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La is an RNA-processing-associated phosphoprotein so highly conserved that the human La protein (hLa)
can replace the tRNA-processing function of the fission yeast La protein (Slalp) in vivo. La proteins contain
multiple trafficking elements that support interactions with RNAs in different subcellular locations. Prior data
indicate that deletion of a nuclear retention element (NRE) causes nuclear export of La and dysfunctional
processing of associated pre-tRNAs that are spliced but 5’ and 3’ unprocessed, with an accompanying decrease
in tRNA-mediated suppression, in fission yeast. To further pursue these observations, we first identified
conserved residues in the NREs of hLa and Slalp that when substituted mimic the NRE deletion phenotype.
NRE-defective La proteins then deleted of other motifs indicated that RNA recognition motif 1 (RRM1) is
required for nuclear export. Mutations of conserved RRM1 residues restored nuclear accumulation of NRE-
defective La proteins. Some RRM1 mutations restored nuclear accumulation, prevented disordered pre-tRNA
processing, and restored suppression, indicating that the tRNA-related activity of RRM1 and its nuclear export
activity could be functionally separated. When mapped onto an hLa structure, the export-sensitive residues
comprised surfaces distinct from the RNA-binding surface of RRM1. The data indicate that the NRE has been
conserved to mask or functionally override an equally conserved nuclear export activity of RRM1. The data
suggest that conserved elements mediate nuclear retention, nuclear export, and RNA-binding activities of the
multifunctional La protein and that their interrelationship contributes to the ability of La to engage its
different classes of RNA ligands in different cellular locations.

La is an abundant protein whose capacity to bind a variety of
noncoding RNAs and mRNAs lends itself to numerous activ-
ities (26). La proteins from yeast to human have been impli-
cated in the production of tRNAs, rRNAs, ribosomal proteins,
and other components of the translational machinery (13, 16,
19, 20). In human cells, most La is phosphorylated on serine-
366 by protein kinase CK2, resides in the nucleoplasm, and is
associated with nascent pre-tRNAs (17, 32). Nonphosphory-
lated La is most concentrated in the nucleolus (15, 16) and was
independently found at tRNA and other RNA polymerase
III-transcribed genes (4), but it also resides in the cytoplasm
associated with 5'TOP mRNAs that encode ribosomal proteins
and translation factors (16). Trafficking signals in human La
include a nuclear localization signal (NLS), a nuclear retention
element (NRE) first identified by microinjection of Xenopus
oocytes and later confirmed in fission yeast (14, 35), and a
nucleolar localization signal (10, 15). Although trafficking may
be important for its different activities (19), knowledge of the
functional significance of alterations in La trafficking in specific
RNA pathways is limited.

Sequence-specific binding to 3’ UUU-OH, the termination
motif found on nascent pre-tRNAs and other transcripts syn-
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thesized by RNA polymerase 111, is the activity responsible for
the best-established function of La proteins, protection of
RNA ligands from 3" exonucleolytic digestion (11, 12; reviewed
in references 27 and 41). Nascent pre-tRNAs require 5’ and 3’
end processing, numerous modifications, CCA addition, ami-
noacylation, nuclear export, and splicing, if necessary, prior to
the appearance of a mature functional tRNA in the cytoplasm
(9). Recent findings have revealed that the tRNA production
pathway is highly complex in biochemistry, spatial organiza-
tion, and sequential order (9, 29). In what order are the 5’
leader, intron, and 3’ trailer normally removed from a pre-
tRNA, and in which cellular compartments do these reactions
occur?

In yeast, removal of the 5’ leader by RNase P appears to be
the earliest processing step for most pre-tRNAs, occurring at
or near tRNA transcription sites, in the nucleolus (2; reviewed
in references 6, 9, and 30). Consistent with this and the idea
that La is the first protein to interact with nascent pre-tRNAs,
La directs 5" processing to precede 3’ processing, since this
order is reversed in its absence (17, 43). Removal of the 3’
trailer is believed to occur in the nucleus, as do some modifi-
cations, CCA addition, and aminoacylation (9, 24, 42). The
discovery that tRNA splicing occurs in the cytoplasm in yeast
(44) is consistent with splicing occurring after 5’ end process-
ing (9, 29). An equally surprising discovery which revealed
further complexity was that tRNAs can move in a “retrograde”
manner, from the cytoplasm to the nucleus (29, 33, 36). Ret-
rograde tRNA transport may also occur in mammals (45).
Although more data are needed, this raises the possibility that
nuclear enzymes may have more than one chance to process
pre-tRNA, once prior to export and again following retrograde
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import. The recent advances raise new questions as to the
order and transport aspects of tRNA processing.

In contrast to the disordering of 5" and 3’ end processing that
occurs in yeast mutants lacking La (43), removal of the NRE from
either human La (hLa) or Schizosaccharomyces pombe La (Slalp)
(hLaANRE or SlalpANRE, respectively) leads to disorder in
pre-tRNA splicing relative to end processing (hLaANRE =
hLaA316-332 and SlalpANRE = SlalpA234-255) (14). In the
presence of an NLS but absence of the NRE, La enters nuclei and
associates with pre-tRNAs but is inappropriately exported to the
cytoplasm without the pre-tRNAs undergoing end processing
(14). Thus, deletion of the NRE promotes the nuclear export of
La, which causes associated pre-tRNAs to bypass nuclear 5’
and 3’ end processing and produce spliced pre-tRNAs that
retain their 5" and 3’ extensions, which do not support tRNA-
mediated suppression (14). Since, as reviewed above, the cur-
rent understanding is that 5’ end processing is an early step
followed by nuclear export and cytoplasmic splicing, we will
refer to the processing defect caused by NRE-deficient La
proteins as disordered because it causes splicing to occur prior
to end processing.

Both the S. pombe La and human La proteins deleted of
their NREs produce indistinguishable effects (14), suggesting
that the NRE has been conserved to mask or functionally
override an equally conserved nuclear export element that
affects pre-tRNA processing. These findings coupled with dis-
coveries of cytoplasmic splicing and retrograde transport led to
a suggestion that La may be involved in tRNA transport (29).

Our laboratory uses a suppressor tRNAS"UGA that sup-
presses a nonsense codon in ade6-704 to study the role of La in
tRNA biogenesis in the fission yeast, S. pombe (7, 11, 12, 14,
17). Unsuppressed ade6-704 results in red colonies, and sup-
pression results in pink to white colonies. Substitutions in pre-
tRNAS"UGA that cause dependency on Slalp or hLa for
maturation have been described (11). In this system, La-
dependent processing is a primary determinant of mature
tRNAS"UGA levels, and suppression is dependent on accu-
mulation of mature tRNAS"UGA (7, 12, 14, 17). We used this
system to investigate determinants of the nuclear retention and
export of Slalp and hLa and the effects of altered localization
on tRNA processing. We first attempted to distinguish be-
tween two possible models: in the first, the La NRE would
contribute directly to pre-tRNA processing and its deletion
would secondarily lead to export of La-associated pre-tRNAs
that bypassed end processing in the nucleus. In the second
model, the NRE does not contribute directly to processing but
functions only to prevent export of La and associated pre-
tRNAs. We present data supporting the second model, in
which normal pre-tRNA processing by NRE-defective La pro-
tein was rescued by mutation of conserved residues in hLa and
Slalp that are important for the nuclear export of LaANRE.
The observed rescue could also be obtained through inhibition
of LaANRE export by leptomycin B (LMB) treatment. We
characterized highly conserved residues both in the NRE and
in RNA recognition motif 1 (RRM1) that are required for
nuclear retention and export, respectively, of Slalp and hLa in
fission yeast. We found mutations of conserved RRM1 resi-
dues that block nuclear export of NRE-defective La proteins
and restore normal pre-tRNA processing and tRNA-mediated
suppression and modeled these onto available high-resolution
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hLa structures. Our data indicate that nuclear export of La is
detrimental to tRNA maturation. The data are consistent with
a model in which conserved structural features of La protein
mediate La nuclear export and retention and the interrelation-
ship of these trafficking elements determines the ability of La
to engage RNAs residing in different cellular locations.

MATERIALS AND METHODS

Northern blotting. Northern blotting using LysCUU-int (40) and U1 probes
was as described previously (17).

Site-specific mut Site-specific mutagenesis was performed with
QuikChange XL (Stratagene) using pREP4-La and pRep4-Slal or their ANRE
or KK derivatives as templates (17). All constructs were verified by sequencing.
Deletions of the La motif (LM), RRM1, and RRM2 were designed based on the
domain boundaries indicated for the published structures (1, 18); details are
in Table 1.

IF. Immunofluorescence (IF) using primary antibody (“Go” anti-hLa) or anti-
Slalp, each at a 1:1,000 dilution, followed by fluorescein isothiocyanate (FITC)-
conjugated goat anti-human or anti-rabbit immunoglobulin G (Jackson Immu-
noresearch) at 1:200, was as described previously (14).

tRNA-mediated suppression assay. The tRNA-mediated suppression was as
described previously (17), using 10 mg/liter adenine. LMB was obtained from
Sigma.

Molecular modeling. Molecular modeling was done using MacPyMOL
(DeLano Scientific LLC, Palo Alto, CA).

RESULTS

Conserved residues in the NREs of Slalp and hLa that are
important for function. Although the architectures of hLa and
Slalp differ, their NREs are each located adjacent to an RRM
(Fig. 1A and B). Attempts to decipher the determinants of
the hLa NRE should consider the consensus bipartite NLS
[KKx(10)KxKxK] (Fig. 1A) at amino acids 316 to 332 (34). The
upstream KK residues of the NRE are highly conserved in
the predicted NREs of several La proteins (Fig. 1A), whereas
the downstream basic residues are less conserved (14). In a
prior investigation that used deletion mutagenesis, no distinc-
tion was made between the upstream and downstream basic
residues (14). Here, we examined full-length hLa proteins har-
boring either a double substitution (hLa-K316A/K317A) or a
triple substitution (hLa-K328A/K330A/K332A) and compared
them to the NRE deletion mutant (hLaANRE), and wild-type
hLa by IF (Fig. 1C to J). hLa and hLaANRE were nuclear and
cytoplasmic, respectively, as expected (14) (Fig. 1C versus E),
whereas hLa-K316A/K317A was cytoplasmic (Fig. 1G) and
hLa-K328A/K330A/K332A was nuclear (Fig. 11). These data
suggest that the upstream, more highly conserved lysines at
positions 316 to 317 of hLa are important for NRE function,
while the more divergent basic residues at 328 to 332 are not.
Substitution of the Slalp homologous NRE upstream lysines
also led to cytoplasmic accumulation, since Slalp-K234A/
K235A was indistinguishable from SlalpANRE (Fig. 1K to P).
As will be seen below, the KK substitutions inactivate hLLa and
Slalp for tRNA-mediated suppression and cause disordered
pre-tRNA splicing indistinguishable from that of the NRE-
deleted proteins. We conclude that one or both of the con-
served NRE lysines, hLLa K316/K317 and Slalp K234A/K235A,
are important determinants of nuclear retention in fission
yeast. Hereafter, we also refer to the NRE-defective hLa-
K316A/K317A and Slalp-K234A/K235A as hLaKK and
SlalpKK, respectively.
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TABLE 1. hLa and Slalp constructs

Protein
Localization® Suppression” Processing®

No. Name
1 hLa (wild type) N +++ N
2 hLaANRE (hLaA316-332)¢ C - D
3 hLaK316A/K317A (hLaKK) C - D
4 hLaANREALM (hLaA7-107 A316-332) C -
5 hLaKKALM (hLaK316A/K317A A7-107) C -
6 hLaANREARRMI1 (hLaA316-33 A101-194) N -
7 hLaKKARRM1 (hLaK316A/K317A A101-194) N -
8 hLaANREARRM?2 (hLaA223-332) C -
9 hLaKK-E103A/Y104A/K105A/V108A/R111A (A2) N - N
10 hLaKK-V137A/1140A/M142A/R143A/R144A (AS) N - N
11 hLaKK-K148A/F150A/K151A/S153A (A6) N - N
12 hLaKK-E132A/D133A (A4.5) N + N
13 hLaKK-Y175A/K176A/E177A/D179A/L180A/L181A/1182A/1183A (AS8) C -
14 hLaKK-Y114A C -
15 hLaKK-F155A C -
16 hLaKK-E162A C -
17 hLaKK-D187A C -
18 hLaKK-L124A/D125A C
19 hLaANRE-V137A/1140A/M142A/R143A/R144A (AS) N -
20 hLaANRE-K148A/F150A/K151A/S153A (A6) N -
21 hLaANRE-E132A/D133A (A4.5) N ++ N
22 hLaANRE-F150A N + N
23 hLaANRE-1140A/M142A C -
24 hLa-E103A/Y104A/K105A/V108A/R111A (A2) N
25 hLa-E132A/D133A (A4.5) N +++
26 hLa-V137A/1140A/M142A/R143A/R144A (AS) N -
27 hLa-K148A/F150A/K151A/S153A (A6) N -
28 hLa-F150A N ++
29 Slalp (wild type) N +++
30 SlalpANRE C - D
31 SlalpKK (K234A/K235A) C - D
32 SlalpKK-E177A/E178A N +
33 SlalpKK-F196A N +
34 SlalpKK-V186A/M188A C -
35 SlalpANRE-E177A/E178A N ++ N
36 SlalpANRE-F196A N + N
37 SlalpANRE-V186A/M188A C -
38 Slalp-V186A/M188A -
39 Slalp-F196A +++
40 Slalp-E177A/E178A ++

¢ Localization determined by immunofluorescence. N, nuclear; C, cytoplasmic; blank space, not determined.
> tRNA-mediated suppression. +++, full suppression; —, no suppression; blank space, not determined.
¢ D, disordered spliced pre-tRNA; N, no disordered spliced pre-tRNA; blank space, not determined.

4 From reference 12.

LMB rescues the tRNA-mediated suppression activity of
hLaANRE. Nuclear accumulation of NRE-deleted La proteins
was restored in S. pombe by LMB, an inhibitor of Crml-
mediated nuclear export (14). We reasoned that if inactivity of
tRNA-mediated suppression by hLaANRE was due solely to
nuclear export, LMB might restore its suppression activity.
Alternatively, if the NRE was more directly required for tRNA
maturation, hLaANRE may remain inactive even if restored to
the nucleus. S. pombe cells harboring hLa, hLaANRE, or
empty vector were grown in the presence of LMB. LMB had to
be used at a lower concentration than typically used for an IF
assay to minimize toxicity during growth (data not shown).
Even so, LMB led to significant recovery of suppression for
hLaANRE but not the control cells (Fig. 2). This suggested
that hLaANRE can support tRNA-mediated suppression if

retained in the nucleus and therefore that we might be able to
identify second-site mutations in NRE-defective La proteins
that restore nuclear accumulation and tRNA-mediated sup-
pression.

Deletion of RRM1 restores nuclear accumulation of NRE-
defective La proteins. In an attempt to restore nuclear accu-
mulation of hLaANRE, we separately deleted the LM, RRM1
and RRM2 (Fig. 3), based on the domain boundaries indicated
for the published structures (1, 18). Because of the physical
proximity of NRE and RRM2 we anticipated that RRM2 har-
bored a nuclear export determinant and that its deletion would
block export and restore nuclear accumulation. However, de-
letion of RRM2 did not restore nuclear accumulation (Fig.
3C). Moreover, cytoplasmic accumulation of the resulting pro-
tein, hLaANREARRM2, was fully reversed to a nuclear pat-
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FIG. 1. Point mutations of conserved residues in the NRE mimic an NRE deletion. (A) Schematic of human and S. pombe La proteins. The
B4 strand of hLa RRM2 and adjacent o3 helix comprising the NRE are represented, with corresponding sequence below (18). A potential
consensus bipartite NLS at positions 316 to 332, whose upstream KK residues are in bold, is indicated below (see text). (B) NMR structure model
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FIG. 2. LMB restores tRNA-mediated suppression activity to
hLaANRE. tRNA-mediated suppression of ade6-704 in the presence
or absence of LMB is shown. Cells were transformed with empty
vector, full-length hLa, or hLaANRE. Lighter color indicates that
LMB increases suppression by hLaANRE but not hLa or empty vector.

tern by LMB, indicating the presence of a nuclear export
determinant (data not shown). Likewise, deletion of the LM
did not restore nuclear accumulation (Fig. 3A). By contrast to
deletion of the LM and RRM2, deletion of RRM1 did restore
nuclear accumulation, in the contexts of both hLaANRE and
hL.aKK (Fig. 3B and D). We conclude that RRM1 mediates
nuclear export of NRE-defective La proteins. The conserva-
tion of RRM1 fits with this conclusion, since hLa and Slalp
responded indistinguishably, by multiple functional criteria, to
deletion of their NREs in fission yeast (14).

Conserved RRM1 residues direct nuclear export of NRE-
defective hLa and Slalp. While most proteins that undergo
Crml-dependent export contain a nuclear export sequence
(NES) that is recognized by Crm1p, others do not (21, 38, 39).
We were unable to identify a functional NES of the con-
sensus sequence, L-X(2,3)-(LIVFM)-X(2,3)-L-X-(LI) (22), in
hLaANRE and SlalpANRE, despite examinations of many
mutations (not shown).

Mapping of the nuclear export activity to RRM1 raised the
issue of whether this activity would overlap with or interfere
with the principal activity attributed to an RRM, RNA binding,
which maps to the B-sheet surface of the RRM and adjacent
loops (28). We showed that the B-sheet surface of RRM1 is
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hLa-ANRE-ALM

hLa-ANRE-ARRM1

hLa-ANRE-ARRM2
C

hLa-K316A/K317A-ARRM1

FIG. 3. RRMl1 is required for nuclear export of hLaANRE. IF of S.
pombe cells transformed with various hLa NRE-defective constructs
that lack the LM (hLaANRE-ALM) (A), RRM1 (hLaANRE-ARRM1)
(B), RRM2 (hLaANRE-ARRM?2) (C), or RRMI1 in the context of
K316A/K317A (hLaK316A/K317A-ARRMI1) (D) is shown.

required for normal tRNA maturation and tRNA-mediated
suppression (11). Accordingly, LaANREARRMI, although
nuclear, was inactive for suppression (Table 1). We therefore
sought to isolate site-specific mutations in RRM1 that would
inactivate nuclear export of NRE-defective La proteins and
restore functional pre-tRNA processing and tRNA-mediated
suppression. This would indicate that the nuclear export activ-
ity and the tRNA maturation activity of La RRM1 might be
distinct and/or separable.

A series of alanine substitutions of conserved surface side
chains in RRM1 of hLa were introduced into hLaKK and
hLaANRE (Table 1, proteins 9 to 23) as well as SlalpKK and
SlalpANRE (Table 1, proteins 31 to 37) proteins. Some of
these substitutions restored nuclear accumulation, while others
did not (Fig. 4; Table 1). Especially noteworthy are the hLa
E132/D133 and homologous Slalp E177A/E178A substitutions
in ANRE and NRE-substituted (KK) proteins, as well as hLa
F150 and homologous Slalp F196 substitutions, which largely
restored nuclear accumulation (Fig. 4; Table 1). We note that
SlalpANRE-E177A/E178A was nuclear in the majority of the
cells, while it was cytoplasmic in others (Fig. 4Q). A greater
majority of hLaANRE-E132/D133 was nuclear (Fig. 4G). Al-

of hLa RRM2 (18). The RRM is blue, except for B4 and the a3 helix in black. The side chains of the conserved lysines at positions 316 and 317
are green, and the backbone chain of the lysines in the KXKXK sequence is shown in red. (C to P) Anti-La indirect IF using fluorescence-
conjugated secondary antibody (FITC, green) and DAPI (4’,6'-diamidino-2-phenylindole) (blue). (C) hLa, FITC. (D) hLa, DAPI. (E) hLaANRE,
FITC. (F) ANRE DAPI. (G) hLa-K316A/K317A, FITC. (H) hLa-K316A/K317A, DAPI. (I) hLa-K328A/K330A/K332A, FITC. (J) hLa-K328A/
K330A/K332A, DAPI. (K) Slalp, FITC. (L) Slalp, DAPI. (M) SlalpANRE, FITC. (N) SlalpANRE, DAPI. (O) Slalp-K234A/K235A FITC. (P)
Slalp-K234A/K235A DAPI. Panels K to P are at a slightly higher magnification than panels C to J.
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hLaANRE Slai [ANRE

hLaANRE-F150A Sla1pANRE-F196A

hLaANRE-E132A/D133A Sla1pANRE-E177A/E178A

hLaANRE-1140A/M142A Slai iANRE-V1 86A/M188A
-

FIG. 4. Conserved RRMI1 residues important for nuclear export of hLaANRE and SlalpANRE. IF of S. pombe cells transformed with various
hLa NRE-defective constructs, as described for Fig. 1, is shown. (A) hLa, FITC. (B) hLa, DAPI. (C) hL,aANRE FITC. (D) hLaANRE, DAPIL
(E) hLaANRE-F150A, FITC. (F) hLaANRE-F150A, DAPI. (G) hLaANRE-E132A/D133A, FITC. (H) hLaANRE-E132A/D133A, DAPI.
(I) hLaANRE-I1140A/M142A, FITC. (J) hLaANRE-1140A/M142A, DAPI. (K) Slalp, FITC. (L) Slalp, DAPI. (M) SlalpANRE, FITC.
(N) SlalpANRE, DAPI. (O) SlalpANRE-F196A, FITC. (P) SlalpANRE-F196A, DAPI. (Q) SlalpANRE-E177A/E178A, FITC. (R) SlalpANRE-
E177A/E178A, DAPI. (S) SlalpANRE-V186A/M188A, FITC. (T) SlalpANRE-V186A/M188A, DAPL

though these observations might be explained by cell cycle- Mutations that restore nuclear accumulation of NRE-defec-
dependent localization, we note that nuclear staining was in tive La proteins also reverse accumulation of disordered
general less complete with anti-Slalp antibodies, even in wild- spliced pre-tRNA. Northern analysis was performed to address

type cells, than with anti-hLa (data not shown). two issues: whether hLaKK causes disordered spliced pre-
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FIG. 5. Second-site mutations of NRE-defective La proteins that restore nuclear accumulation, prevent accumulation of disordered spliced
pre-tRNA, and rescue tRNA-mediated suppression. (A) Northern blot of RNA from control cells (lanes 1 and 9) or cells expressing the La proteins
indicated above lanes 2 to 8. Bands corresponding to the pre-tRNACUU intermediates as previously characterized are numbered and
schematically represented on the right, band 3 reflects the disordered spliced pre-tRNA species (14), and the thick horizontal line represents the
3’ trailer probe used for detection. (B) The same blot as in panel A probed for Ul snRNA. (C and D) Suppression data for selected mutants, as

indicated above the spots.

tRNA, similar to the case for hLaANRE, and whether the
RRM1 mutations that restore nuclear accumulation of NRE-
defective proteins also reverse the accumulation of the disor-
dered spliced pre-tRNA.

Probes directed to distinct regions of tRNA™*CUU precur-
sors have characterized multiple pre-tRNA intermediates in
SlalA cells expressing ectopic La proteins (11, 14, 17, 40). hLa
produces a pattern in which nascent pre-tRNA™*CUU is the
most prominent species (Fig. 5A, lane 2, band 1), as noted
previously (14). In sharp contrast to the pattern with hLa,

hLaKK led to the disordered spliced pre-tRNA (Fig. 5A, lane
3, band 3) that is characteristic of hLaANRE (lane 8) (14).
RRM1 mutations that restored nuclear accumulation of
hLaKK-derived proteins led to much less, if any, of the disor-
dered spliced pre-tRNA (Fig. 5A, lanes 4 to 7). In addition,
some of the RRM1 mutants led to more of the nascent pre-
tRNA (band 1) than others (Fig. 5A, lanes 4 to 7), a repro-
ducible characteristic more similar to the pattern for hLa and
also observed for hLaANRE RRM1 mutated proteins (Table 1
and data not shown). Immunoblot analysis indicated that the
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wild-type and mutated proteins were expressed at comparable
levels (data not shown). SlalpANRE-homologous RRM1 mu-
tants that restored nuclear accumulation also lost the disor-
dered spliced pre-tRNA (e.g., proteins 35 and 36 in Table 1).

A subset of RRM1 mutations restore nuclear accumulation
and tRNA-mediated suppression to NRE-defective La pro-
teins. Some RRM1 mutations that restored nuclear accumu-
lation also restored tRNA-mediated suppression, while others
did not (Fig. 5C; Table 1). hLaANRE-E132A/D133A restored
nuclear accumulation and suppression, as did the homolog,
SlalpANRE-E177A/E178A (Fig. 5C). It is noteworthy that
hLaKK-E132/D133, which led to more of band 1 than the
other hLaKK-RRM1 mutants (Fig. 5A), as also observed for
hLaANRE-E132/D133 (not shown), also showed the highest
suppression activity among the hLa RRM1 mutants (Fig. 5C).
hLaANRE-F150A and its homolog SlalpANRE-F196A also
restored some suppression (Fig. 5C). These RRM1 mutants
corroborate the LMB data which suggested that nuclear accu-
mulation of NRE-defective La proteins can enable them for
suppression.

Multiple simultaneous substitutions are referred to in ab-
breviated form as A2, A5, A6, etc. (Table 1). We also examined
some of the RRM1 mutations that restored nuclear retention,
but not suppression, in the context of otherwise wild-type La
proteins. hLa carrying only the AS or A6 mutations was nu-
clear but inactive for suppression (Fig. 5D, spots 4 and 5; Table
1, proteins 26 and 27), indicating these to be previously un-
known residues that are important for tRNA-mediated sup-
pression.

DISCUSSION

La proteins are associated with a variety of RNAs in differ-
ent cellular compartments. In this work, we have attempted to
detail the different trafficking elements important for La nu-
cleocytoplasmic transport by using a fission yeast system that
can assess function in tRNA maturation. We uncovered con-
served determinants of the nuclear export and nuclear reten-
tion activities of hLa and Slalp proteins and demonstrated
opposing effects of these trafficking elements on La-dependent
tRNA maturation. Substitution of two highly conserved lysines
in the NRE produced phenocopies of NRE deletions, which
are characterized by nuclear exclusion of La, disordered pre-
tRNA splicing, and failure to support tRNA-mediated sup-
pression. These substitution data validate the NRE as a func-
tional element that maintains La in the nucleus, where it
promotes tRNA maturation. We then found that deletion of
RRM1 from hLaANRE and hLaKK returned these La pro-
teins to the nucleus (Fig. 3). The data indicate that the NRE
has been conserved to functionally mask or override an equally
conserved nuclear export activity of the RRM1s of hLa and
Slalp.

However, since RRM1 is required for tRNA-mediated sup-
pression activity of La (11), its complete deletion could not tell us
if its nuclear export and tRNA-related activities were distinct or
overlapping. We therefore attempted to identify site-specific mu-
tations in RRM1 that could restore nuclear accumulation and
tRNA-mediated suppression activity to the NRE-defective La
proteins. Mutation of certain conserved RRM1 residues inacti-
vated nuclear export of both the Slalp and hLa NRE-defective
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proteins. These results led to two relevant conclusions. First,
hLaANRE and SlalpANRE proteins lacking the NRE could be
made competent for tRNA-mediated suppression by RRM1 mu-
tations that prevented nuclear export (e.g., hLaANRE-E132A/
D133A and SlalpANRE-E177A/E178A). This further suggested
that the NRE does not contribute directly to tRNA maturation
but rather serves to prevent untimely nuclear export of La and
dysfunctional processing of associated pre-tRNAs. Second, the
tRNA-related activity of RRM1 and its nuclear export activity
could be functionally separated.

Residues in RRM1 can direct nuclear export but are other-
wise masked or overridden by the NRE. It is noteworthy that
RRM1 of the Saccharomyces cerevisiae La protein, Lhplp, was
suspected of having nuclear export activity (31), suggesting that
the conservation of nuclear export activity by RRM1 may ex-
tend to budding yeast.

Mutation of some RRM1 residues restored nuclear accumu-
lation of NRE-defective La proteins, prevented disordered
pre-tRNA splicing, and restored a more orderly pathway of
processing and tRNA-mediated suppression. RRM1 mutations
that restored nuclear accumulation and suppression activity to
the NRE-defective proteins (e.g., E132A/D133A) did not im-
pair nuclear accumulation or suppression when introduced
into wild-type La (Fig. 5D, lane 3, and Table 1). These data
suggest that the conserved nuclear export activity of RRM1 is
not required for the functional maturation of intron-containing
pre-tRNAs. Rather, functional unmasking or overriding of the
nuclear export activity of La by the NRE appears to be detri-
mental to tRNA maturation. Thus, the data in this report do
not support a positive role for La in tRNA nucleocytoplasmic
transport, as speculated previously (29). The fact that we could
identify mutations of conserved residues that block export
without impairing tRNA maturation (e.g., hLa E132/D133 and
Slalp E177/E178) suggests that these residues were conserved
to function in an important process other than tRNA matura-
tion that involves nuclear export.

Although we have not identified a nuclear export factor for
hLa or Slalp, we have addressed the possibility that pre-tRNA
binding may affect export. Examination of hLa26-408 and
other (point) mutants that are severely impaired for UUU-OH
binding and tRNA-mediated suppression revealed no localiza-
tion defects in the context of either wild-type La or La con-
taining other trafficking mutations (data not shown). While
other data argue for a RNA-binding-dependent effect on lo-
calization in human cells (10), our analysis with fission yeast
does not suggest that the capacity for pre-tRNA binding is a
significant determinant of the nuclear export activity of La.

Some RRMI1 mutations restored nuclear accumulation but
not suppression (see, e.g., proteins 9 to 11, 19, and 20 in Table
1). These would appear to reflect residues that contribute to
the RRM1-mediated tRNA maturation activity of La, since
these same mutations inactivated wild-type La (Fig. 5D and
Table 1, proteins 26 and 27). Other site-specific La RRM1
mutations that impair the maturation of some pre-tRNAs have
been described (11).

Functional determinants of the NRE «-helix of hLa. Our
analysis, which included IF, tRNA-mediated suppression, and
Northern blotting, showed that the more highly conserved ba-
sic residues at hLa positions 316 and 317, but not the less
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FIG. 6. Views of the RRM1 residues important for nuclear export that are masked or functionally overridden by the NRE in the isolated RRM1
(A) and in the LM-RRM1-UUU-OH RNA complex (B). (A) The mutated RRMI1 residues that restored nuclear accumulation to the NRE-
defective hLa proteins are shown in green; the mutated residues that restored nuclear accumulation and suppression (E132, D133, and F150) are
shown as side chains. Mutated residues that did not restore nuclear accumulation are shown in blue, including Y114 and F155, the highly conserved
aromatic side chains on the B-sheet surface. (B) The LM is shown in gold. The 3" UUU-OH (U7 U8 U9 [37]) is shown in red, with the rest of

the RNA chain in blue.

conserved basic residues at positions 328 to 332, are important
for NRE function.

The hLa NRE corresponds to a well-ordered a-helix (Fig.
1B, «3) whose underside contacts the B-sheet surface of
RRM2 (18). It was therefore anticipated that RRM2 harbored
a nuclear export determinant that was masked by the overlying
NRE and that deletion of RRM2 would block export and
restore nuclear accumulation of the NRE-defective hLa pro-
teins. However, we could not identify a functional NES any-
where in RRM2, and hLaANREARRM2 accumulated in the
cytoplasm in an LMB-sensitive manner (data not shown), in-
dicating a nuclear export determinant elsewhere in hLa. We
are left with the conclusion that the NRE masks or functionally
overrides the nuclear export potential of RRM1.

In addition to K316 and K317, two other highly conserved
residues of the NRE are E320, which is on the same face of a3
as K316, and E324, which is on the same face as K317 (14, 18).
These side chains are not directed toward the RRM2 B-sheet
surface and would be potentially available for other interac-
tions (18).

Conserved and diverged features of La trafficking and tRNA
processing. While La proteins from yeast to human reside in
the nucleoplasm, nucleolus, and cytoplasm (23, 25, 31), some
of the trafficking mechanisms appear to have been conserved
while others have diverged. The endogenous NLS of S. cerevi-
siae Lhplp does not coincide with the C-terminal location of
hLa and Slalp NLSs, and Lhplp uses a different karyopherin
for nuclear import than that used by hLa and Slalp (31).
Implications of these differences have been discussed previ-
ously (31).

Other species-specific differences in La trafficking have also
been noted. Nuclear export of SlalpANRE and hLaANRE is
sensitive to the Crmlp export inhibitor LMB in fission yeast
(with total reversal of the nuclear exclusion pattern to com-

plete nuclear accumulation by 2 h) (14). By contrast to fission
yeast, LMB only partially restores nuclear accumulation of
SlalpANRE and hLaANRE in primate cells (14) and is inef-
fective in preventing nuclear export of hLa during nucleo-
cytoplasmic shuttling in primate cells (5). It is unknown
whether these differences reflect differences in the kinetics or
in the transport machineries used for La transport in the mam-
malian and yeast cells. In any case, an outstanding issue is
whether the nuclear export activity of RRM1 elucidated here
contributes to nucleo-cytoplasmic shuttling in HeLa cells (5).

Because tRNA splicing occurs in the cytoplasm in yeasts but
in the nucleus in vertebrates (reviewed in reference 8), we
should expect that while NRE-deficient La mutants undergo
nuclear export in yeast and vertebrates (14), the effects on
disordered splicing may be different.

We note that although phospho-hLa is nucleoplasmic
whereas non-phospho-hLa is nucleolar and cytoplasmic, prior
results indicate that phosphorylation is not a determinant of
localization, since nonphosphorylatable La mutants or phos-
phomemetic La mutants do not mislocalize in human cells (3,
15, 16) or yeast cells (16). Moreover, examination of hLa
proteins expressed in yeast revealed that the NRE deletion did
not affect S366 phosphorylation status (14). In addition, exam-
ination of a variety of hLa trafficking mutants both in the S366
native form and containing nonphosphorylatable or phos-
phomemetic residues failed to support a causative relationship
between phosphorylation and localization (reference 15 and
data not shown). Although we have not examined the S366
phosphorylation status of the hLa NES mutants characterized
here, the cumulative data suggest that any difference in S366
phosphorylation would be a consequence of localization rather
than a functional determinant of localization.

Structural modeling of residues involved in nuclear export
onto the hLa RRM1 structure. Many RRM1 substitutions did
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not restore nuclear accumulation (Table 1, proteins 13 to 18,
23, 34, and 37). We examined the spatial arrangement of mu-
tated residues on the hLa structure (Fig. 6). In general, resi-
dues that restored nuclear accumulation appear on a side of
the RRM facing away from the canonical RNA-binding sur-
face, whereas those that did not face in the same general
direction as the RNA-binding surface (Fig. 6A). Mutated res-
idues that restored nuclear accumulation are also shown in the
LM-RRM1-UUU-OH RNA structure; all are quite distant
from the LM and the RNA (Fig. 6B), consistent with the idea
that they may be recognized by a transport carrier. These data
support the idea that the nuclear export and tRNA-related
activities of RRM1 are separable.
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