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Heterogeneous nuclear RNAs and specific nuclear proteins form heterogeneous
nuclear ribonucleoprotein complexes (hnRNPs), one of the most abundant compo-
nents of the nucleus. In mitosis, as the nuclear envelope breaks down, hnRNPs
disperse throughout the cell. At the end of mitosis, hnRNPs dissociate and their
proteins are transported into the daughter cell nuclei separately. Some are transported
immediately (early group), while others are transported later (late group). Transport
of the late group appears to require transcription by RNA polymerase II, in that
inhibitors of this polymerase cause the late proteins to remain in the cytoplasm. Thus,
there are two modes, transcription-dependent and transcription-independent, for the

transport of nuclear proteins.

HE COMPLEXES OF HETEROGE-

neous nuclear RNA with specific nu-

clear hnRNA-binding proteins
(hnRNPs) are among the most abundant
components of the eukaryotic nucleus. The
protein composition of these complexes, the
structure of their proteins, and the arrange-
ment of the proteins on the RNA, as well as
the possible functions of hnRNP proteins in
mRNA biogenesis, have been extensively
investigated (1). Immunocytochemical stud-
ies with antibodies to the major hnRNP
proteins have indicated that the complexes
are confined to the nucleus in interphase and
that during mitosis, after the nuclear enve-
lope breaks down, they are found through-
out the entire cellular space (2—4) as hnRNP
complexes similar to those of interphase cells
“, 5).

HnRNPs can be purified with the use
of monoclonal antibodies to individual
hnRNP proteins (6, 7). To examine in detail
the fate of hnRNP proteins during mitosis,
we compared the protein composition of
hnRNPs purified from asynchronous and
mitotic HeLa cells. In order to circumvent
the difficulty of metabolic labeling of pro-
teins in mitotic cells, which are transcrip-
tionally and translationally quiescent, we
examined the composition of the isolated
hnRNPs by two-dimensional nonequilib-
rium gel electrophoresis (NEPHGE) (Fig.
1). The protein composition of hnRNP
complexes from asynchronous and mitotic
cells is similar, although many of the
hnRNP proteins, including the A, B, and C
groups, have slightly different mobilities
during mitosis as a result of post-translation-
al modifications (4), which include mitosis-
specific phosphorylation of the C proteins
(8). The integrity of these mitotic complex-
es, like that of the interphase complexes, is
dependent on the presence of RNA (8). The
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lack of contamination of the hnRNP pro-
teins by other abundant cellular proteins
confirms the specificity of the immunopuri-
fication procedure and indicates that these
complexes remain as discrete entities during
mitosis without apparent stable associations
with other cellular structures.

Immunofluorescence microscopy with
monoclonal antibodies to the hnRNP C and
Al proteins, 4F4 and 4B10, respectively,
showed that these proteins are restricted to
the nucleoplasm of cells that have fully
formed nuclei, whereas during mitosis the
same proteins are dispersed throughout the
cell. The hnRNP proteins that were dis-
persed in mitosis returned to the nucleus
after it re-formed (Fig. 2, A to C). That
these are preexisting hnRNP proteins is
demonstrated by the fact that the protein
synthesis inhibitors emetine (Fig. 2, D to F)
or cycloheximide (8) do not diminish accu-
mulation of hnRNP proteins in the newly
formed nucleus.

Examination of cells by double-label im-
munofluorescence microscopy revealed dif-
ferences in the transport of the C and Al
proteins to the nucleus. In recently divided
cells, the C proteins accumulated in the
daughter cell nuclei as soon as the nuclei
were formed, whereas most of the Al pro-
tein was still in the cytoplasm (Fig. 2, G to
I). Thus, although hnRNP proteins remain
associated as hnRNP complexes during mi-
tosis (Fig. 1), they dissociate from each

Fig. 1. The composition of hnRNP
complexes in mitosis. HnRNP .+
complexes were immunopurified
from asynchronous (left) or from
mitotic (right) HeLa cells, with a =
monoclonal antibody to the C pro-

teins, 4F4, and the proteins were K,
resolved by two-dimensional gel
electrophoresis (17). The positions
of some hnRNP proteins are indi-
cated. The nomenclature used is
described in (7). Ig h.c. and Ig Lc.
indicate immunoglobulin heavy
and light chains, respectively.

Asynchronous

other prior to their transport to the nucleus
and return to the nucleus separately.

Treatment of cells for 45 min with acti-
nomycin D at doses that inhibit RNA poly-
merase II transcription (5 pg/ml) (9) did not
affect the return to the nucleus of the C
proteins but blocked the transport of Al to
the nucleus (Fig. 3, A and B). Double-label
immunofluorescence microscopy of actino-
mycin D-treated cells showed, therefore,
many post-mitotic cells in which the C
proteins were found in the nucleus and most
of the Al protein was found in the cyto-
plasm. Similar results were obtained with
cells treated with 5,6-dichlorobenzimidazole
riboside (DRB), an RNA polymerase II
inhibitor whose structure and mechanism of
action are different from those of actinomy-
cin D (Fig. 3, C and D) (10). When cells
were treated with actinomycin D (0.04 pg/
ml), which inhibits RNA polymerase I but
not RNA polymerase II, transport of Al to
the daughter cell nuclei was not affected (8).
The interphase cells seen in the same fields
do not show detectable leaching of the Al
protein out of the nucleus after treatment
with these inhibitors (Fig. 3). Therefore,
these results indicate that transcription by
RNA polymerase II is required for the re-
turn of hnRNP protein Al, but not the C
proteins, to the nucleus after mitosis. Other
hnRNP proteins, including A2, Bl, B2, E,
H, and L, are also transported to the nucleus
in a transcription-dependent mode (Fig. 4).
In contrast, the 120-kD U protein, proteins
of small nuclear ribonucleoprotein (snRNP)
complexes, and nuclear lamins, like the C
proteins, are rapidly transported to the nu-
cleus even in the presence of transcriptional
inhibitors (Fig. 4). The insensitivity of the
nuclear transport of snRNP proteins to in-
hibitors of transcription was previously
demonstrated (11).

These results indicate that there are at
least two distinct modes of transport of
hnRNP proteins to the nucleus: an early,
transcription-independent mode and a late,
transcription-dependent mode. Both modes
of transport appear to be part of the normal
process of nuclear assembly after mitosis.
The transport of the late group is probably
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delayed because transcription resumes only
in late telophase. The return of proteins to
the nucleus after mitosis provides a general
system for the study of nuclear transport.
Also hnRNP complexes are dynamic struc-
tures in that the hnRNP proteins can disso-
ciate from the complexes and be transported
separately. Although nuclear localization
signals (12) have been defined in some nu-
clear proteins and some of the components
of the nuclear transport machinery have
been identified (13), many of the hnRNP
proteins, including Al, have no obvious
candidate nuclear localization signal (1, 14).

Several different mechanisms can be envi-
sioned for transcription-dependent trans-

Fig. 2. Preexisting hnRNP proteins
return to the nucleus after mitosis.
HeLa cells grown on glass cover
slips were immunostained with
FITC-conjugated 4F4 (antibody to
the C proteins) and TRITC-conju-
gated 4B10 (antibody to the Al
protein) (19). The intracellular lo-
calization of the proteins was then
examined by immunofluorescence
microscopy on a Zeiss Axiophot
with the fluorescein channel or the
rhodamine channel, respectively. In
order to enrich for cells in mitosis
and early GI, cells were partly syn-
chronized by exposure to 2 mM
thymidine for 20 hours. The cells
were fixed 13 hours after the re-
moval of thymidine from the cul-
ture medium. (A to C and G to I)
Control cells and (D to F) cells
incubated with emetine (20 pg/ml)
for 1 hour prior to fixation in order
to inhibit synthesis of new hnRNP
proteins. Arrows indicate cells that

port of proteins to the nucleus. One possi-
bility is that an RNA molecule is required to
function as a shuttle to carry these proteins
to the nucleus. The synthesis of this RNA
would then be a prerequisite for the trans-
port of the late group of hnRNP proteins.
Another possibility is that an RNA-depen-
dent modification of these proteins or their
RNA-dependent assembly with other pro-
teins in the cytoplasm must occur before
they can be transported to the nucleus.
Modifications that occur in mitosis may
affect the state of assembly and the trans-
portability of these proteins. That proteins
can be transported from the cytoplasm to
the nucleus as complexes with RNA has

have just exited mitosis, identified by their pairwise arrangement and their symmetry with respect to
each other. C proteins accumulate in newly formed nuclei, whereas staining with 4B10 reveals a greater
concentration of Al in the cytoplasm of the same cells. Most likely the cells in (G) to (I) are at an earlier
stage of nuclear hnRNP transport than those shown in (A) to (F). Cells stained with FITC-conjugated
4F4 (A, D, and G); TRITC-conjugated 4B10 (B, E, and H); and phase-contrast view of the same field

(C, F, and I).

Fig. 3. Effect of inhibition of RNA polymerase II
transcription on the return of Al or C proteins to
the nucleus after mitosis. HeLa cells grown on
glass cover slips were partly synchronized as de-
scribed in Fig. 2. Before the cells were fixed,
actinomycin D (5 pg/ml) or DRB (75 pM) was
added to parallel cultures, and the cells were
incubated for 45 min. All samples were then fixed
and immunostained with FITC-conjugated 4F4
and TRITC-conjugated 4B10 simultaneously. (A
and B) Immunofluorescence staining pattern with
FITC-4F4 and TRITC-4B10, respectively, of
cells exposed to actinomycin D (5 pg/ml). The
fluorescent signal observed with 4F4 is indistin-
guishable from that observed in the control cells
(compare Fig. 2). Immunostaining of the same
cells with 4B10 shows cytoplasmic staining in
those cells that have just completed mitosis, in
contrast to the exclusive nuclear localization of the
C proteins that were immunostained with 4F4.
(C and D) Immunofluorescence staining pattern
with FITC-4F4 and TRITC-4B10, respectively,
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of cells exposed to DRB at 75 pM shows a similar relative distribution of C proteins and Al to that

observed in cells treated with actinomycin D.
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been demonstrated for snRNPs (15). It is
also possible that a signaling pathway exists
that senses free binding sites for these pro-
teins in the form of RNA polymerase II
transcripts in the nucleus and that delivery
of this information to the cytoplasm is re-
quired to allow the proteins to translocate to
the nucleus.

We cannot distinguish by our experi-
ments whether the required component is
for mass accumulation of hnRNA or for the
transcription of certain RNAs by RNA
polymerase II. The lack of nuclear staining
by antibodies to Al after treatment with
actinomycin D or DRB suggests that Al is
excluded from the daughter cell nuclei as
they re-form, and that Al cannot freely
diffuse into the nuclei. Whatever the mech-
anism of the transcription-dependent trans-
port of hnRNP proteins to the nucleus,
control of that process may serve to couple
RNA polymerase II transcription with post-
transcriptional regulation, for which assem-
bly of hnRNP complexes is probably re-
quired.

The exchange of hnRNP proteins for
proteins that bind mRNA accompanies nu-
cleocytoplasmic transport of mRNA (16)
and is reminiscent of and may be mechanis-
tically similar to the dissociation of hnRNPs
that occurs prior to the return of their
hnRNP proteins to the nucleus after mito-
sis. The transcription-dependent mechanism
of transport of hnRNP proteins to the nu-
cleus after mitosis may also be operational in

Fig. 4. Effect of actinomycin D on return to the
nucleus of hnRNP, snRNP, and nuclear lamins.
HeLa cells grown on cover slips were partially
synchronized and exposed to actinomycin D at 5
pg/ml as described in Fig. 3. The cells were
stained for immunofluorescence microscopy with
the following antibodies: (A) 3G6, antibody to
the hnRNP U protein (19); (B) 7A9, antibody to
the hnRNP proteins A, B, E, G, H, and L (8); (C)
Y12, antibody to snRNP proteins (20); (D) Lsl,
antiserum to lamin (21). The staining pattern
observed with 7A9 in the absence of transcrip-
tional inhibitors is indistinguishable from that
observed with 4B10 (see Fig. 2).
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the nuclear transport of proteins during
interphase.
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Kinetic Characterization of Ribonuclease-Resistant
2'-Modified Hammerhead Ribozymes
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The incorporation of 2’-fluoro- and 2’-aminonucleotides into a hammerhead ribozyme
was accomplished by automated chemical synthesis. The presence of 2’-fluorouridines,
2'-fluorocytidines, or 2'-aminouridines did not appreciably decrease catalytic efficien-
cy. Incorporation of 2’-aminocytidines decreased ribozyme activity approximately by a
factor of 20. The replacement of all adenosines with 2’'-fluoroadenosines abolished
catalysis in the presence of MgCl, within the limits of detection, but soine activity was
retained in the presence of MnCl,. This effect on catalysis was localized to a specific
group of adenines within the conserved single-stranded region of the ribozyme. The
decrease in catalytic efficiency was caused by a decrease in the rate constant; the
Michaelis constant was unaltered. The 2’-fluoro and 2’-amino modifications conferred
resistance toward ribonuclease degradation. Ribozymes containing 2'-fluoro- or
2'-aminonucleotides at all uridine and cytidine positions were stabilized against
degradation in rabbit serum by a factor of at least 10? compared to unmodified

ribozyme.

HE HIGH SPECIFICITY OF AN-
tisense oligonucleotides and ri-
bozymes has made them potential
therapeutic agents for the treatment of dis-
eases such as acquired immunodeficiency
syndrome (1, 2). However, the instability of
these molecules stands in the way of their
practical application (1, 3). In this report we
describe the kinetic characterization of a
number of hammerhead ribozymes (4) that
contain conservative nucleotide replace-
ments within the RNA. These modifications
render the RNA oligomers resistant to alka-
line hydrolysis and ribonuclease degradation
without causing major disruptions in the
catalytic ability of the RNA enzymes.
RNA exists predominantly in the A-form,
in which the ribose moiety adopts the 3'-
endo (N) conformation, whereas B-DNA
usually has the sugar in the 2'-endo confor-
mation (S) (5). It was therefore not surpris-
ing that ribozymes that were partially sub-
stituted with 2’-deoxynucleotides exhibited
large decreases in catalytic efficiency com-
pared to an all-ribonucleic ribozyme (6).
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Structural studies of the 2'-deoxy-2'-fluoro
analogs of the common nucleosides have
revealed that they adopt an N conformation
and polymers containing these analogs ex-
hibit circular dichroism and nuclear magnet-
ic resonance spectral properties that indicate
they have an N conformation and an A-form
structure [for a summary, see Williams and
co-workers (7)]. The partition ratio of 2'-
amino-2'-oligodeoxynucleosides between N
and S conformations shows a slight prefer-
ence for the S conformer compared to un-
modified nucleosides (8). Therefore, ham-
merhead ribozymes in which the 2’-
hydroxyl group was replaced by a fluorine
atom or an amino group were prepared and
kinetically characterized. The 34-nucleotide
ribozyme described by Fedor and Uhlen-
beck (9) (Fig. 1) was chosen for this system-
atic study because of its high turnover num-
ber.

The catalytic efficiency of hammerhead
ribozymes has been thought to depend on
the presence of a 2'-hydroxyl group at the
site of cleavage and at specific positions
throughout the ribozyme structure. The in-
troduction of 2'-deoxynucleotides at the
conserved positions E 13, 14, and 27 to 29
(Fig. 1) within the ribozyme sequence re-
sulted in a 96% decrease of catalytic efficien-
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