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The RNA-binding properties of the hnRNP monoparticle proteins were examined using a renaturing blotting 
procedure. All 'core' proteins are able to bind single-stranded nucleic acids, probably not sequence-specific. The 
core proteins C1 and, in one case Az and B2, are able to bind nucleic acids which are double-stranded or which 
show a high degree of base-paired regions, among them U1 snRNA, whereas Al, B1 and C2 are unable to bind 
base-paired nucleic acids. The characteristics of C in binding base-paired nucleic acids are especially interesting, 
since the involvement of C1 in the splicing process has been described. 

The role of hnRNA-associated proteins in the post-trans- 
criptional modification of RNA is beginning to be understood 
at the molecular level. Many components, RNAs as well as 
proteins, are involved in the intricate splicing process. Crucial 
in understanding these complicated mechanisms is the knowl- 
edge of the associations between the participating components 
and the three-dimensional structure of the hnRNP particles. 

hnRNPs can be isolated in the monomeric form of about 
40S, composed of nascent RNA with a length of about 800 
nucleotides and of proteins of which the following six 'core' 
proteins are most prominent: Al (32 kDa), A2 (34 kDa), 
B1 (36 kDa), B2 (37 kDa); C1 (42 kDa) and C2 (44 kDa) [I]. 
All core proteins are basic, except one (acidic) protein of 
group C. 

The nature of the association between core proteins and 
the RNA has been the subject of previous reports [I - 121. In 
those studies, however, the binding properties of a mixture of 
all core proteins were investigated. In this report we have 
observed the binding characteristics of individual monopar- 
ticle proteins to hnRNA and various other RNA types by 
separating the proteins using SDS/polyacrylamide gel 
electrophoresis and evaluating their binding properties to 
radioactively labelled RNA by a blotting procedure. 

MATERIALS AND METHODS 

HeLa S-3 cells were grown in Belco-spinner culture in 
minimal essential medium containing 8% fetal calf serum up 
to a density of (0.5 - 1) x lo6 cells/ml [13]. 
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Abbrevialions. hnRNA, heterogenous nuclear ribonucleic acid; 
hnRNP, heterogenous nuclear ribonucleoprotein particle; snRNA, 
small nuclear ribonucleic acid; NEPHGE, non equilibrium pH gradi- 
ent electrophoresis. 

Enzjmes. Polynucleotide kinase (EC 2.7.1.78); RNA polymerase 
(EC 2.7.7.6); DNA polymerase (EC 2.7.7.7); DNase I (EC 3.1.21.1); 
RNase A (EC 3.1.27.5). 

Isolation of hnRNP particles 

1 x lo9 HeLa cells were resuspended in 30 ml Tris/Mg/K 
buffer (50 mM Tris/HCl pH 7.0, 10 mM MgC12, 25 mM KCl) 
containing 250 mM sucrose (RNase-free) and 1 mM phenyl- 
methylsulfonyl fluoride and homogenized with 20 strokes in 
a Potter homogenizer (1000 rpm, 4°C). Nuclei and cytoplasm 
were separated at 2600 x g .  The nuclear pellet was dissolved 
in 250 ml Tris/Mg/Triton buffer (20 mM Tris/HCl pH 7.0, 
1.5 mM MgClZ, 0.02% Triton X-loo), homogenized twice in 
a Potter homogenizer and pelleted by a 400 x g centrifugation 
step. Finally the nuclei were dissolved in ice-cold bidistilled 
water and sedimented at 650 x g. 

The nuclei were allowed to stand for 45 min in 3 ml ice- 
cold pH 8 buffer solution (10 mM Tris/HCl pH 8, 140 mM 
NaCl, 1 mM MgCI2). The hnRNP were extracted by three 
sonications (5 s each). The nuclear debris was removed by 
centrifugation at 16 500 x g and the supernatant incubated for 
30 min at 37°C (to activate endogenous nucleases). The 40s 
hnRNP particles were isolated following centrifugation on a 
10-40% sucrose gradient, w2t = 5.4 x 10l1 rad2 s-'. The 
gradients were fractionated with an ISCO density gradient 
fractionator, the peak fractions containing the 40s hnRNP 
pelleted at wzt  = 1 x loL2 rad2 sK1 [14, 151. 

hnRNA was isolated by phenol extraction of the sonicated 
supernatant of the pH 8 buffer extract, prior to incubation at 
37°C; hnRNP-RNA was isolated by phenol extraction of the 
40s peak fractions. 

Radioactive labelling 

The nucleic acids were radiolabelled with 32P by well- 
known procedures, i.e. nick translation [16], radiolabelling 
at the 5' end [17], in vitro transcription (Deuschle, personal 
communication) [2, 18 - 201. 

Double-stranded RNA was prepared using a murine H1" 
cDNA clone and phage T3 and T7 RNA polymerases. Both 
RNAs were taken up together in 2 x NaCl/Cit (60 mM sodium 
citrate pH 7.0,600 mM NaCl), incubated at 65°C and digest- 
ed with 30 pg/ml RNase A. The undigested fragment was 
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Fig. 1. RNA binding properties of the gene-32 protein of phage T4. 
Lane A shows the gene-32 protein of phage T4, separated in SDS- 
PAGE and stained with Coomassie blue. The same protein was re- 
natured, transferred to nitrocellulose as described in Material and 
Methods and afterwards incubated with at the 5’-end-radiolabelled 
hnRNA (B) and ribosomal RNA (C) 

separated from the oligonucleotides using Sephadex G-75 
chromatography. 

Protein blotting procedure 

Proteins were separated on 8 - 15% SDS/polyacrylamide 
gradient gels as described by Laemmli [21]. The two- 
dimensional non-equilibrium pH gradient electrophoresis 
(NEPHGE)/SDS gel system was published by O’Farell et al. 
[22]. The proteins were renatured by gently shaking the gel 
for 3 - 5 h in a buffer containing 4 M urea, 10 mM Tris/ 
HC1 pH 7.0,2 mM EDTA, 0.1 mM dithiothreitol and 50 mM 
NaCl [23]. The treated proteins were transferred overnight 
onto nitrocellulose in a 25 mM sodium-phosphate-containing 
buffer, pH 6.8. 

Each of the radiolabelled nucleic acid probes (2 pg, 
5 x lo6 cpm) was dissolved in a small volume of standard 
binding buffer (10 mM Tris/HCl pH 7.0, 0.02% Ficoll 400, 
0.02% bovine serum albumin, 0.02% polyvinylpyrrolidone, 
50 mM NaCl, 1 mM EDTA) and incubated with the protein 
blot overnight at room temperature. The blots were washed 
in the same buffer for 1 h. The dried nitrocellulose sheets were 
exposed for several hours. 

In preincubation experiments the blots were, prior to the 
use of radioactive labelled RNAs, incubated with 20 pg/ml 
non-labelled nucleic acids in standard binding buffer for sev- 
eral hours and washed twice in the same buffer. 

RESULTS 
To examine the nucleic-acid-binding properties of SDS- 

PAGE-separated hnRNP proteins of HeLa cells, we used the 
blotting procedure of Towbin et al. [24]. The protein were 
renatured in a urea-containing buffer according to Bowen 
et al. [23] and transferred to nitrocellulose in a phosphate- 
buffered electroblotting system. 

Fig. 2. Nucleur-RNA-binding properties of hnRNP proteins. Lane A 
shows hnRNP proteins isolated from HeLa cells, separated in an 
8-15% SDS-PAGE and stained with Coomassie blue. The same 
proteins were renatured, transferred to nitrocellulose as described in 
Materials and Methods and afterwards incubated with radiolabelled 
hnRNP-RNA (B) and hnRNA (C) 

Standardization of the blotting procedure 

In a first series of experiments we standardized the blotting 
procedure. A quantitative transfer of all proteins was achieved 
only when gradient gels were used. Amido black staining 
of the nitrocellulose sheet after the transfer demonstrated a 
satisfactory transfer of all hnRNP proteins, independent of 
their molecular size. 

The incubation and washing steps were performed accord- 
ing to Bowen et al. [23]. Other methods used (for example 
[25]) did not yield satisfactory results. 

To test the fidelity of the blotting procedure for the RNA- 
binding properties of proteins, we followed the binding of the 
well-characterized gene-32 protein of phage T4, which only 
binds single-stranded RNA [26 - 281. The protein was subject- 
ed to SDS-PAGE, renatured and transferred to nitrocellulose 
as described above. The blotted protein was incubated with 
radiolabelled hnRNA or rRNA. As shown in Fig. 1 B and C, 
the gene-32 product was able to bind to hnRNA but not to 
rRNA, the latter being an RNA species which is characterized 
by its high content of base-paired regions. 

h n R N P  proteins bind h n R N A  

Having standardized the experimental system, we checked 
the binding properties of hnRNP proteins to radiolabelled 
RNAs, which were obtained from two different nuclear 
sources. In one case the RNA was purified from isolated 
hnRNPs following in vitro transcription of HeLa nuclei by 
the method of Manley et al. [19], modified by Economides 
and Pederson [2] (Fig. 2B). The other RNA was extracted from 
the hnRNP-containing supernatant of purified nuclei with 
0.14M NaCl and radiolabelled at the 5‘ end according to 
Richardson [17] (Fig. 2C). The results from such experiments 
showed that all core proteins were able to bind these RNAs. 
Additional proteins in the 90-kDa region were also able to 
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Fig. 3. DNA-binding properties of hnRNP proteins using presaturation 
experiments. Lane A shows hnRNP proteins isolated from HeLa cells, 
separated in an 8-15% SDS-PAGE and stained with Coomassie 
blue. The same proteins were renatured, transferred to nitrocellulose 
as described in Materials and Methods and afterwards incubated with 
at the 5'-end-radiolabelled hnRNA after preincubation with single- 
stranded DNA (B) and double-stranded DNA (C). Lane D shows 
the hnRNP proteins incubated with nick-translated pBR325 plasmid 
DNA without presaturation 

bind to hnRNP-derived RNA, but not to the in vitro transcrip- 
tion product. This might reflect differences in the RNA com- 
position of the two RNA preparations. 

One group C core protein binds double-stranded DNA 

In an attempt to detect specific binding sites of hnRNA 
to hnRNP proteins we presaturated the protein blots either 
with single-stranded or double-stranded DNA prior to incu- 
bation with radiolabelled hnRNA. As shown in Fig. 3B, no 
binding of hnRNA to hnRNP proteins was observed when 
presaturation with single-stranded DNA was performed. 

However, when presaturation with double-stranded DNA 
was applied instead, the group A and B core proteins were 
able to bind with hnRNA (Fig. 3C). 

As an extension to these experiments we incubated the 
hnRNP proteins with nick-translated plasmid pBR325 DNA. 
Two of the larger core proteins showed binding: C1 and (prob- 
ably) B2 (Fig. 3D). This is in accord with the results obtained 
from double-stranded-DNA-presaturation experiments de- 
scribed above, and show that group C core proteins can bind 
base-paired nucleic acids whereas all core proteins are able to 
bind single-stranded nucleic acids. 

Core protein C1 is able to bind base-paired R N A  

To characterize further the binding properties of core pro- 
teins to nucleic acids we performed experiments with other 
types of RNA, such as transfer RNA, 18s ribosomal RNA 
and U1 small nuclear (sn)RNA, which all possess a high 
percentage of base-paired regions. As U1 snRNA we used 
the transcription product of a Drosophila melanogaster U1 
snRNA clone [29]. 

Fig. 4. Binding properties of hnRNPproteins to different R N A  classes. 
Lane A shows hnRNP proteins isolated from HeLa cells separated in 
an 8-15% SDS-PAGE and stained with Comassie blue. The same 
proteins were renatured, transferred to nitrocellulose as described in 
Materials and Methods and afterwards incubated with ribosomal 
RNA radiolabelled at the 5' end (B), transfer RNA radiolabelled at 
the 5' end (C), in vitro transcribed U1 snRNA (D), RNA of a murine 
HI" clone transcribed by phage T7 RNA polymerase (short-time- 
exposed E, overexposed F) and the double-stranded, annealed and 
RNase-A-treated RNA of this clone transcribed by the phage T3 and 
T7 RNA polymerases (G) 

The results of these experiments are shown in Fig. 4. Only 
one core protein, C1, showed high levels of binding to 
ribosomal RNA (Fig. 4B), transfer RNA (Fig. 4C) and U1 
snRNA (Fig. 4D). 

Another approach was used to verify these results : in-vitro- 
transcribed single-stranded RNA (using RNA polymerase of 
phage T7) and double-stranded RNA (after annealing and 
RNase A treatment of the transcripts using the RNA 
polymerases of phage T3 and phage T7) of an H1" clone were 
incubated with the protein blots. Whereas the single-stranded 
RNA binds all core proteins with different strength (as shown 
by short-time-exposed and overexposed blots Fig. 4E and F), 
the double-stranded RNA is only bound by C1 (Fig. 4G). 

To establish more precisely which of the core proteins 
bind to the various types of nucleic acids used in the binding 
experiments, we separated the hnRNP proteins in two- 
dimensional gel electrophoresis prior to the binding exper- 
iments (Fig. 5).  Using hnRNA we confirmed that all core 
proteins were able to bind this RNA, except for one isoelectric 
form of C1 (Fig. 5B). 

U1 snRNA was bound mainly by one isoelectric form of 
C1 (Fig. 5C). Furthermore, binding could also be observed 
to a lesser extent with core proteins A2 nd B2. The discrepan- 
cies in the data of one-dimensional and two-dimensional gel 
electrophoresis will be discussed later. 

Lastly we used nucleic acids with a known lack of second- 
ary structure for the binding experiments. According to a 
computer check, such an RNA can be found in the BarnHI 
fragment of clone F1 of D. melanogaster transcribed in vitro 
[30], which codes for the elongation factor EFI (Hovemann, 
personal communication). 
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Fig. 5.  RNA-binding properties of two-dimensionally separated hnRNP 
proteins. Two-dimensional separation of hnRNP proteins (first 
dimension NEPHGE/second dimension SDS-PAGE). (A) The 
Coomassie-blue-stained proteins. These proteins were renatured, 
transferred to nitrocellulose as described in Materials and Methods 
and afterwards incubated with at the 5’-end-radiolabelled hnRNA 
(B), in vitro transcribed U1 snRNA (C) and in vitro transcribed RNA 
of the plasmid pBR325 (D). The different binding behaviour of U1 
snRNA to one-dimensional and two-dimensionally separated hnRNP 
proteins should be due to the use of urea and ampholines 

The binding behaviour of hnRNP proteins to this RNP, 
tested in a two-dimensional electrophoretic system (see 
Fig. 5D with regards to the RNA of plasmid pBR325), is 
similar to the binding properties to hnRNA or the T7 RNA 
polymerase transcript. 

DISCUSSION 

With the results shown above no firm evidence for a 
sequence-specific binding between hnRNA and core proteins 
could be found. This is in accord with Pulman and Martin [7] 
and Wilk et al. [12], who were able to reconstitute hnRNP- 
like particles using the core proteins and any type of single- 
stranded nucleic acid. It was impossible, however, to reconsti- 
tute these particles with double-stranded nucleic acids. Beyer 
et al. [14, 311 concluded from electron-microscopic obser- 
vations that these proteins bind to the primary transcript at 
varying distances which are constant for the same transcript. 

In this paper we examined the RNA-binding properties of 
the individual hnRNP proteins in an attempt to obtain more 
information on the structure of the hnRNP particles. 

Our approach was to separate the hnRNP proteins by 
SDS/polyacrylamide gel electrophoresis and to transfer the 
separated proteins onto nitrocellulose. After studying the 
properties of the blotting system and considering the relevant 
publications [23,32-351 we concluded that a renaturation of 
the proteins was necessary and also a prerequisite for the 
binding studies. Using the well-described western blotting 
system it was impossible to renature the proteins after the 
transfer. Also, none of the described blotting procedures, in- 
cluding diffusion blotting [23] or vacuum blotting [36], gave 
us satisfactory results. 

Only the renaturation procedure [23] in combination with 
electrotransfer in a phosphate buffer proved satisfactory and 
reproducible. 

The major advantage of our experimental approach lies 
in the renaturation step. Although there is no possibility of 
measuring the degree of renaturation of the proteins in SDS 
gels, the reproducibly clear results suggest extensive renatura- 
tion. Without this renaturation step it was impossible to detect 
any binding capacity of the denatured proteins. 

The results we have presented on the nucleic-acid-binding 
capacity of core proteins are qualitative rather than quantita- 
tive. Hence, no attempt to measure the stoichiometry of bind- 
ing to individual proteins was made. However, the large 
amount of U1 snRNA bound to C1 core protein (Fig. SC), 
compared with the other types of nucleic acids used, is note- 
worthy. 

Using the gene-32 product of phage T4, which binds to 
single-stranded but not to double-stranded nucleic acids [27, 
281, we could show that the blotting system works as expected. 
Thus our findings show that all core proteins bind any type 
of single-stranded nucleic acid. This can be considered valid 
under the experimental conditions used. 

The A, core protein has been described as a single- 
stranded-nucleic-acid-binding protein [37,38]. In addition, we 
demonstrated here that RNAs with a high degree of secondary 
structure as well as double-stranded RNAs bind to C1 and 
partly B2 core proteins. C ,  is the only acidic one of the group 
C core proteins. It is interesting to note that not all of its 
isomers appear to have the capacity to bind RNA. 

In some cases, i.e. in experiments involving core proteins 
separated by two-dimensional gel electrophoresis, we ob- 
served binding of A2 core protein to RNA of high secondary 
structure. This difference is not yet understood, but could 
be due to the effects of ampholines and/or urea during the 
preparation of the samples and the pH-gradient gel electro- 
phoresis. In this context it is interesting that differences in the 
molecular mass of hnRNA protein in the presence and ab- 
sence of urea during the electrophoretic separation were de- 
tected by Wilk et al. [39]. 

Regarding the binding of U1 snRNA, it is interesting to 
note that it binds to the same core protein which binds base- 
paired nucleic acids (CJ. U1 snRNA has internal double- 
stranded regions but can also form base-paired structures with 
hnRNA [40,41]. Such structures have been identified as splice 
sites [42]. 

Choi et al. [43] are able to inhibit splicing with an antibody 
against C1. The hn/snRNA hybrids have been described as 
being RNase-resistant [44]. 

Considering the evidence cited above, it is probable that 
if there is a direct contact of a hnRNP protein with the double- 
stranded hn/snRNA region, this protein is most likely to 
be C,. 

Further studies concerning the sites of interaction of C1 
core proteins with U1 and other snRNAs with the aid of 
nuclease digestion and ultraviolet cross-linking experiments 
are currently underway in our laboratory. 
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