 
RNA was harvested 48 hours after trans- 
fection and subjected to Sl nuclease 
analysis with an end-labeled DNA probe 
specific for the tRNA arginine gene. The 
amount of tRNA arginine transcribed in 
transfected 293 and PR-143 cells was at 

Cell 
extracts 

Fig. 4. Increased activity for in vitro tran- 
scription of class 111 genes by extracts of cells 
containing pseudorabies virus IE proteins. 
SlOO extracts were prepared as described (38) 
from 143 cells or 143 cells expressing the 
pseudorabies virus IE protein (PR14 and 
PRl5 cell lines). Protein (20 pg) was added to 
40-pl in vitro transcription reactions (38) with 
0.5 wg of VA-I plasmid DNA as template. 
Reactions were incubated for 1 hour at 30°C; 
RNA was extracted and analyzed by electro- 
phoresis on an 8 percent polyacrylamide 8M 
urea gel, followed by autoradiography. 

least 50 times that in HeLa and 143 ceils, 
as determined by densitometry of the 60- 
nucleotide Sl-protected fragment (Fig. 
2). CAT activity 48 hours after transfec- 
tion was three times greater in extracts 
of 293 cells than in HeLa cells, while the 
PR-143 cells and 143 cells had less than a 
twofold difference in the ievel of CAT 
activity, indicating t6at the large differ- 
ences in tRNA gene transcription were 
not the result of differences in the effi- 
ciency of transfection. Thus, for this 
cellular class 111 gene as well as the VA-I 
gene, expression of either the EIA or 
PRV-IE proteins greatly stimulated tran- 
scription of the transfected gene. 

The transfected tRNA gene could also 
be induced by adenovirus infection of 
HeLa cells. HeLa cells were either 
mock-infected or infected with Ad2 and 
then cotransfected with the tRNA argi- 
nine gene and the RSV-CAT gene 6 
hours after infection. Arabinosylcyto- 
sine (Ara-C) was added to the culture to 
prevent viral DNA replication, thereby 
extending the early phase of infection. 
Prolonged treatment of AdZ-infected 
HeLa cells with Ara-C also results in 
high EIA protein concentrations, 10 to 
20 times higher than those observed in 
the early phase of infection of untreated 
HeLa cells (32). Sl nuclease analysis of 
cytoplasmic RNA isolated 48 hours after 
infection showed that adenovirus infec- 
tion induced transcription of the trans- 
fected tRNA gene (Fig. 3A). Infection 
with the EIA deletion mutant dl312 
failed to induce transcription of this class 
I11 gene. Thus, like the class I1 genes p- 
globin (12, 13) and rat preproinsulin I 
(14), the EIA proteins induce transcrip- 
tion of a newly introduced nonvirual 
class 111 gene as well as a viral class I11 
gene. 

EIA proteins stimulate the expression 
of transfected class I1 genes, yet do not 
stimulate tradscription from most endog- 
enous class I1 genes (17). Early studies 
of adenovirus-infected HeLa cells 
showed that the transcription of cellular 
tRNA and 5S ribosomal RNA (rRNA) 
was not stimulated by adenovirus infec- 
tion ahd the resulting expression of EIA 
proteins (33), To confirm this result, we 
analyzed the transcription of endoge- 
nous cellular class I11 genes in adenovi- 
rus-infected HeLa cells that showed high 
expression of transfected class 111 genes. 
HeLa cells were infected with Ad5 or 
were mock-infected, treated with Ara-C 
as in the transfection experiments above, 
and labeled with )'PO4 from 34 to 36 
hours after infection, a time when EIA 
protein levels reach high concentrations 
in Ara-C-treated cells. Total cytoplas- 
mic RNA was isolated and subjected to 
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electrophoresis on an 8 percent poly- 
acrylamide gel to resolve low molecular 
weight RNA's that were detected by 
autoradiography (Fig. 3B). VA-I RNA 
was synthesized at high levels in the 
adenovirus-infected cells. However, 
synthesis of the major endogenous cellu- 
lar class I11 genes, 5s rRNA and tRNA 
genes, changed little with viral infection. 
We did not determine whether less abun- 
dant endogenous pol111 genes were in- 
duced by viral IE proteins. Expression 
of a reiterated class I11 gene is increased 
in SV40-transformed mouse cell lines 
(34). 

From these results we conclude that 
for class I11 genes as well as for class I1 
genes, the expression of E1A proteins 
does not greatly affect the transcription 
of the major endogenous cellular genes, 
even though it has significant effects on 
the transcription of genes introduced by 
transfection. Berger and Folk (35) also 
observed that transcription of transfect- 
ed VA-I and tRNA genes in 293 cells and 
in adenovirus-infected, Ara-C-treated 
HeLa cells was greater than that in unin- 
fected HeLa cells. 

Several investigators have reported 
that gene expression after transfection 
can be affected by factors such as altered 
stability of the transfected DNA in dif- 
ferent cell lines (36) and the transfection 
technique used (37). To rule out such 
possible artifacts of transfection experi- 
ments, we analyzed the effect of viral IE 
proteins on class I11 gene transcription 
by another, independent approach. SlOO 
extracts (38) were prepared from 143 
cells and two cotransformed 143 cell 
lines, PR14 and PR15, which constitu- 
tively express the pseudorabies IE pro- 
tein. When these extracts were assayed 
for in vitro transcription activity with 
exogenous class I11 gene templates, the 
PR14 and PR15 cell extracts were 10 to 
20 times more active than extracts of the 
parental 143 cells (Fig. 4). This high in 
vitro pol111 gene transcriptional activity 
of PR14 and PR15 cell extracts correlates 
well with the stimulation of class I11 gene 
transcription in transfection experiments 
in which PR14 and 143 cells are com- 
pared (Figs. 1 agd 2). Other experiments 
showed that 293 cell extracts and ex- 
tracts of adenovirus-infected, Ara-C- 
treated HeLa cells had significantly 
greater pol111 transcriptional activity in 
vitro than extracts of uninfected HeLa 
cells (39). Thus, both transfection and in 
vitro transcription data demonstrate that 
viral immediate early proteins can acti- 
vate class I11 gene transcription. 

Analysis of VA-I and tRNA gene tran- 
scription in vitro has revealed that active 
templates are assembled into stable tran- 

scription complexes in which at least two 
protein factors are stably associated with 
the DNA template and do not dissociate 
and bind to a second pol111 promoter 
added to an in vitro reaction (40). The 
E lA and IE proteins might activate class 
I11 genes by allowing more DNA mole- 
cules to be assembled into stable tran- 
scription complexes or by modifying a 
component of the stable transcription 
complexes, in such a way that the rate of 
transcription initiation from each com- 
plex is increased. Further analysis of 
extracts prepared from cells expressing 
E1A and IE proteins should distinguish 
between these and other possibilities. 
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Synthesis of Chlorophyllide b from Protochloraphyllide in 

Chlamydomonas reinhardtii y - 1 

Abstract. In cells of Chlamydomonas reinhardtii y-1 kept in the dark, 1,7- 
phenanthroline stimulated the conversion of protochlorophyllide to chlorophyllide b. 
A membrane fraction was obtained from degreened cells that was active in this 
conversion only when phenanthroline was present. Untreated cells excreted proto- 
chlorophyllide, which was used as substrate for this in vitro reaction. This system 
may provide a clue to how chlorophyllide b is synthesized in plant cells. 
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Although chlorophyll a (chl a) is found 
in all photosynthetic plant cells, its oxi- 
dized analog, chlorophyll b (chl b), is 
present only in the higher plants and 
green algae. Both forms are essential for 
proper assembly of the major light-har- 

vesting chl-protein complex in chloro- 
plast membranes (1). Chlorophyllide a 
(chlide a) (2) is synthesized from pro- 
tochlorophyllide (pchlide) by a reduction 
of pyrrole ring D catalyzed by nicotin- 
amide adenine dinucleotide phosphate 
(NADPH) pchlide oxidoreductase (Fig. 
1) (3). In most higher plants, but only a 
few algal strains, this reaction requires 
light. Synthesis of chl b, however, re- 
mains an enigma; no enzymatic activity 
has been identified for this process, nor 
has the immediate precursor been deter- 
mined. It has been presumed, but not 
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