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Human La protein has been shown to serve as a transcription factor for RNA polymerase III (pol III) by
facilitating transcription termination and recycling of transcription complexes. In addition, La binds to the 3’
oligo(U) ends common to all nascent pol III transcripts, and in the case of Bl1-4lu RNA, protects it from
3’-end processing (R. J. Maraia, D. J. Kenan, and J. D. Keene, Mol. Cell. Biol. 14:2147-2158, 1994). Others
have previously dissected the La protein into an N-terminal domain that binds RNA and a C-terminal domain
that does not. Here, deletion and substitution mutants of La were examined for general RNA binding, RNA
3’-end protection, and transcription factor activity. Although some La mutants altered in a C-terminal basic
region bind RNA in mobility shift assays, they are defective in RNA 3’-end protection and do not support
transcription, while one C-terminal substitution mutant is defective only in transcription. Moreover, a C-
terminal fragment lacking RNA binding activity appears able to support low levels of transcription by pol III.
While efficient multiround transcription is supported only by mutants that bind RNA and contain a C-terminal
basic region. These analyses indicate that RNA binding contributes to but is not sufficient for La transcription
factor activity and that the C-terminal domain plays a role in transcription that is distinguishable from simple
RNA binding. The transcription factor activity of La can be reversibly inhibited by RNA, suggesting the

potential for feedback inhibition of pol III transcription.

Eukaryotic RNA polymerase III (pol III) is responsible for
synthesizing the abundant transcripts of tRNA, 5S rRNA, 7SL
RNA, and U6 RNA genes as well as other small RNA genes
(reviewed in reference 44). To produce a sufficient quantity of
RNAs of the correct structure, transcription initiation and
termination must be accurate and reinitiation must be efficient.
pol IIT alone cannot accomplish this and must rely on tran-
scription factors (TFs) that bind to control elements and direct
RNA synthesis. The adenovirus-associated (VA1) RNA gene
and cellular tRNA and Alu genes have internal promoters and
3’ terminators that direct transcription by pol III. Mammalian
TFIIIC1 and TFIIIC2 bind to the control elements of these
genes (12, 43). After TFIIIB joins, the resulting preinitiation
complex is stable and can be recycled for multiple rounds of
transcription by pol III (5, 21, 27, 43).

Mammalian in vitro transcription assays have used reconsti-
tuted systems that contain at least one partially purified frac-
tion. For example, mammalian TFIIIC2, TFIIIB, and pol III
have been highly purified, while TFIIIC1 and TFIIIC1’ repre-
sent relatively crude yet essential fractions (42, 43). In the
Saccharomyces cerevisiae system, elegant studies have shown
that recombinant or highly purified TFIIIB and TFIIIC are
sufficient for multiround transcription (21), although it has also
been reported that transcription can be stimulated by TFIIIE,
a partially characterized fraction (13, 37). Thus, in both yeast
and mammalian pol III systems, while the central factors re-
quired for in vitro transcription have been identified and con-
tinue to be characterized, evidence also suggests that ancillary,
less well characterized factors may stimulate transcription.
While remarkable progress has been made in understanding
assembly of the preinitiation complex, relatively less effort has

* Corresponding author. Mailing address: Building 6, Room 416,
9000 Rockville Pike, Bethesda, MD 20892-2753. Phone: (301) 402-
3567. Fax: (301) 480-6863. E-mail: maraia@ncbi.nlm.nih.gov.

5823

been directed toward understanding of the mechanisms that
mediate transcription termination and the recycling of stable
transcription complexes and pol III (13, 24, 31, 33, 42, 43).

Accumulating evidence suggests that the cis-acting oligo(dT)
termination signal functions not only in RNA 3’-end formation
but also in TFIIIC-mediated assembly and utilization of tran-
scription complexes (2, 14, 43, 46). Although TFIIIC fractions
in yeast and humans appear to differ significantly, a component
of this multisubunit factor appears to bind to the terminators
of certain genes in both systems (reviewed in reference 43; see
reference 21). Terminator-containing, but not terminator-lack-
ing, templates can efficiently recycle a fraction of pol III to the
preinitiation complex by an unknown mechanism (14). Mam-
malian TFIIIC1 binds at the termination signal as well as near
the transcription start site and mediates cooperative assembly
of the transcription complex (43, 46). Thus, in yeast and mam-
malian systems, proper termination appears to facilitate effi-
cient transcription, although the mechanisms that determine
recycling efficiency are not yet sufficiently clear (14, 43). Con-
trols at the levels of recycling of stable transcription complexes
and pol III represent potential mechanisms for regulating
RNA synthesis. Human La protein, a transcription termination
factor for pol 111, has been shown to facilitate recycling of both
stable transcription complexes and pol III (18, 19, 33). Indeed,
La can regulate the recycling potential of mammalian pol III
transcription complexes (15, 31).

Human La is an abundant nuclear protein that associates
with nascent pol III-synthesized RNAs in vivo (20, 28, 36). La
binds specifically to the RNA copy of the pol III termination
signal, the 3’ oligo(U) terminus found on all nascent tran-
scripts synthesized by pol III (41). However, unlike other pol
III TFs which remain bound to the template during multiple
rounds of transcription, La associates with each nascent tran-
script produced, a feature that presumably accounts for high
levels of La in the nucleus (20).

The effects of La on transcription have thus far been appar-
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ent only in mammalian cell extracts from which La has been
depleted (18, 19, 31, 33). Assays performed on either salt-
washed or heparin-and-Sarkosyl-stripped, immobilized tran-
scription complexes showed that utilization of complexes by
pol IIT is increased by La (31, 33). Native complexes isolated by
gel filtration are also stimulated by La (17). Assays with salt-
washed or gel filtration-isolated complexes produce significant
background, presumably due to detectable endogenous La
(not shown), which can complicate analysis of mutant La pro-
teins, especially since this protein can homodimerize (10). The
present study overcomes this limitation by employing a hep-
arin-plus-Sarkosyl-stripped, immobilized transcription com-
plex assay that is dependent on added La (31). This assay was
used to show that phosphorylated and unphosphorylated La
proteins exhibit differential transcription factor activities (15).
It was unclear how phosphorylation at a single site, serine 366,
in the C terminus of La could regulate transcription factor
activity, since the only known transcription-related activity of
La, i.e., nascent-transcript binding, had been localized to the
N-terminal domain (7). The results presented here help clarify
this issue (see Discussion).

Bacterial extracts containing N- and C-terminal deletion
mutants of La have been used previously for immunoprecipi-
tation and electrophoretic mobility shift assays (EMSAs) to
show that RNA binding is mediated by the N-terminal domain
of La (9, 23, 35). Guided by the information obtained from
those studies, we constructed and purified a panel of His-
tagged mutant La proteins and used them in assays of (i)
general RNA binding determined by EMSA, (ii) nascent-RNA
3’-end protection, and (iii) La-dependent pol III transcription.
Although RNA binding contributes to the transcription factor
activity of La, we show that the role of La is not simply to
protect nascent transcripts from degradation in this system.
RNA binding activity is not sufficient for the transcription
factor activity of La, since a discrete basic region near the C
terminus of La is also required.

MATERIALS AND METHODS

Generation of mutant La proteins. A human La cDNA clone (gift of D.
Kenan, Duke University Medical Center) containing an Ncol restriction site at
the N-terminal methionine was subcloned into the vector pET28a (Novagen).
Deletion constructs of this clone were generated by oligonucleotide-mediated
mutagenesis as described previously (25). All constructs, including La 1-408 (the
full-length protein), contained a six-His tag at the carboxyl terminus. C-terminal
deletions were made by using oligodeoxynucleotides that introduced a common
six-His tag followed by a diagnostic Spel site containing the termination codon
TAG. Amino-terminal deletions were made from wild-type La that contained a
C-terminal six-His tag. N-terminal deletions were constructed by using oligode-
oxynucleotides that introduced an Ncol site followed by a sequence coding for
Met and Ala residues. Upstream DNA was then excised as an Ncol-Ncol frag-
ment, and the vector was religated. The following substitution mutants were
constructed by using antisense oligodeoxynucleotides to introduce the indicated
substitutions: for La GXK>DE, amino acids 328 to 344 within the basic glycine-
and-lysine-rich (GK) region were replaced with alternating aspartate (D) and
glutamate (E) residues; for La K>DE, the K residues at positions 339, 341, and
344 were replaced with D, E, and D, respectively; and for LaADXE>GK,
residues 337 to 367 were deleted and residues 368 to 376 within the acidic region
were replaced with alternating glycines and lysines and juxtaposed to residue 336.

Recombinant plasmids were expressed in Escherichia coli BL21(DE3) cells
(Novagen) and purified with Ni**-chelating agarose (Qiagen) under nondena-
turing conditions and eluted with imidazole according to standard procedures.
All the mutant proteins were verified by Western blot analysis with anti-La serum
(data not shown). A few of the proteins appeared to have undergone degrada-
tion, as evidenced by the presence of smaller polypeptides. This was most evident
for La 26-408 and La 46-408. The smaller products were retained by the Ni**
affinity column and were recognized by anti-La antibodies and were therefore
degraded from their N termini.

Purified recombinant La protein that contains no tag (designated rLa) was a
gift of D. Kenan (Duke University Medical Center) and was used as a control in
some experiments. The concentration of rLa protein was determined by optical
density using the extinction coefficient 0.81 as described elsewhere (23). The
concentrations of His-tagged mutant La proteins were determined by comparing
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their intensity following sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and Coomassie blue staining with that of rLa by densitometry
using a Molecular Dynamics scanner and ImageQuant software. Nucleic acid
content was monitored by determining the optical density at 260 or 280 nm of the
preparations. In control experiments, La proteins were further purified by S-
Sepharose chromatography which decreased the amount of contaminating nu-
cleic acid; however, this was found not to alter the relative transcriptional activ-
ities of the La proteins (not shown).

32P.RNA EMSA analysis. DNA containing a promoter for T7 RNA polymer-
ase was generated by PCR amplification of a plasmid containing the human hY4
RNA gene (34) as described previously (29). The primers used in the PCR were
5'-TAATACGACTCACTATAGGCTGGTCCGATGGTA-3' and 5'-AAAAG
CCAGTCAAATTTAGCAGTGGGGGGTT-3'. Transcription reaction mixtures
contained 1 pg of gel-purified PCR product in 40 mM Tris-HCI (pH 8.1)-6 mM
MgCl,-1 mM spermidine-10 mM dithiothreitol-0.01% Triton X-100-56 g of
bovine serum albumin per ml-1 U of RNasin (Promega) per ul-4 U of T7 RNA
polymerase (Promega) per =780 uM ATP, CTP, and UTP-100 p.Ci of [a->?P]
GTP (3,000 Ci/mmol)-77 uM GTP. The **P-RNA products were excised after
electrophoresis in 10% polyacrylamide-8 M urea and eluted in 0.1% SDS-0.5 M
ammonium acetate-10 mM magnesium acetate.

For K, determination, 1,500 cpm of 32p_.hY4 RNA was incubated for 30 min
on ice with increasing concentrations of La protein in 20-pl reaction mixtures
containing 25 mM Tris (pH 8.0), 3 mM MgCl,, 0.1 mM EDTA, 0.5% Nonidet
P-40; 100 mM NacCl, 0.5 mM dithiothreitol, and 250 pg of poly(rC) per ml (23).
Under these conditions, 1,500 cpm of hY4 32P-RNA in a 20-ul reaction volume
was calculated to be 0.6 nM. For subsequent assays testing the binding affinity of
La at the estimated K, value, 1,500 cpm of labeled hY4 RNA was included in the
reaction mixtures (see Fig. 2A). The EMSA experiment with higher La concen-
trations (see Fig. 2B) utilized 2,250 cpm of hY4 RNA. The products were
analyzed by electrophoresis on 8% native polyacrylamide gels followed by auto-
radiography. All radioactive quantitation was done with a PhosphorImager using
ImageQuant software (Molecular Dynamics).

Nuclear extract. Nuclear extract was prepared from murine erythroleukemia
(MEL) or HeLa cells as previously described (32). pol III was purified from a
0.29 to 0.7 M KCI elution of a phosphocellulose column fraction of HeLa
whole-cell S100 extract by a modification of a procedure described previously
(39). The eluate was applied to DEAE-cellulose (DES52), and the material
containing pol IITI activity eluted between 0.09 and 0.13 M (NH,),SO, was used.
By use of a poly(dA-dT) template, pol III activity was determined as the amount
of [PH]dUTP incorporation that was sensitive to 1 mg of a-amanatin per ml but
resistant to 0.5 wg/ml. One unit of activity incorporates 1 pmol of [’ H][dUMP into
RNA in 20 min at 37°C. The activity of the pol III preparation used here was 17
Ul/pg (20 U/ul).

pol III transcription assay. Immobilized transcription complexes containing
the VA1 RNA gene were assembled in MEL nuclear extract, washed, and
stripped of pol III activity as described previously (31). The complexes were
equilibrated, and transcription was reinitiated upon addition of pol IIT (20 U), La
(20 pmol), and a-3?P-labeled nucleoside triphosphates (NTPs) in a 25-p.l reac-
tion volume as described elsewhere (31). Following a 30-min incubation, the
reactions were stopped and the products were purified by phenol-chloroform
extraction and ethanol precipitation and analyzed by electrophoresis on a 6%
polyacrylamide-8 M urea gel and autoradiography. For some experiments, pol
III-synthesized VA1 RNA was gel purified prior to addition to reaction mixtures.

Single-round transcription. pol I1I-depleted complexes, prepared as described
above, were incubated with 20 pmol of La protein, pol IIT (20 U), 0.5 mM ATP
and CTP, 0.03 mM GTP, and [«->?P]GTP for 10 min at 30°C to arrest pol III at
the first U residue (position 7 of VA1 RNA). Sarkosyl (final concentration,
0.05%) and UTP (final concentration, 0.6 mM) were then added, and incubation
continued for various times as indicated below. The reactions were stopped and
the 32P-RNA products were analyzed as described above.

Nascent B1-Alu RNA 3'-end protection. 3’-end protection reactions were
carried out by preincubating immobilized, EcoRI-linearized pGBle DNA with
HeLa nuclear extract (20 pg of total protein per reaction mixture), ATP, CTP,
and GTP for 2 h; the supernatant was then removed, and the immobilized
complexes were washed twice with transcription buffer lacking NTPs (33). pol III
(20 U), La (20 pmol), ATP, CTP, UTP, and [a-*?P]GTP (see Fig. 3A) or T7
RNA polymerase-synthesized, gel-purified nascent B1-4lu 3?P-RNA (see Fig.
3B) were added, and the reaction mixtures were allowed to incubate for an
additional 60 min. The supernatant was recovered, and RNA was purified and
analyzed by denaturing PAGE and autoradiography.

RESULTS

A current model of the human La protein is shown at the top
of Fig. 1A (3, 23), below which is shown a representation of the
La proteins used in this study. The deletion mutant La proteins
were purified and examined by SDS-PAGE and Coomassie
blue staining (Fig. 1B). These proteins exhibited the expected
relative mobilities in SDS-PAGE. A summary of the activities
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of these La proteins in three assays (below) is presented in Fig.
1A.

RNA binding by mutant La proteins. We examined the abil-
ity of purified La proteins to bind hY4 **P-RNA, a 3'-oligo(U)-
containing, 94-nucleotide (94-nt), natural pol III product that
remains stably associated with La in vivo (20). The affinity of
wild-type La for hY4 RNA was measured in an EMSA by ti-
trating a fixed amount of **P-RNA with increasing amounts of
purified La protein and a constant amount of the nonspecific
competitor poly(C) (9). Under these conditions, the apparent
K, of the La-h'Y4 RNA interaction was determined to be 5 nM
(data not shown). In the presence of poly(C), twofold-less h'Y4
RNA was bound by La at 5 nM than in its absence (not shown).
Our results are similar to the K, of 6 nM obtained for La and
hY1 RNA by a similar approach (9).

Our mutant proteins were then tested at 5 nM for their
ability to bind hY4 RNA (Fig. 2A). La proteins containing 187
or fewer N-terminal residues did not bind significant amounts

of RNA under these conditions (Fig. 2A, lanes 2 to 5). By
contrast, La proteins containing more than 187 N-terminal
residues bound the RNA efficiently (Fig. 2A, lanes 6 to 10).
Constructs lacking 25 or more residues of the N terminus (e.g.,
La 26-408) failed to bind hY4 RNA (Fig. 2A, lanes 12 to 17).
Since La 1-187 terminates at the boundary of RRM-2 and
binds RNA inefficiently, we suspect that additional residues
might stabilize the structure and increase RNA binding. There-
fore, with the possible exception of La 1-187, these results
agree with those reported previously (9, 23, 35, 40). Efficient
binding of La to hY4 RNA requires amino acids near the
N terminus, including ones at the start of RRM-1 as well as
RRM-2.

Because our transcription reactions (below) required con-
centrations of La that exceed its apparent K, for hY4 RNA, we
also examined binding at a higher concentration of La (30 nM;
Fig. 2B). RRM-1 alone, as represented by La 1-103, La 1-145,
and La 1-160, did not interact efficiently with hY4 RNA (Fig.
2B, lanes 1 to 3). At 30 nM, La 1-187 bound hY4 RNA,
although relatively weakly, since it reproducibly appeared to
dissociate during electrophoresis (Fig. 2B, lane 4). As ex-
pected, La proteins extending beyond amino acid 235 bound
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FIG. 2. RNA binding activity of mutant La proteins. Radiolabeled hY4 RNA was incubated with 5 (A) and 30 (B) nM La. Ribonucleoprotein complexes were
separated from free unbound RNA and visualized by autoradiography after electrophoresis in nondenaturing 8% polyacrylamide gels. The La mutants, designated

according to Fig. 1, used in each reaction are indicated above the lanes.

the RNA efficiently (Fig. 2B, lanes 5 to 10). The doublet bands
of La-RNA complexes seen with high concentrations of La
proteins extending to amino acid 363 and beyond (Fig. 2B,
lanes 7 to 10) may be due to dimerization of La (10), although
we have not examined this further. In contrast to the finding of
no detectable binding at 5 nM La, mutants La 26-408, 46-408,
and 104-408, each lacking part or all of RRM-1, reproducibly
bound hY4 RNA at 30 nM (Fig. 2B, lanes 11 to 13). Mutants
La 188-408, 229-408, and 303-408, which contain RRM-3 (3)
but not RRM-1 or RRM-2, did not bind hY4 RNA under these
conditions (Fig. 2B, lanes 14 to 16). Thus, as monitored by
EMSA, RRM-1 appears to increase the affinity of La for hY4
RNA but is not necessary for hY4 RNA binding at high con-
centrations. As will be suggested by data shown below, a role
for RRM-1 may be to contribute to high-affinity 3’-oligo(U)-
specific binding (23). The EMSA results are summarized in
Fig. 1A.

Nascent-RNA 3’-end protection is mediated by the N- and
C-terminal domains of La. Previous data indicated that La
protected the 3’ end of nascent B1-4/u RNA from nuclease
attack (33). Employing conditions that allow efficient posttran-
scriptional processing, we examined the ability of mutant La
proteins to protect nascent B1-4lu RNA from 3’-end process-

ing in coupled pol III transcription-processing assays (Fig. 3A)
and in isolated 3’-end processing assays using presynthesized,
gel-purified nascent B1-Alu RNA (Fig. 3B). The results are
summarized in Fig. 1A.

Stalled transcription elongation complexes were formed
during a preincubation period, and excess nuclear extract (con-
taining La) was then washed away; upon incubation with NTPs
(and pol III), a primary transcript of 210 nt that then under-
goes 3’-end processing to a 135-nt species is produced (1, 32,
33). An equivalent 135-nt transcript known as scB1 RNA ac-
cumulates in vivo (1, 8, 29, 30, 32). In the absence of La (Fig.
3A, lane 12), most of the **P-RNA produced from the B1-Alu
template in these reactions was processed, although a small
amount of primary transcript remained (Fig. 3A, bands P and
1°). Reaction mixtures that contained La 1-408, 1-390, and
1-363 produced mostly the primary transcript, with little if any
processed RNA (Fig. 3A, lanes 1 to 3). In contrast, reac-
tion mixtures that contained mutants La 1-145, 1-103, 303-408,
and 188-408 exhibited no 3’-end protection activity (Fig. 3A,
lanes 6 to 9). Reaction mixtures containing mutants La 104-408
and 26-408 yielded a relatively small amount of primary tran-
script and some processed RNA, indicating inefficient protec-
tion activity (Fig. 3A, lanes 10 and 11). La 104-408 reproduc-
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FIG. 3. N- and C-terminal domains of La protect nascent RNA from 3'-end
processing. (A) After preincubation of immobilized B1-4lu DNA, nuclear ex-
tract, ATP, CTP, and GTP, transcription complexes were washed and supple-
mented with pol III, NTPs including [«-**P]GTP, and the mutant La proteins
indicated above the lanes. After an additional 60-min incubation, soluble 32P-
RNA was recovered, purified, and analyzed by denaturing PAGE and autora-
diography. The positions of the Bl-Alu primary transcript (1°) and 3’-end-
processed RNA (P) are indicated on the right. (B) Same as for panel A except
that presynthesized, gel-purified B1-4/u 3?P-RNA containing a 3’ oligo(U) tract
was added instead of [a->*P]GTP.

ibly yielded a smear of transcripts that migrated between the
primary and processed RNAs, suggesting that an exonuclease
was responsible (Fig. 3A, lane 10).

Reaction mixtures containing mutants La 1-328 and 1-187
produced RNA species whose mobilities were slightly slower
than that of the fully processed RNA (Fig. 3A, lanes 4 and 5).
This surprising result suggested that residues 329 to 363 play a
role in nascent-RNA 3’-end protection. This was supported by
results with La GXK>DE. This protein did not protect the
primary transcript and yielded a doublet of processed RNA
(Fig. 3A, lane 14), the upper band of which exhibited mobility
similar to those of the products produced with La 1-328 and La
1-187. Although the discriminating features of the different
forms of the processed RNA are unknown, the effect was clear:
disruption of the C-terminal basic region (residues 328 to 344),
as in La GXK>DE, abrogates protection of B1-4/u RNA from
3’-end processing. Since La GXK>DE binds RNA in EMSAs
(see Fig. 5B), these results suggest that its inability to protect
nascent RNA from 3’-end processing is due to a specific defect
which is not observed by monitoring general RNA binding by
EMSA. However, alteration of just three residues in the basic
region did not compromise the RNA 3’-end protection activity
of La (La K>DE; Fig. 3A, lane 13).

A similar pattern was obtained by using presynthesized, gel-
purified B1-Alu **P-RNA in isolated 3'-end processing reac-
tions (Fig. 3B).

It is noteworthy that while deletion (La 104-408) or disrup-
tion (La 26-408) of RRM-1 decreases 3’-end protection more
or less to the same degree as in the C-terminally deleted La
1-187 and La 1-328, these RRM-1 mutants do not abrogate
protection to the degree of mutants that also lack RRM-2 (La
1-145, 1-103, 303-408, and 188-408). The cumulative results
suggest that RRM-1 and the C-terminal domain may each
contribute to the 3'-end protection activity of La.
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Only La proteins that bind RNA and contain a C-terminal
basic region support efficient transcription by pol III. Having
established the pattern of RNA binding exhibited by the mu-
tant La proteins, we next examined them for transcription
factor activity. The results are shown in Fig. 4A and summa-
rized in Fig. 1A. La 1-328 and all the more extensively C-
terminally deleted proteins did not support transcription (Fig.
4A, lanes 1 to 6), while La 1-363, 1-390, and 1-408 supported
efficient transcription (lanes 7 to 9). This indicates that the
region containing residues 328 to 363 is required for transcrip-
tion activity, while the last 44 amino acids are dispensable.

La 26-408, 46-408, and 104-408 were highly active, indicating
that the N-terminal 103 amino acids are not required for effi-
cient transcription in this system (Fig. 4A, lanes 11 to 13). La
188-408 reproducibly yielded a faint signal (lane 14) equal to
10 to 15% of the signal produced by La 1-408 (La 188-408 will
be examined below). Although not visible in Fig. 4A, a low
level of VA1 RNA synthesis was reproducibly detected in
reaction mixtures containing La 229-408.

The experiment whose results are shown in Fig. 4B provides
direct evidence that La promotes synthesis of nascent RNA as
opposed to stabilization of the newly synthesized transcript.
After formation, stripping, and washing steps, transcription
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FIG. 4. pol III transcription factor activity of La N- and C-terminal deletion
proteins. (A) After VA1 transcription complexes were assembled, depleted of
pol III activity, and washed, equal amounts were aliquoted and the La protein
(20 pmol) indicated above each lane was added. Purified pol IIT (20 U) and
32P_NTPs were then added, and the reaction mixtures were incubated for 40 min.
VAL 3?P-RNA was visualized on 6% polyacrylamide-8 M urea gels. (B) After
VAL transcription complexes were assembled, depleted of pol III activity, and
washed, they were repleted with pol ITT (20 U) and NTPs with or without added
La. [a-*?P]GTP was added to monitor de novo RNA synthesis (lanes 1 to 4), or
VAL 3?P-RNA was added to reaction mixtures to monitor RNA stability (lanes
5t0 9). The reaction mixtures were then incubated for 40 min, and the products
were purified and visualized on 6% polyacrylamide-8 M urea gels. The following
La mutants were used: lanes 1 and 6, La 1-328; lanes 2 and 5, La 1-363; lanes 3
and 7, La GXK>DE; and lanes 4 and 8, La 188-408. Lane 9, the input VA1
32P_RNA loaded directly without exposure to transcription reactions; lane m,
molecular mass markers. A faint band was visible in lane 4 upon overexposure
(not shown).
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FIG. 5. Characterization of La substitution proteins. (A) SDS-PAGE and
Coomassie blue staining. (B) EMSA using hY4 3?P-RNA and the mutant La
proteins indicated, as described for Fig. 2B. RNP, ribonucleoprotein. (C) Tran-
scription factor activities of the mutant La proteins assayed as described for Fig.
3. The La mutant used for each reaction is indicated above the lane, designated
according to Fig. 1A.

complexes were aliquoted to multiple tubes. The transcription
reaction mixtures were set up containing either [a->*P]GTP to
monitor de novo RNA synthesis (Fig. 4B, lanes 1 to 4) or gel-
purified VA1 *?*P-RNA to monitor RNA stability (lanes 5 to 9).
After the standard incubation period, RNA was purified as
usual and examined. It was clear that these transcription reac-
tion mixtures containing La proteins that were either active
(Fig. 4B, lane 2) or inactive (lanes 1, 3, and 4) for de novo
RNA synthesis exhibited no RNA degradation activity (lanes 5
to 8). As expected, VA1 *?P-RNA remained intact in these
reactions in the absence of added La (not shown) or in the
presence of various La proteins (Fig. 4B, lanes 5 to 8), regard-
less of the activity of these proteins in the transcription assay.
Thus, in this transcription assay, La is required for de novo
RNA synthesis.

The C-terminal basic region of La is required for transcrip-
tion factor activity. La residues 329 to 363 are highly enriched
in glycine (G) and lysine (K) (23). One approach to further
examine the importance of this region in transcription factor
activity was to replace amino acids 328 to 344 with alternating
aspartate (D) and glutamate (E) residues (designated La
GXK>DE). In another construct, we replaced only three res-
idues, lysines at positions 339, 341, and 344, with D, E, and D,
respectively (designated La K>DE). In a separate construct,
we deleted residues 337 to 367 and in addition replaced resi-
dues 368 to 376 with alternating GK (LaADXE>GK). The net
effect of the LaADXE>GK mutation was to replace the C-
terminal end of the native GK region with a uniform set of GK
residues, producing a shorter protein. These proteins are rep-
resented in Fig. 1A and are compared to La 1-408 in the Coo-
massie blue-stained SDS gel in Fig. SA. Although La GXK>
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DE migrated more slowly than expected, DNA sequencing
verified this construct and other constructs (not shown).

Each of the three internally modified La proteins bound h'Y4
RNA well, as expected (Fig. 5B). However, La GXK>DE did
not support transcription (Fig. 5C, lane 2). Replacement of
three lysines at positions 339, 341, and 344 with acidic amino
acids reduced transcription dramatically (La K>DE [Fig. 5C,
lane 4]). In contrast to these mutants, LaAADXE>GK sup-
ported efficient transcription (Fig. 5C, lane 3), suggesting that
the basic nature of the GK region rather than its exact se-
quence is required for transcription activity. The possibility
that La proteins were differentially degraded during the tran-
scription assay was excluded by examination by SDS-PAGE
(not shown).

C-terminal fragment La 188-408 supports low-level tran-
scription but is defective for efficient multiround transcription
by pol III. One explanation to account for the reproducibly low
but detectable level of transcription observed in the presence
of La 188-408 (Fig. 4A, lane 14) might be that initiation by pol
III is inefficient in each of the multiple rounds of transcription
that occur in these reactions (31). Alternatively, the first initi-
ation by pol III might be efficient but recycling might be inef-
ficient. We investigated these possibilities (Fig. 6A) by com-
paring the La mutants simultaneously in single-round (lanes 1
to 11) and multiple-round (lanes 12 to 19) transcription assays.
Preassembled transcription complexes were prepared and in-
cubated with La protein, pol III, CTP, ATP, and GTP. Under
these conditions, pol III initiates transcription but cannot ex-
tend the RNA chain due to the lack of UTP (31). Upon
addition of UTP, pol III completes a single cycle of RNA
synthesis but is unable to reinitiate in the presence of 0.05%
Sarkosyl (24, 31). A parallel control reaction demonstrating
that pol III was indeed limited to a single cycle in the presence
of full-length La is presented in Fig. 6, lanes 20 to 22, which
shows that the RNA products do not increase after 5, 25, and
45 min, respectively. Quantitation of the VAl *2P-RNA is
indicated in radioactive counts below the lanes.

In the 5-min single-round assay, La 188-408 reproducibly
supported transcription (Fig. 6A, lane 10) to greater than 50%
of that of La 1-408 (Fig. 6A, lane 7). In contrast to single-round
assays, parallel multiple-round assays with La 188-408 revealed
that VA1 RNA synthesis reproducibly occurred at significantly
lower levels than in reactions using La 1-408 (Fig. 6A, lanes 18
and 16, respectively). The amount of RNA synthesis in the
multiple-round reaction using La 188-408 was reproducibly
and remarkably similar to the amount in the single-round re-
action using full-length La (Fig. 6A, compare lanes 18 and 7).
As a way to examine the capacity for multiple- versus single-
round transcription that corrects for the intrinsic activity of
each protein, we compared the ratios of multiple- to single-
round results obtained with various La proteins. This ratio
ranged from 5.9 to 6.7 for La 1-408, 1-363, 1-390, and 26-408
but was only 1.7 for La 188-408 (Fig. 6A). La 188-408 repro-
ducibly yielded a relatively low index of reinitiation (not
shown). By this analysis, La 188-408 was significantly less active
at recycling pol III transcription complexes than were the other
proteins.

Although pol III could complete a single round of transcrip-
tion within 5 min in the presence of La 1-408, as expected (Fig.
6A, lanes 20 to 22), the results did not rule out the possibility
that this was an insufficient amount of time in the presence of
La 188-408. Therefore, we also examined the transcription
activities of La 188-408 and La 1-408 at different times under
single-round conditions. On repeated attempts, we found that
La 188-408 was always only moderately impaired in single-
round assays. For example, an experiment that examined sin-
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FIG. 6. Single- versus multiple-round transcription assay of La 188-408. (A) After VA1 complexes were assembled, depleted of pol III activity, washed, and
aliquoted, transcription was limited to a single initiation (lanes 1 to 11 and 20 to 22) or allowed to continue under conditions that allow multiple-round transcription
(lanes 12 to 19). Incubation was for 5 and 40 min for single- and multiple-round assays, respectively. A control for the single-round assay in the presence of wild-type
La (see text) is also shown (lanes 20 to 22). All reactions were performed simultaneously, and all products were coelectrophoresed. The La mutant used in each reaction
is indicated above the lane, designated according to Fig. 1A. The radioactive counts for each VA1 RNA band as determined by PhosphorImager analysis are shown
below the lanes. (B) Single-round assays in the presence of either La 1-408 or La 188-408 performed as described for panel A. Sample aliquots were removed at the

times indicated.

gle-round assays at various times showed that La 188-408 ex-
hibited about 50% of the activity of La 1-408 (Fig. 6B).

Although we do not know the mechanistic basis for the
apparent difference in single- versus multiple-round transcrip-
tion exhibited by La 188-408, we can nonetheless conclude that
this protein which lacks RNA binding can promote limited
transcription by pol III and is most defective in supporting
multiple-round transcription.

La transcription factor activity is inhibited by RNA. The
data this far suggested that La’s ability to bind RNA contrib-
utes to but is not sufficient for efficient transcription. We there-
fore examined whether exogenous RNA would interfere with
La’s transcription factor activity in this system. Figure 7 shows
the effect on transcription of preincubating La with exogenous
RNA. Unlabeled hY4 RNA was preincubated with La 1-408
and added to isolated transcription complexes with pol III and

1-408 (pmoles) 20 20 20 20 20 40 60 20 20 20 O O 20 20 0
1-328(pmoles)y 0 O O O O O O 30 50 60 50 60 60 0 0
hY4 RNA (pmoles) 60 0 15 30 60 60 60 60 60 60 O O O 0 0
Pollll (U) 40 20 20 20 20 20 20 20 20 20 20 20 20 40 40

-

VA1- ‘

“ L —

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

FIG. 7. RNA inhibits La transcription factor activity. Unlabeled hY4 RNA was preincubated with La 1-408 and/or La 1-328 in the amounts shown above the lanes.
Together with pol IIT and 3>P-NTPs, La and hY4 RNA were then added to isolated transcription complexes, and VA1 3>P-RNA synthesis was allowed to continue under

standard multiple-round conditions.
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32P_NTPs, and VA1 **P-RNA synthesis was monitored in mul-
tiple-round assays. hY4 RNA produced a concentration-de-
pendent decrease in transcription (Fig. 7, lanes 2 to 5). Signif-
icantly, we could recover VA1 RNA synthesis by increasing the
amount of La in the reaction mixture (Fig. 7, lanes 6 and 7).

Maximum inhibition occurred with 60 pmol of hY4 RNA
(Fig. 7, lanes 2 to 5). Adding a twofold excess of pol III to h'Y4
RNA-inhibited reaction mixtures stimulated some transcrip-
tion (Fig. 7, compare lanes 1 and 5). However, increasing the
amount of La twofold led to recovery of substantially more
transcription (Fig. 7, compare lanes 5 and 6) than did pol III
(compare lanes 1 and 5), and most transcription was recovered
by higher concentrations of La (lane 7). The stimulation by
excess pol IIT was not unexpected, since our pol III preparation
contains a small amount of La (data not shown) and in excess
can promote low-level transcription in the absence of exoge-
nous La (Fig. 7, lane 15). Thus, the increased transcription in
response to excess pol III may be due at least in part to the
unavoidable addition of La. In any case, although we cannot
rule out the possibility that a small amount of hY4 RNA’s
inhibitory effect may be mediated through pol III directly in
these reactions, the results indicate that most of the inhibition
is mediated through La.

In contrast to La 1-408, La 1-328 could recover only a frac-
tion of the hY4 RNA-mediated inhibition (Fig. 7, lanes 8 to
10). This protein could not promote transcription on its own
(Fig. 7, lanes 11 and 12). The ability of La 1-328 to relieve
inhibition did not appear to be due to stimulation of wild-type
La, since mixing La 1-328 and La 1-408 led to a slight decrease
in transcription in the absence of exogenous RNA (Fig. 7,
compare lanes 13 and 2). The results suggest that the RNA-
binding activity of La 1-328 was responsible for relieving h'Y4-
mediated transcription inhibition, although it was not as effi-
cacious as was full-length La at reversing inhibition. This is
probably because La 1-328 does not interact with nascent RNA
as well as full-length La, as reflected by the RNA 3’-end pro-
tection results (Fig. 3). Nonetheless, the cumulative data in
Fig. 7 allow the conclusion that nascent hY4 RNA can inhibit
transcription in these reactions and that this effect is mediated
by full-length active La protein.

DISCUSSION

The major conclusion that can be drawn from this work is
that RNA binding contributes to but is not sufficient for the pol
IIT transcription factor activity of La. This conclusion is sup-
ported by results with deletion mutants La 1-235 and La 1-328
as well as substitution mutants La GXK>DE and La K>DE,
which bind RNA efficiently but do not support transcription. In
addition, we identified the C-terminal basic region of La, in-
cluding residues 329 to 363, as a motif that is required for pol
III transcription activity in this system. Results obtained with
the heparin- and Sarkosyl-prepared complexes used here were
confirmed by using native transcription complexes isolated by
gel filtration. In that case, the general pattern of differential
activity obtained for the La mutants tested was the same as
reported here (17).

RNA binding and the transcription factor activity of La. An
unexpected finding was that the C-terminal basic region of La
appears to be required for nascent RNA 3’-end protection.
The presence of an intermediate band in the presence of cer-
tain C-terminally altered proteins (e.g., Fig. 3, lanes 4, 5, 10,
and 13) suggests the possibility that La recognizes via discrete
bipartite signals in the nascent transcript, mediated by N- and
C-terminal domains of La, and that nascent-transcript process-
ing may occur in distinct steps. In any case, the data indicate
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that the C-terminal domain of La is clearly involved in both
transcription and the kind of RNA binding that is specific to
La, namely, 3'-end recognition. Some of the C-terminally al-
tered proteins that are defective in transcription (La 1-187,
1-328, and GXK>DE) are also defective in RNA 3’-end pro-
tection. However, some proteins defective in 3’-end protec-
tion, such as La 104-408 and La 26-408, are competent for
transcription, whereas the protein La K>DE, which is defec-
tive for transcription, is competent for general RNA binding
and RNA 3'-end protection. Thus, with regard to efficient
transcription factor activity, a deficiency in 3’-end protection is
tolerable as long as the ability to interact with RNA is main-
tained and the C-terminal basic region is intact.

Although RRM-1 increases the affinity of La for hY4 RNA,
RRM-1 is not required for RNA binding at high concentra-
tions (Fig. 2) or for efficient transcription (Fig. 4). However,
RRM-1 appears to confer some nascent-RNA 3'-end protec-
tion, since its deletion or disruption leads to the appearance of
processed RNA (Fig. 3, lane 10). Disruption or deletion of
RRM-1 does not abrogate protection entirely, suggesting that
RRM-2 and/or downstream residues may contribute to oli-
go(U) binding and 3’-end protection.

The results reported here are consistent with a model in
which La interacts with the 3" oligo(U) tract of nascent RNA
to facilitate transcription termination and recycling of tran-
scription complexes. However, as noted above, not all proteins
that lead to diminution of 3’-end protection are defective in
transcription. For example, La 104-408 provides sufficient RNA
binding activity to fulfill La’s requirement for RNA binding
during multiround transcription, even though this protein ex-
hibits a deficiency in RNA 3’-end protection. An explanation
for this may be that while efficient protection from RNA 3’-end
processing presumably requires sustained tight binding be-
tween La and the oligo(U) terminus throughout the course of
the nuclease protection assay, association between La and the
oligo(U) tract for a brief time at termination may be sufficient
to confer transcription factor activity as assayed here.

Although evidence of involvement of RRM-3 in any of the
biochemical activities of La reported here is lacking, we note
that this putative RRM (3) has not been systematically exam-
ined. While this motif is absent in yeast La, it is conserved in
the La proteins from insects to humans, suggesting an impor-
tant role in RNA biogenesis (23, 45). Additional mutants in
which the three RRMs can be internally mutated and/or
swapped should help clarify the roles of the RRMs in general
RNA binding, 3’ oligo(U) binding, and transcriptional activity.

The C-terminal domain of human La as a regulatory motif.
These results reveal a role for the basic region of La in tran-
scription. Transcription factor activity of La is inhibited by
phosphorylation of serine 366, the single site found phosphor-
ylated in vivo (15). However, until now, a potential target for
phosphoserine 366-mediated transcription inhibition was un-
known. Phosphoserine 366 resides just downstream of the
basic region that was identified here as being functionally im-
portant for transcription. We can now propose that the basic
region is required for and controls the transcription factor
activity of La and that it can be negatively regulated by phos-
phorylation at the nearby site, serine 366. The unexpected
finding that deletion or disruption of the C-terminal basic
region of La leads to loss of RNA 3’-end protection suggests
that a role for this region in transcription is to recognize the
nascent-RNA 3’ end. An issue for future studies is whether
additional, i.e., extragenic, targets in the transcription appara-
tus that interact with La can be identified.

An important question is why a role for La in pol III tran-
scription in the yeast S. cerevisiae has not been observed. In
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general, pol III in S. cerevisiae and higher eukaryotes is re-
markably conserved at the level of transcription initiation (16).
However, differences have been noted with regard to the lack
of sequence homology of TFIIIC (but not TFIIIB) subunits,
pathways of transcription complex assembly, and perhaps func-
tion of TFIIC (11, 26, 38, 43, 46). A more fundamental and
noteworthy difference in this regard may be that yeast class III
genes require significantly longer termination signals than do
vertebrates (i.e., seven T’s are optimal in S. cerevisiae as op-
posed to four T’s in Xenopus [2, 4]). Thus, it may be significant
that the tRNA and 5S rRNA genes studied in the yeast system
carry the termination signals T,CT, and T,,, respectively, and
these may facilitate termination and recycling of pol III better
than the T, terminators of VA1 and other vertebrate class 111
genes, providing a possible explanation for why La homologous
protein is not required in the yeast system (22, 45). These
species-specific idiosyncrasies of pol III termination may re-
flect subtle yet intriguing differences in the pathways of termi-
nation and reinitiation in the two phyla.

RNA-mediated inhibition of transcription. La-dependent
transcription can be inhibited by exogenous RNA, and, impor-
tantly, this inhibition can be reversed by excess La (Fig. 7). In
addition to supporting the notion that a free RNA binding site
is required for efficient transcription factor activity of La, the
results demonstrate a potential for feedback inhibition of RNA
synthesis. Two studies have examined the effects of exogenous
RNA on pol III transcription. By chelating La with RNA,
Gottlieb and Steitz (18) produced transcription complexes in
which pol IIT appeared to be stalled at the terminator, although
the amount of transcription was not shown to be decreased by
exogenous RNA. Brow and Geiduschek (6) demonstrated that
exogenous 5S rRNA inhibited 5S rRNA gene transcription.
This effect was presumably due to sequestration of TFIIIA, a
transcription complex assembly factor that also binds 5S
rRNA. The present study is to be distinguished from the pre-
vious ones. By using preassembled, isolated transcription com-
plexes, our analysis focused on the utilization of transcription
complexes by pol III, not their assembly.

A model of La action. Efficient termination as has been
reported for human La facilitates efficient recycling of preas-
sembled transcription complexes and pol III (33). Facilitated
recycling by yeast pol III onto the same template is dependent
on the presence of downstream sequences that include the pol
III terminator (14). Likewise, downstream sequences are re-
quired for efficient assembly and utilization of yeast, insect,
and mammalian transcription complexes (2, 43, 47). The re-
quirement for downstream sequences including a functional
pol III terminator in facilitated recycling suggests that proper
termination plays a role in restoring reinitiation competence to
the exiting polymerase and/or the transcription complex, al-
though other explanations are possible and this has not been
rigorously examined. We envisage that La promotes efficient
transcription by facilitating conversion of a transcription ter-
mination complex to a reinitiation-competent complex.

The results presented here and elsewhere support a model
in which La interacts with the nascent RNA at termination and
then must free itself of the RNA product before it can support
another cycle of transcription by pol III. This implies a mech-
anism by which negative feedback can control RNA synthesis
and suggests that dissociation of La and nascent RNA is an
important step in the regeneration of a free La protein that will
be active for a subsequent round of transcription.
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