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ABSTRACT  Contacts between heterogeneous nuclear RNA
(hnRNA) and protein in nuclear ribonucleoprotein particles have
been photochemically crosslinked in intact HeLa or Friend eryth-
roleukemia cells by irradiation with 254-nm light at-doses of 10"
to10° ergs/mm?® (1 to 10* u)/mm?). The resulting crosslinked par-
ticles were isolated and compared with conventional hnRNA-protein
(hnRNP) preparations. By .the criteria of nuclear fractionation
behavior, sedimentation coefficients, nuclease digestion profiles,
and RNA-to-protein ratio measured by banding.in Cs,SO, density
gradients, the hnRNP particles crosslinked.in vivo are-identical
to nonirradiated particles. Gel blot hybridization of RNA from
Friend cell hnRNP crosslinked in vivo reveals that B-globin RNA
sequences remain both-intact and hybridizable after the irradia-
tion procedure. The crosslinked hnRNA-protein bonds are stable
-in 8 M urea/0.5% sodium dodecyl sulfate and withstand centrif-
ugation in Cs,SO, gradients of initial density 1.50 g/cm®. These
results establish that hnRNA is tightly complexed with nuclear
proteins in vivo and that hnRNP particles isolated by nuclear frac-
tionation represent native structures.

Most eukaryotic genes are-interrupted by DNA that does not
code for mRNA. These intervening DNA sequences are tran-
scribed into heterogeneous nuclear RNA (hnRNA) colinearly
with mRNA-coding regions and are then excised, and the
mRNA segments are rejoined. Consequently, there has re-
cently been a resurgence of interest in hnRNA — mRNA pro-
cessing. We have been studying hnRNA-protein complexes,
known as hnRNP particles (reviewed in ref. 1), because we sus-
pect that this nucleoprotein structure of hnRNA may be an im-
portant aspect of its processing. The idea that hnRNA is asso-
ciated with protein in the cell has its roots in the studies by Gall
(2) and Callan and Lloyd (3) of nascent ribonucleoprotein (RNP)
on the lateral loops of amphibian lampbrush chromosomes.
More recently, the association of proteins with hnRNA has been
further documented by ultrastructural analysis of nuclear RNP
particles in situ (4-6) or of nascent, nonribosomal RNP fibers
on chromatin spread by the technique developed by Miller
(7-10).

Just as the reliability of these -ultrastructural studies of
hnRNP (4-10) depends on critical fixation and related aspects
of specimen ‘preparation, the biochemical isolation of hnRNP
particles (11, 12) requires attention to the possibilities of ma-
cromolecular rearrangements and nonspecific RNA-protein as-
sociations during cell fractionation. We, and others, have ad-
dressed this issue through reconstruction experiments in which
deproteinized hnRNA is added to nuclei prior to hnRNP par-
ticle isolation (12-15). The results have been reassuring-in that
the added hnRNA does not pick up significant amounts.of pro-
tein, indicating the absence of a large nuclear pool of nonspecific
RNA-binding proteins. Yet, the caveat in all such reconstruc-
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tions is the possibility that nonspecific RNA-protein associations
have already occurred during nuclear isolation so that, by the
time the naked hnRNA probe is added, the reacting proteins
have been depleted by the formation of what the observer
(mistakenly) scores as “endogenous” hnRNP.

Because the current emphasis on hnRNA — mRNA pro-
cessing is likely to trigger a parallel resurgence of interest in
hnRNP, we have decided to re-examine the authenticity of
isolated hnRNP particles by a different approach. We describe
here the results of experiments in -which hnRNA-protein as-
sociations are probed in living cells by photochemical
RNA-protein crosslinking. This approach is based upon two
specific attributes of RNA—protein crosslinking by 254-nm light
(16-19). The first is the ability of UV light, at sufficient doses,
to penetrate deeply into biological structure (e.g., intact cells).
The second is the fact that the crosslinking radius of this probe
is extremely short, so that only proteins in direct contact with
the RNA are crosslinked (e.g., see ref. 20). These two features

-have made it possible for us to employ 254-nm light to assess

the extent to which hnRNA-protein contacts exist in the intact
cell prior to fractionation.

METHODS

Cells. HeLa (human) and Friend erythroleukemia (mouse)
cells were grown as previously detailed (15, 21). hnRNA was
selectively labeled by pulsing cells for 20 min with [*H]uridine
after selective suppression of ribosomal RNA synthesis by 0.04
ug of actinomycin per ml for HeLa cells (12) and 0.08 pug/ml
for mouse cells (15). Labeling was terminated by pouring the
cell suspension into ice-cold balanced salt solution (22) without
phenol red. After centrifugation the cells were washed in bal-
anced salt solution, then once again in buffered saline (0.15 M
NaCl/10 mM Tris'HCl, pH 7.2) and then resuspended at 10’
cells per ml in buffered saline for irradiation.

Photochemical Crosslinking. Suspensions, 20 ml, 107 cells
per ml, were transferred to pre-chilled 100-mm petri dishes,
lined on the inner surface with aluminum foil and kept at 4-6°C
with stirring. (More recently we have used highly .polished
stainless steel petri dishes.) The UV irradiation source was a pair
of 2.5 X 42 em 15-W Sylvania germicidal lamps (G15-T8)
mounted in parallel 1 cm apart and equipped with reflectors
fabricated of aluminum foil. The incident intensity of 254-nm
light was measured with a UV meter (model J-225, Ultra-Violet
Products, San Gabriel, CA) in the plane of the surface of the
cell suspension. Intensity was varied by adjusting the distance
between the cell suspension and the -UV source. The highest
UV doses employed were 3.6 X 10° ergs/mm? (1 erg = 1077

Abbreviations: hnRNA, heterogeneous nuclear RNA; RNP, ribonu-

cleoprotein; hnRNP, hnRNA-protein particle; RSB, 10 mM NaCl/1.5

mM MgCly/10 mM TrissHCI, pH 7.2.

*This is paper no. 14 in a series entitled “Ribonucleoprotein organi-
zation of eukaryotic RNA.” Paper no. 13 is ref. 31.
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]), which were obtained with a distance of 6.25 cm (flux = 4000
#W/cm?) and an irradiation period of 15 min. Lower doses (Fig.
1) were obtained by reducing the duration of irradiation, the
intensity, or both.

Isolation of hnRNP and Analysis of RNA-Protein Cross-
linking. After irradiation, the cells were harvested and resus-
pended in RSB (10 mM NaCl/1.5 mM MgCl,/10 mM Tris-HCI,
pH 7.2) and fractionated as described for the isolation of hnRNP
(12, 15, 23). In most of the experiments reported here, a post-
nucleolar fraction containing both chromatin and hnRNP was
used, while in some cases hnRNP was purified on sucrose gra-
dients as indicated.

Crosslinking was monitored by the phase partitioning of
pulse-labeled hnRNA in a phenol/water system. To hnRNP
from untreated or irradiated cells, NaCl was added to 0.1 M,
EDTA to 0.02 M, urea to 8 M, and sodium dodecyl sulfate to
0.5%. After aliquots had been taken for determination of total
trichloroacetic acid-precipitable *H radioactivity, the samples
were extracted for 30 min at 20-22°C with 1 vol of buffered
freshly prepared phenol/chloroform/isoamyl aleohol (50:49.5:0.5,
vol/vol). After separation of the organie and aqueous phases by
centrifugation, aliquots were taken from the aqueous phase for
determination of acid-precipitable radioactivity. Crosslinking
was computed as detailed in Fig. 1.

RESULTS
RNA-Protein Crosslinking of hnRNP Particles at Three

Levels of Organization. A facile assay for photochemical -

RNA-protein crosslinking is the phase partitioning of RNA in
a phenol/water solvent system (e.g., see ref. 17). In the absence
of crosslinking, 85-90% of the [*H]uridine pulse-labeled RNA
in HeLa cell hnRNP particles partitions in the aqueous phase
after phenol extraction. As shown in Fig. 1, after 254-nm irra-
diation a dose-dependent increase occurs in the fraction of
hnRNA partitioning in the phenol phase. (Irradiation of depro-
teinized hnRNA alone does not cause it to become soluble in
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FiGc. 1. hnRNA-protein crosslinking as a function of UV dose.
HeLa cells were pulse labeled with [*Hluridine in the presence of 0.04
pg of actinomycin per ml and irradiated at 107 cells per ml as detailed
in Methods. In other experiments nuclei were isolated as previously
described (12) and irradiated at 107 nuclei per ml in RSB. hnRNP par-
ticles were purified on sucrose gradients (12) and irradiated at an A,
of 0.04. Crosslinking was measured by phenol extraction in the pres-
ence of 8 M urea and 0.5% sodium dodecyl sulfate. The “% crosslinked”
is (x — y)/x, in which x is the percentage of trichloroacetic acid-precip-
itable [°H]uridine radioactivity in the aqueous phase of noncrosslinked
hnRNP and y is the percentage of °H radioactivity in the aqueous phase
of irradiated hnRNP. x was always between 85% and 90% of the total
3H radioactivity, due to the partitioning of 10-15% of the hnRNA into
the phenol phase even in the absence of crosslinking.

Proc. Natl. Acad. Sci. USA 78 (1981) 2209

phenol solution.) This progressive shift of hnRNA into the
phenol phase is observed despite the presence in the extraction
buffer of 0.5% sodium dodecyl sulfate and 8 M urea. The ad-
dition of 0.1% 2-mercaptoethanol to the extraction buffer does
not influence the extent of hnRNA-protein crosslinking, indi-
cating that protein—protein disulfide bond formation does not
contribute significantly to the results. It can be seen in Fig. 1
that sigmoidal dose-response curves are obtained for hnRNP
irradiated as isolated particles, in purified nuclei, or in intact
cells, and that higher doses are required with increasing bio-
logical complexity, as would be expected. In all cases, 80-90%
of hnRNA can be crosslinked to protein, as defined by confer-
ring solubility in phenol solution on the normally phenol-in-
soluble hnRNA. These results demonstrate that, at all three
levels of organization, hnRNA is in direct contact with protein.
For the case of intact cells, this result confirms the earlier cy-
tological and ultrastructural observations that proteins are as-
sociated with hnRNA. It also serves as a point of departure for
examining the extent to which particles that have been cross-
linked in vivo resemble those normally isolated as “hnRNP.”
Therefore, for the remainder of this paper, all the experiments
presented deal with hnRNP crosslinked in vivo.

Specificity and Properties of Crosslinked hnRNP. Control
experiments have been conducted to assess the specificity of
crosslinking. Mixtures of deproteinized hnRNA and bovine
serum albumin irradiated at 10° ergs/mm? were not detectably
crosslinked, confirming the earlier results of Schoemaker and
Schimmel for tRNA/bovine serum albumin mixtures (17). De-
proteinized [*H]hnRNA irradiated at 3.6 X 10° ergs/mm?in the
presence of a 1000-fold mass excess of HeLa nuclear protein was
crosslinked with some protein, but these complexes had a much
lower protein-to-RNA ratio than bona fide hnRNP particles as
measured by their increased buoyant density in Cs,SO, (p =
1.45-1.50 g/cm®) relative to native hnRNP (p = 1.30 g/cm®).
In addition, the hnRNA-protein complexes formed in vitro had
a much higher sensitivity to pancreatic RNase digestion than
native hnRNP did. In particular, these hnRNA-protein com-
plexes were 70% digested under conditions that produced 80%
digestion of naked hnRNA, but only 50% digestion of endog-
enous hnRNP. Thus, while there appears to be some interaction
between added hnRNA and nuclear protein, at least enough to
be stabilized by photochemical crosslinking, the resulting com-
plexes do not resemble endogenous hnRNP particles (see also
ref. 15).

Despite the photochemically catalyzed formation of covalent
hnRNA-protein bonds (Fig. 1), the physical properties of the
crosslinked hnRNP particles do not appear to be significantly
altered. The nuclear fractionation behavior and recovery of
hnRNP is unaffected by crosslinking. The percentage of total
nuclear [*H]uridine radioactivity recovered in the postnucleolar
supernatant of control and irradiated cells was 84.2% and
79.3%, respectively (averages of seven determinations each).
In addition, sucrose gradient analysis revealed the sedimenta-
tion properties and recoveries of control and crosslinked hnRNP
particles to be indistinguishable (data not shown). In experi-
ments probing the accessibility of hnRNA in the particles to
pancreatic RNase, there was no detectable difference in the
digestion profiles of control and crosslinked hnRNP (Fig. 2). It
can be seen in Fig. 2A that the degree of RNase protection af-
forded by hnRNP proteins, relative to naked hnRNA4, is exactly
the same for control and crosslinked particles. In Fig. 2B, the
rate of hnRNP digestion has been accelerated by increasing the
RNase-to-hnRNP ratio, allowing the digestion kinetics of con-
trol and crosslinked particles to be followed over a range-in
which approximately 75% of the hnRNA is under analysis. As
in Fig. 2A, there is no difference between control and cross-
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FiG. 2. Similarity of crosslinked and noncrosslinked hnRNP par-
ticles with respect to nuclease accessibility. hnRNP particles in RSB
were digested at 4°C with pancreatic RNase at a concentration of 0.1
ug/ml (A) or 1.0 ug/ml (B). Digestion was monitored by the conversion
of [*H]uridine radioactivity to trichloroacetic acid-soluble form. e,
hnRNP crosslinked in vivo; O, noncrosslinked particles; x, deprotein-
ized [*HJhnRNA.

linked hnRNP. Results similar to those in Fig. 2 were obtained
with hnRNP from Friend erythroleukemia cells crosslinked in
vivo (not shown). These results demonstrate that, by the cri-
terion.of nuclease protection, in vivo crosslinking does not cap-
ture a significant amount of additional nuclear protein beyond
that normally isolated with hnRNA as hnRNP.

Effects of Crosslinking on an hnRNP Particle-Bound En-
zyme. In addition to probing the structure of hnRNP by pan-
creatic RNase digestion (Fig. 2), it was of interest to examine
the -effects of crosslinking on an endogenous ribonuclease ac-
tivity that cofractionates with hnRNP particles (ref. 24 and un-
published results). As shown in Fig. 3A, when control hnRNP
particles are recovered from sucrose gradients and incubated
at 37°C in 10 mM NaCl/1.5 mM MgCl,/10 mM Tris-HCI, pH
7.2, about 22% of the particle-associated hnRNA is digested to
acid solubility over a 2-hr period. (No digestion occurs in par-
ticles allowed to stand at 4°C.) As shown by the.open circles in
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FiG. 3. Activity of an hnRNP-associated nuclease. hnRNP parti-
cles were purified on sucrose gradients in RSB (12) and incubated at
37°C to permit the action of an endogenous nuclease. (A) Results for
noncrosslinked hnRNP; (B) particles crosslinked in vivo. @, Particles
at the concentration in which they are directly recovered from the gra-
dients, which in these experiments corresponded to an Agg, of 0.1. O,
Comparable data for particles that were diluted 1:10 with RSB before
-assay. Note that full scale on the ordinate is 30% digested.
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Fig. 3A, the kinetics of this “self-digestion” of hnRNP are not
detectably altered when the concentration of hnRNP is reduced
to 1/10th, indicating that the observed digestion is an intra-
particle event and suggesting therefore that the responsible
nuclease(s) is particle bound. Fig. 3B shows the results of a com-
parable experiment with hnRNP crosslinked in vivo. It can be
seen that the kinetics of the reaction are similar to'that of control
particles, reaching a nearly identical value of 20% digested at
2 hr. Once again, a reduction to 1/10th in hnRNP particle con-
centration does not alter the reaction kinetics. These results
therefore show that a presumptively particle-bound enzyme(s)
is not inactivated by the irradiation conditions used to crosslink

the hnRNP. These data also suggest that the endogenous nu-

clease has equal accessibility to the hnRNA in control and cross-
linked hnRNP. We emphasize that these results do not address
the question of whether or not the hnRNP nuclease is cross-
linked to the hnRNA. Rather, the results simply provide an-
other criterion by which the control and crosslinked particles
are indistinguishable.

Covalent Integrity of a Specific nRNA Sequence in Cross-

linked hnRNP. To examine the important possibility of radia-

tion-induced breakage of hnRNA in crosslinked particles,
Friend erythroleukemia cells were irradiated at 10° ergs/mm?
and hnRNP was isolated as described (15). RNA was purified
from control and crosslinked particles by proteinase K digestion
followed by phenol/chloroform extraction, and then it was elec-
trophoresed in denaturing polyacrylamide gels. After electro-
phoresis, the RNA was transferred to diazobenzyloxymethyl-
paper and hybridized with a **P-labeled DNA probe for B-glo-
bin sequences (see legend to Fig. 4 for details). It can be seen
in Fig. 4 that the B-globin sequences from crosslinked Friend
cell hnRNP (lane B) show no sign of degradation when compared
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Fic. 4. Blot hybridization of B-globin RNA sequences in control
and crosslinked hnRNP particles from Friend erythroleukemia cells.
Unlabeled RNA purified from hnRNP was electrophoresed in a 7.5%
polyacrylamide gel containing 98% (vol/vol) formamide. After elec-
trophoresis, the RNA was electrophoretically transferred onto diazo-
benzyloxymethyl-paper (25) and hybridized with a 3?P-labeled nick-
translated 1.05-kilobase HindIIl restriction endonuclease fragment
(15) of a mouse B-globiny,,;., gene cloned in bacteriophage A (26). Lane
A, RNA from noncrosslinked hnRNP. Lane B, RNA from hnRNP par-
ticles crosslinked in intact Friend cells. The reactive band corresponds
to 9S B-globin mRNA sequences. Prespliced 15S B-globin sequences
are also present in hnRNP (15) but were not resolved as a discrete band
in this gel. The position of 9S B-globin RNA was determined by elec-
trophoresis of Friend cell cytoplasmic poly(A)* RNA in a parallel lane,
followed by blotting and hybridization with the g-globin DNA probe.
The positions of smaller RNAs were determined by electrophoresis of
32p_]abeled Friend cell small nuclear RNAs in parallel.
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Fic. 5. Extent of hnRNA-protein crosslinking as measured by iso-
ycmc banding in Cs;SO,. Samples (0.5 ml) of hnRNP crosslinked in
vivo or hnRNP not crosslinked were mixed to homogenelty with 4.5 ml
of Cs,80, having an initial density of 1.50 g/cm®. The solutions were
then pipetted into polyallomer tubes and centrifuged in a Beckman
Spinco SW 50.1 rotor at 35,000 rpm for 72 hr (20°C). The gradients were
fractionated, and the density of every fourth fraction was determined
by weighing a 10-u1 aliquot. [*H]Uridine radioactivity was determined
by precipitation with 5% trichloroacetic acid.

to RNA from noncrosslinked particles (lane A). This result not
only demonstrates that the irradiation used for crosslinking does
not significantly break hnRNA but also attests to the DNA hy-
bridization competence of RNA from crosslinked hnRNP, which
may prove to be an important attribute with respect to future
studies on specific gene transcripts in hnRNP and their asso-
ciated proteins (see Discussion).

Composition of Crosslinked hnRNP Particles as Measured
by Isopycnic Banding in Cs,SO,. To investigate the RNA and
protein composition of crosslinked hnRNP particles, they were
banded in Cs,SO, density gradients under conditions that dis-
sociate noncrosslinked hnRNP. As shown in Fig. 5, when non-
crosslinked hnRNP particles are mixed to homogeneity with
Cs,80, (p = 1.50 g/cm®) and then banded in a centrifuge-gen-
erated gradient, most of the hnRNA is stripped of protein and
bands at 1.66 g/cm®, which is the density of protein-free RNA
in these gradients (27). In striking contrast, crosslinked hnRNP
particles are completely resistant to this assault and band at a
characteristic hnRNP density of 1.31 g/cm®. To examine the
remote possibility that irradiation per se chemically alters RNA
to such an extent that it no longer has a density of 1. 66 g/cm?,
naked hnRNA was irradiated at 3.6 X 10° ergs/mm? and then
centrifuged in a Cs,SO, gradient. This revealed that 1rradlated
hnRNA retains its characteristic buoyant density of 1.66 g/cm®
(data not shown). That the difference in buoyant density be-
tween crosslinked and noncrosslinked hnRNP in Fig. 5 is in-
deed due to hnRNA-associated protein is shown by the effect
of protease treatment on crosslinked hnRNP, which converts
the particles to naked RNA (Fig. 6).

We have previously shown that noncrosslinked hnRNP par-
ticles band at 1.32-1.35 g/cm® when layered on a preformed
Cs,S0, gradient (15, 28). In contrast to the situation in which
particles are mixed into 1.50-g/cm® Cs,SO, (Fig. 5), in pre-
formed gradients the particles never reach a Cs,SO, concen-
tration high enough to promote their dissociation, because they
first reach, and band at, their isopycnic density of 1.32-1.35 g/
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Fic. 6. Effect of proteolytic digestion on crosslinked hnRNP.
Crosslinked particles in RSB were digested with proteinase K (200 ug/
ml, 30 min, 37°C) and then layered on a preformed Cs,SO, gradient
(1. 25—1 75 g/cm®) and centrifuged in a SW 50.1 rotor at 34,000 rpm
for 63.5 hr (20°C).

cm?®. Although it is possible that some protein is stripped from
the particles as they reach 1.32 g/cm®, the fact that the same
density is observed when glutaraldehyde-fixed particles are
banded in preformed gradients (23) leads us to take a density
of 1.32-1.35 g/cm® as a reliable indicator of the actual protein-
to-RNA mass ratio of hnRNP. This is very close to the density
observed (1.31 g/cm® when crosslinked particles are banded
under conditions that completely strip noncrosslinked hnRNP
(Fig. 5). It therefore follows that essentially the same mass of
protein that is usually isolated as “hnRNP” is also present in
hnRNP particles that have been photochemically crosslinked
in vivo.

DISCUSSION

The central objective of this study was to assess the biological
authenticity of the isolated nuclear hnRNA-RNP complexes
known as hnRNP particles (1). The results demonstrate that
these particles represent native structures, because they can be
shown to preexist in the unfractionated cell by photochemically
catalyzed hnRNA-protein crosslinking in vivo. We cannot con-
clusively eliminate the possibility that 254-nm irradiation sim-
ply shifts a dynamic equilibrium of weak hnRNA-protein in-
teractions in the direction of hnRNP rather than covalently
stabilizing preexisting particles. However, because hnRNP par-
ticles can be observed to exist in the steady state by electron
microscopy (4-10), we are inclined to believe that these struc-
tures are based upon high-affinity RNA-protein interactions.
The dose-response relationships of hnRNP crosslinking in-
dicate a progressive increase in the fraction of hnRNA molecules
that retain associated protein in the presence of 8 M urea and
0.5% sodium dodecyl sulfate (Fig. 1). The fact that the cross-
linking curves span 3-4 orders of magnitude of UV dose raises
the possibility that there are multiple classes of hnRNP having
somewhat different structures, as was previously suggested on
the basis of the effects of salt on their dissociation (12, 29). The
heterogeneity in the dose-response curves may also reflect dif-
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ferences in the specific UV sensitivities of various nucleo-
tide-amino acid neighbors (16), which may vary in their prev-
alence among different classes of hnRNP. Finally, it is clear in
Fig. 1 that higher doses are required to crosslink hnRNP in in-
tact cells than in isolated nuclei or isolated particles. This is pre-
sumably due to absorption of the incident UV light by cellular
components such as ribosomes, chromatin, and nucleotide
pools. However, the dose used for crosslinking in vivo (3.6 X
10° ergs/mm?) does not induce structural alterations in hnRNP
by the criteria of nuclear fractionation behavior and recovery,
sedimentation properties, pancreatic RNase digestion profiles
(Fig. 2), the activity of a particle-bound enzyme system that may
be involved in hnRNA — mRNA processing (Fig. 3), the cova-
lent integrity of a specific mRNA sequence (Fig. 4), and the
particles’ RNA-to-protein ratio as determined by Cs,SO, band-
ing (Fig. 5). In addition, electrophoretic analyses of proteins
from crosslinked hnRNP (30) reveal that the same set of hnRNP
protein species previously identified (12) remains bound to the
hnRNA in the presence of 0.5 M NaCl and 0.5% sodium dodecyl
sulfate.

hnRNP crosslinking may be a useful vehicle for analyzing
aspects of its structure or function that require the use of con-
ditions that would normally disrupt particle integrity. For ex-
ample, it may be possible to hybridize crosslinked hnRNP par-
ticles to filter-immobilized cloned DNA, because the crosslinked
particles are likely to withstand the high salt employed for hy-
bridization. Photochemical crosslinking also provides a means
of stabilizing RNA-protein interactions during experiments in
which protein mobility in the particles would complicate the
analysis, for example in locating proteins on specific hnRNA
sequences by nuclease protection (31).
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1. Pederson, T. (1981) Am. Sci. 69, 76-84.

2. Gall, J. G. (1955) Brookhaven Symp. Biol. 8, 17-32.

3. Callan, H. G. & Lloyd, L. (1960) Phil. Trans. Roy. Soc. London
Ser. B 243, 135-219.

11

12.
13.

14.
15.
16.
17.
18.
19.

21.

&

N gk

S ©®

Proc. Natl. Acad. Sci. USA 78 (1981)

Stevens, B. J. & Swift, H. (1966) J. Cell Biol. 36, 55-77.
Monneron, A. & Bernhard, W. (1969) J. Ultrastruct. Res. 27,
266-288.

Malcolm, D. B. & Sommerville, ]J. (1974) Chromosoma 48,
137-158.

Laird, C. D., Wilkinson, L. E., Foe, V. E. & Chooi, W. Y. (1976)
Chromosoma 58, 169-192.

McKnight, S. L. & Miller, O. L. (1979) Cell 17, 551-563.
Busby, S. & Bakken, A. (1979) Chromosoma 71, 249-262.
Beyer, A. L., Miller, O. L. & McKnight, S. L. (1980) Cell 20,
75-84.

Samarina, O. P., Lukanidin, E. M., Molnar, J. & Georgiev, G.
P. (1968) J. Mol. Biol. 33, 251-263.

Pederson, T. (1974) . Mol. Biol. 83, 163-183.

Wilt, F. H., Anderson, M. & Ekenberg, E. (1973) Biochemistry
12, 959-966.

Firtel, R. A. & Pederson, T. (1975) Proc. Natl. Acad. Sci. USA
72, 301-305.

Pederson, T. & Davis, N. G. (1980) J. Cell Biol. 87, 47-54.
Smith, K. C. (1976) in Photochemistry and Photobiology of Nu-
cleic Acids, ed. Wans, S. Y. (Academic, New York), Vol. 2, pp.
187-218.

Schoemaker, H. J. P. & Schimmel, P. R. (1974) J. Mol. Biol. 84,
503-513.

Gorelic, L. (1975) Biochim. Biophys. Acta 390, 209-225.
Greenberg, J. R. (1979) Nucleic Acids Res. 6, 715-732.

Moller, K. & Brimacombe, R. (1975) Mol. Gen. Genet. 141,
343-355.

Pederson, T. (1972) Proc. Natl. Acad. Sci. USA 69, 2224-2298.
Earle, W. R. (1943) J. Natl. Cancer Inst. 4, 165-212.

Kish, V. M. & Pederson, T. (1978) Methods Cell Biol. 17,
377-399.

Calvet, J. P. & Pederson, T. (1977) Proc. Natl. Acad. Sci. USA
74, 3705-3709.

Alwine, J. C., Kemp, D. J., Parker, B. A., Reiser, J., Renart, J.,
Stark, G. R. & Wahl, G. R. (1979) Methods Enzymol. 68,
220-242.

Tilghman, S. M., Tiemeier, D. C., Polsky, F., Edgell, M. H.,
Seidman, ]J. G., Leder, A., Enquist, L. W., Norman, B. &
Leder, P. (1977) Proc. Natl. Acad. Sci. USA 74, 4406-4410.
Pederson, T. & Bhorjee, J. S. (1979) J. Mol. Biol. 128, 451-480.
Calvet, ]. P. & Pederson, T. (1978) J. Mol. Biol. 122, 361-378.
Kumar, A. & Pederson, T. (1975) J. Mol. Biol. 96, 353-365.
Mayrand, S., Setyono, B., Greenberg, J. R. & Pederson, T.
(1981) J. Cell Biol. 90, in press.

Munroe, S. H. & Pederson, T. (1981) J. Mol. Biol. 147, 437-450.



