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Characterization of Glycine-Rich Proteins from the Ribonucleoproteins 
Containing Heterogeneous Nuclear Ribonucleic Acidt 

Jean-Paul Fuchs, Clement Judes, and Monique Jacob* 

ABSTRACT: The salt-soluble 28 000-38 000-dalton proteins 
were isolated from ribonucleoproteins containing heterogeneous 
nuclear RNA and partially purified. They were glycine-rich 
proteins (22-26 mo1/100) and contained a small amount of 
P-dimethylarginine. Their N-terminal amino acid was 
blocked. Their p l  was basic, extending from 6.95 to 9.20. 
Some 40 different polypeptides were demonstrated by com- 
bining molecular weight and p l  determinations. Comparison 

x e  nuclear ribonucleoproteins containing heterogeneous 
nuclear RNA (hnRNP)' are made of two classes of constit- 
uents, 30-50s monoparticles and other complexes much more 
heterogeneous in size (Stgvenin et al., 1977). In contrast to 
heterogeneous complexes, the monoparticles accumulated at 
30-50s upon a mild ribonuclease treatment of the hnRNP 
(Samarina et al., 1968; Stevenin et al., 1970, 1977), they were 
easily dissociated by salt treatment (Gallinaro et al., 1975), 
and they were relatively poor in phosphoproteins (Stevenin et 
al., 1977; Gallinaro et al., 1975; Fuchs & Jacob, 1979). 
Approximately 20 major proteins could be detected in mon- 
oparticles by monodimensional gel electrophoresis (Stevenin 
et al., 1979). Some of them were acidic (plof 5-7) and their 
molecular weight extended from 40 000 to 1 10 000. Another 
group was made of basic proteins (p l  of 7-9), clustered be- 
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of peptidic maps and of peptide size after trypsin and ther- 
molysin digestion indicated the presence of only four proteins. 
The pattern of distribution of p l  showing series of discrete 
major and minor bands common to two or three polypeptides 
of different apparent molecular weight was also compatible 
with the existence of four proteins and in addition supported 
the idea that the multiplicity of polypeptides was due to ex- 
tensive posttranslational modifications. 

tween 28 000 and 38 000 daltons. They represented approx- 
imately 25% of the total hnRNP proteins. We started a study 
of these proteins in rat brain, our aim being, at long term, to 
determine whether the assembly of these basic hnRNP proteins 
may govern the structure of hnRNP as other basic proteins 
do in the assembly of chromatin or ribosomes. 

A large-scale method had been devised previously, allowing 
the clear-cut separation of heterogeneous complexes from 
monoparticle proteins after salt dissociation (Fuchs & Jacob, 
1979). The 28 000-38 000-dalton proteins could then be 
separated from the higher molecular weight proteins by gel 
chromatography. In the present work, we further fractionated 
the mixture of basic proteins by combining gel and carboxy- 
methylcellulose chromatographies. The amino acid compo- 
sition and the p l  of individual proteins or groups of proteins 
were determined, and peptidic maps were established. The 
results support the idea of the existence of only four poly- 

' Abbreviations used: RNP, ribonucleoproteins; hnRNP, ribonucleo- 
proteins containing heterogeneous nuclear RNA. 
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peptidic chains extensively modified, so as to give rise to 
multiple polypeptides. 

Materials and Methods 
Fractionation of hnRNP Constituents. The method was 

described previously (Fuchs & Jacob, 1979). A nuclear extract 
containing hnRNP plus soluble nuclear proteins was prepared 
from purified brain nuclei (Sttvenin & Jacob, 1974). The 
nuclear extract was chromatographed on DEAE-cellulose. The 
effluent containing the soluble nuclear proteins was discarded. 
The salt-soluble proteins were then eluted with 0.4 M NaCl 
together with some salt-resistant RNP. The eluate was ad- 
justed to 1 M NaCl and centrifuged for 2 h a t  50000 rpm 
(176000g) in order to remove the largest salt-resistant RNP. 
The proteins of the supernatant were precipitated with (N- 
H4)*S04. The pellet was resuspended, dialyzed, and chro- 
matographed on Eio-Gel P-150 (Eio-Rad Laboratories). The 
residual RNP were excluded and the material of 28 000-38 000 
daltons was collected. 

Chromatography on Carboxymethylcellulose. CM-cellulose 
(CM-52, Whatman) was precycled according to the instruc- 
tions of the manufacturer and equilibrated in 250 mM sodium 
acetate, pH 5.5,  1 m M  dithiothreitol, and 6 M urea. The 
CM-cellulose was packed in a glass column (6-mm diameter; 
450-mm height) a t  70 mL cm-2 h-I. After being packed, the 
column was reequilibrated with CM medium (25 mM sodium 
acetate, pH 5.5, 1 mM dithiothreitol, and 6 M urea) at 40 mL 
cm-T h-' up to constant pH and conductivity. 

Proteins from pooled Bio-Gel fractions were concentrated 
by (NHJ2S04 precipitation. The samples (6-1 1 mg of pro- 
teins) were dialyzed against C M  medium and loaded on the 
column a t  25 mL cm-2 h-l. After being washed, the proteins 
were eluted with a linear gradient of NaCl (260 mL of C M  
medium; 0-0.2 M NaC1) at the same flow rate. Fractions of 
0.75 mL were collected. 

Polyacrylamide Gel Electrophoresis of Proteins and Pep- 
tides. The method was described previously (Gallinaro et al., 
1975; Fuchs & Jacob, 1979). Essentially, the proteins were 
dissociated overnight in 10 mM Tris-HC1, pH 7.5, 1 mM 
dithiothreitol, and 6 M urea, treated with 1% sodium dcdecyl 
sulfate a t  65 OC, and analyzed in 9% acrylamide slab gels. 
Staining was with Coomassie Brilliant Blue R. 

When peptides were analyzed, a 15-25% linear gradient of 
acrylamide was used. 

Electrofocusing. After precipitation with 10% trichloro- 
acetic acid, the samples were washed twice with the same 
solution and twice with acetone. Reduction of S-S groups and 
alkylation of -SH groups were carried out as follows. The 
samples were treated overnight a t  4 OC in the presence of 1.5 
m M  dithiothreitol in phosphate buffer, pH 7.0. N-Ethyl- 
maleimide was added a t  a final concentration of 6 mM. The 
mixture was incubated for 30 min at 25 'C. The proteins were 
precipitated and washed as described above and then dissolved 
in a small volume of 8 M deionized urea. Electrofocusing was 
performed in an LKB multiphor according to the instructions 
of the manufacturer (Karlsson et al., 1973). All solutions were 
made up in 8 M deionized urea. 

Amino Acid Composition. The proteins were hydrolyzed 
in doubly distilled 6 N HCl for 24 h at 10s OC. Amino acid 
compositions were obtained by using a Technicon automatic 
amino acid analyzer (Spackman et al., 1958). 

Micromethod for  Determination of' N-  Terminal Amino 
Acids. The method was described previously (Fuchs et al., 
unpublished experiments). Briefly, the proteins were precip- 
itated with 10% trichloroacetic acid, washed with the same 
solution and with acetone, and dried under vacuum. Ap- 

proximately 0.5 nmol of proteins was dissolved in 10 yL of 
H20. A total of 12.5 mg of urea, 7.5 pL of 0.2 M phosphate 
buffer, pH 8.85, and 12.5 yL of dimethylformamide was added 
in that order and left overnight a t  4 OC. [I4C]Dansyl chloride 
(36 yCi) (CEA, Saclay, France; 100 mCi/mmol) in 10 yL 
of acetone was added. The tube was stoppered and left for 
2 h in the dark with occasional shaking. The proteins were 
precipitated with trichloroacetic acid and electrophoresed in 
10% acrylamide gel in the presence of 0.1% sodium dodecyl 
sulfate. The proteins were detected by fluorescence. The 
bands were excised and proteins were eluted out in the presence 
of 0.1% sodium dodecyl sulfate. The proteins were repreci- 
pitated and hydrolyzed for 20 h a t  1 15 "C in the presence of 
6 N doubly distilled HC1. Two-dimensional chromatography 
was performed in glass jars according to Zanetta et al. (1970). 
The plates were autoradiographed for 1-3 days with Kodirex 
films (13 X 18 cm; Kodak). 

Characterization of Dansyl-p-dimethylarginine. The 
proteins were hydrolyzed in 6 N HC1 for 20 h at 11 5 OC. 
After being dried under vacuum, the amino acids were dan- 
sylated and separated by two-dimensional chromatography 
according to Zanetta et al. (1970). The dansylated amino 
acids were detected by fluorescence. 

Peptidic Maps. The method which allows the detection of 
tyrosine-containing peptides was a modification of that of Elder 
et al. (1977). Fractions between 28 000 and 38 000 daltons 
collected after Bio-Gel chromatography were electrophoresed 
on slab gels in the presence of sodium dodecyl sulfate as de- 
scribed above. The plates were extensively destained in order 
to also maximally remove dodecyl sulfate. Destaining medium 
was 7.5% acetic acid-5% methanol. Each stained band was 
excised, transferred into a siliconed tube, and dried under 
vacuum. 

A total of 40 yL of 0.5 M phosphate buffer, pH 7.5, 1 mCi 
of 1251 in 5 yL (Na1251 without carrier; CEA, Saclay, France), 
and 10 yL of 10 mg/mL chloramine T in phosphate buffer 
was added to each tube in that order. After 30 min, the 
reaction was stopped by addition of 2 mL of 1 mg/mL sodium 
bisulfite. The unreacted 1251 was removed by several washings 
(300 mL each, per band) under constant stirring. The bands 
were cut into small fragments with a razor blade, transferred 
in a siliconed tube, and dried under vacuum. 

NH4C03 (50 mM, 1 mL), pH 7.8, containing 11-12 units 
either of trypsin (Worthington; 50 Fg/mL) or of thermolysin 
(Merck; 25 yg/mL) was added to each sample. After incu- 
bation for 24 h a t  37 'C under constant shaking, the super- 
natant was carefully pipetted off, centrifuged at low speed to 
remove residual gel fragments, and lyophilized. The residue 
was suspended in 0.5 mL of doubly distilled water and lyo- 
philized again in order to remove residual bicarbonate. Pep- 
tides were then solubilized in 10 yL of acetic acid-formic 
acid-water (3:1:16 v/v/v). 

Peptide fractionation was performed on cellulose-coated 
TLC plates (10 X 10 cm; Merck). A mixture of 2% (w/v) 
Orange G and 1% (w/v) acid fuchsin was used as the mi- 
gration marker. First, the samples were electrophoresed in 
acetic acid-formic acid-water (3:1:16 v/v/v) in an LKB 
multiphor a t  1 kV. Electrophoresis was stopped after about 
15 min and the plate was air-dried. The second dimension 
was ascending chromatography in butanol-pyridine-acetic 
acid-water (32.5:25:5:20 V/V/V/V) and was performed in glass 
jars. The plates were air-dried again and autoradiographed 
for 2-24 h with Kodirex films. 

Results 
Fractionation of the Basic hnRNP Proteins on CM-cellu- 
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lose. When monoparticle proteins were analyzed by gel 
electrophoresis in the presence of sodium dodecyl sulfate, 10 
well-individualized bands could be detected in the 28 000- 
38 000-dalton range. According to our nomenclature (Stgvenin 
et al., 1978) which takes into account the existence of other 
nuclear proteins in that region, they were designated as 3a2, 
3a4,3b2,3b3,3cl, 3c2,3dl, 3d2, 3e1, and 3e2 [Figure 2, panel 
I1 (D)]. The first number indicates the 28 000-38 000-dalton 
zone, the letter indicates a subzone (a group of bands of very 
close molecular weight), and the last number indicates indi- 
vidual bands within the subzone. 3c2 was the most prominent 
polypeptide in brain hnRNP. As the proteins studied here 
were all found in zone 3, the first number (3) will be omitted 
below. 

After Bio-Gel chromatography, all 10 bands were found in 
a large peak (peak B, Figure 1, panel I). When the fractions 
were pooled and chromatographed on CM-cellulose, the pro- 
teins were eluted in the following order: c l ,  c2, b3-el-e2, 
a4-a2-b2, d 1, and d2. However, much overlapping was ob- 
served, and this was due to the presence of many polypeptides 
of close molecular weight and p l  as will be shown below. 

In order to partially palliate overlapping due to molecular 
weight, the material of the B Bio-Gel peak was pooled as 
indicated in Figure 1, panel I. Therefore, such groups of 
proteins as a2-a4-b2-b3 and dl-d2 which had close chro- 
matographic behaviors on CM-cellulose (Le., close PI) but 
different molecular weights could be separated beforehand 
(Figure 1, panel 11). Each fraction was then chromatographed 
on CM-cellulose. Figure 2 (panel I) shows the elution profile 
of Bio-Gel fraction B3. The first large peak was rich in 
proteins c l  and c2. The relative amount of cl  vs. c2 decreased 
along the salt gradient (Figure 3) and only one fraction was 
made of electrophoretically homogeneous c2. Essentially the 
same elution profiles were obtained for Bio-Gel fractions B1 
and B2 but with different relative proportions of the first peak. 
By pooling the fractions of the trailing part of the profile as 
indicated in Figure 2, panel I, we could isolate a2-a4-b2-b3 
and d 1 4 2  without cross contamination from Bio-Gel fractions 
B1 and B3, respectively [Figure 2, panel I1 (A and C)]. The 
polypeptides c l  and c2 could be isolated from both fractions 
B2 and B3 [Figure 2, panel I1 (B)]. The recoveries were 23, 
48, and 43% for a2-a4-b2-b3, cl-2, and d 1 4 2 ,  respectively. 
The polypeptides el-e2 whose amount was low were found 
only as minor bands eluting together with a mixture of c2, b3, 
and a4 right after the large peak. Therefore, they could not 
be isolated by this procedure. 

Amino Acid Composition. The amino acid composition was 
first determined on a-b, cl-c2, and dl-d2 (Table I). As 
expected from previous work on this group of proteins or on 
individual proteins of this group (Krichevskaya & Georgiev, 
1969; Sarasin, 1969; Ishikawa et al., 1970; Martin et al., 1973; 
Christensen et al., 1977; Karn et al., 1977; Pate1 et al., 1978), 
the 28 000-38 000-dalton monoparticle proteins were char- 
acterized by a high proportion of glycine and by the presence 
of fl-dimethylarginine (further proof of the presence of this 
modified amino acid will be given below). As the 28000- 
38 000-dalton proteins were basic, a high proportion of basic 
vs. acidic amino acids was expected. This was not the case 
and we assume that a large proportion of Asx and Glx are Asn 
and Gln. 

The composition of the basic monoparticle proteins was 
definitely different from that of two groups of acidic proteins 
of average molecular weight 60000 and 50000 (Table I, 2b-c 
and 2d-e). The latter were not as glycine-rich as the basic 
proteins but contained fl-dimethylarginine (and possibly 

FIGURE 1: Bio-Gel P-150 chromatography. (Panel I) A fraction 
containing the salt-soluble monoparticle proteins plus ribonucleo- 
proteins from heterogeneous complexes was chromatographed on 
Bio-Gel P-150 as previously described (Fuchs & Jacob, 1979). The 
void volume (up to fraction 72) contained the ribonucleoproteins. The 
28 000-38 000-dalton monoparticle proteins were found in the last 
large peak (peak B, fractions 93-120). Fractions were pooled as 
indicated (Bl,  B2, and B3). (e-) Absorbance at  260 nm; (-) ab- 
sorbance at 280 nm. A 10-fold reduced scale is presented for the R N P  
peak. (Panel 11) NaDodS04-polyacrylamide gel electrophoresis of 
fractions B1, B2, and B3. 

traces of another modified amino acid). This indicated that 
methylation of arginine was not restricted to the basic proteins. 

In spite of their striking similarities, the three groups (a-b, 
c, and d) of proteins were nevertheless different (Table I, 
underlined amino acids). This suggested a variability within 
the population and excluded that the multiple bands could be 
due solely to differences of conformation. 

In order to verify whether such differences could also be 
observed between two polypeptides of very close molecular 
weights and close p l  (as attested by chromatographic behav- 
ior), we analyzed the CM-cellulose chromatography fractions 
depicted in Figure 3. Fraction A contained approximately 
equal amounts of c l  and c2, the relative amount of c l  de- 
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mum 2: Carbor.yncthylceUdw Chromatography. (Panel !-Gel 
fractions Bl,B2,  and B3 were chromatographed on CM-a seas 
dscribcd under Material and Methods. The proteins from bree 
fractions were eluted in the same NaCl concentration range. The 
elution profile shown here is that of B3. Those of B1 and B2 were 
close but the relative imprtanoe of the fust large pak varied amading 
to their content in c1-2. The strategy of pooling is indicated for 
the three fractions. (Panel 11) NaDodSO,-plyacrylarnide gel 
electrophoresis of fraction ab (from BI), c (from BZ), and d (from 
B3). The profile of the proteins from a nuclear extract containing 
all the hnRNP proteins is given in (D). 

creased up to fraction E which was electrophoretically pure 
c2. If the amino acid composition of c l  would be as different 
from c2 as, for instance, c is from d (Table I), a gradual 
variation of the amount of certain amino acids would be ob- 
served. This was not the casc (Table 11) and the compositions 
of the five fractions were virtually identical. Only a slight 

Table I' 
amino acid cornposition 

ammo acid 3ab 3c 3d 2t-c 2d-e 

10.3 11.2 10.6 10.4 10.5 ASX 
I h r  4.9 4.3 4.0 5.2 4.9 

5.5 7.4 9.0 6.4 6.5 %I - _  
ax 
Ro 

9.7 9.1 8.8 13.0 15.5 
-5.5 3.8 3.3 6.1 5.7 - 

GlY 25.7 
Ala 3.3 
Val 3.9 

C Y S  traces 
Met 1.7 

1.7 Ile - 

4.9 Phe 
LYS 5.4 
His 1.9 

1.0 (CH,),A% - 

- 

25.3 24 12.5 8.2 
3.5 9 6.2 7.1 
4.0 c 7  4.3 5.2 

traces traces 0.8 0.7 
1.9 1.5 2.2 1.9 
2 2  2.1 4.6 4.3 

2.5 3.0 6.1 8.4 
5.8 4.0 3.5 2.6 

5.5 6.1 3.7 3.6 

4.9 5.9 6.3 6.4 
2.0 2.5 1.5 1.8 

0.5 1.2 0.7 0.7 
_ 

_ _  
k g  6.2 6.2 6.0 5.9 6.0 
Asx + Clx 20.0 20.3 19.4 23.4 26.0 
Lys +His + A r g  13.5 13.1 14.4 13.7 14.2 
fAsx + GlxN 1.48 1.55 1.35 1.71 1.83 

(LYS + His + 4) 
a Amino acid composition of isolated 28 0 0 0 - 3 8 0 0 ~ ~ t o n  

monoparticle proteins (moTIO0 mol). 3a-b, 3% and 3d awlhe 
isolated groups of proteins shown in Figure 2. The amino acids 
wbos proportion varied significantly from one group to the 
other are underlined (two series of concordant experiments). 
Zt-c and 2d-e are two groups of acidic monopartick proteins of 
average molecular weight 60 000 and 50000 (Stephan, 1978). 

.. 

N t A  tl G U t  

FIGURE 3: Electrophoretic analysis of proteins c. CM-cellulose 
chromatography was pcrfonnal as described in Figure 2. The starting 
material was BieGel fraction BZ. Fractions were poled in the portion 
of the salt gradient corresponding to the large peak of Figure 1, panel 
I (A-E). They are presented in the order of elution and were used 
for determination of amino acid composition (Table 11) and p l  de- 
terminations (Figure 6). NE is nuclear extract. 

variation of the amount of Thr was obscrved whose signifcance 
remains to be determined. Therefore, with the possible ex- 
ception of Thr, c l  and c2 had the same amino acid compo- 
sition. As other proteins of close molecular weight were not 
separated, we ignore whether their composition would also be 
similar. Nevertheless, the results suggest that the population 
of glycine-rich polypeptides might be divided into a certain 
number of closely related proteins. 
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Table IIo 
ammo acid composition 

amino acid A B C D E  
ASX 11.3 11.7 12.6 12.0 11.1 
Thr 4.9 4.7 4.0 3.3 3.2 
Ser 7.3 7.9 8.1 7.9 7.3 
GlX 8.8 8.9 8.9 8.8 9.1 
PI0 -5.4 3.6 3.4 4.0 4.0 
GLy 24.7 25.2 25.6 24.8 25.9 
Ala 3.8 3.6 3.3 4.3 4.1 
Val 3.7 3.8 3.7 3.9 3.8 
C y 5  traces traces traces traces traces 
Me t 1.8 1.9 1.8 1.9 1.8 
ne 2.2 2.1 2 0  2.2 20 
Le" 2.3 2.3 2.3 2.4 2 2  
Tyr 5.4 5.7 5.8 5.7 6.0 
Phe 5.2 5.5 5.3 5.4 5.5 
LYS 4.8 4.7 4.9 4.7 s.2 
His 1.9 2.0 1.9 2.1 2.0 
(CH,),Alg 0.6 0.5 0.5 0.4 0.6 
Arg 5.9 5.9 5.9 6.2 6.2 
Asx + GlX 20.1 20.6 21.5 20.8 20.2 
L y s +  His + Arg 12.6 126 12.7 13.0 13.4 
(Asx + Gk)/ 1.60 1.63 1.69 1.60 1.51 

Amino acid composition of the 32 000-34 OOOdaIton mono. 
partick proteins (moI/lOO mol). A-E are as defined in Figure 3. 

(LYS + His + Arg) 

FIGURE 4 Demonstration of the presence of dimethylarginine in the 
hnRNP monoparticle proteins. An acid hydrolysate of proteins d (-) 
was chromatographed awarding to Spackman et al. (1958). A mixture 
of the usual amino acids plus (CH,),Arg was chromatographed on 
an identical column (-1. Only the pertinent portions of the profiles 
are presented. 

Demonstration of the Presence of NO-Dimethylarginine. 
When the acid hydrolysate was analyzed according to 
Spackman et al. (1958). an unknown peak of material was 
found between Argand His (Figure 4). It was then shown 
that it cochrornatographed with the marker @-dimethyl- 
arginine, suggesting the presence of this amino acid in the 
hydrolysate. 

For verification, another procedure was adopted. After acid 
hydrolysis, the amino acids of the glycine-rich polypeptides 
were dansylated and the mixture was analyzed by thin-layer 
chromatography. In addition to the usual dansylated amino 
acids, another spot was detected (Figure 5 ,  arrow) with the 
same chromatographic properties as dansyl-NO-dimethyl- 
arginine. 

V O L .  1 9 ,  N O .  6 ,  1 9 8 0  1091 

FIGURE 5: Demonstration of the presence of dimethylarginine in the 
hnRNP monoparticle proteins. An acid hydrolysate was dansylated 
and fractionated by thin-layer chromatography as indicated under 
Materials and Methods. S indicates start inu. The acid hydrolysate 
of hnRNP protein c2 (SI), dansylated dimethylarginine (SZ), and 
dansylated ar inine (S3) served as markers. The arrow points to 
dansylated d-dimethylarginine in the protein hydrolysate. 

FIGURE 6: Electrofocusing of isolated proteins. Fractions collected 
after CMallulcse chromatography were analyzed. (A-E) corrcspond 
to the fractions of group c depicted in Figure 3. (F) is enriched in 
b3 and c2, (G) and (H) contain a2-a4-b2 and (I) corresponds to 
d l 4 2 .  

The two m e r e n t  methods applied to all the protein fractions 
confirmed that fl-dimethylarginine was a normal constituent 
of the glycine-rich polypeptides and of other monoparticle 
proteins (Table I). 

Determination of the N-Terminal Amino Acids. Under 
conditions where the N-terminal amino acid of known proteins 
could be unambiguously determined, no N-terminal amino acid 
was detected for any of the glycine-rich polypeptides. As will 
be seen below, several constituents of different p1 were present 
in each of the isolated proteins or groups of proteins. The 
amount of proteins to be analyzed was such that a dansylated 
N-terminal amino acid would have been detected even if only 
one of the constituents had a free N-terminal amino acid. 

We conclude (1) that the N-terminal amino acid of all the 
glycine-rich polypeptides is blocked and (2) that no proteolytic 
degradation which would have given rise to free N-terminal 
amino acids occurred during the isolation of the glycine-rich 
polypeptides. 

Electrofocusing. Fractions containing purified or partially 
purified proteins eluted from CM-cellulose columns were 
analyzed. They are presented in the order of elution from 
CM-cellulose in Figure 6. 

The first five fractions (A-E) correspond to the proteins of 
group c as shown in Figure 3. Several major and minor bands 
were detected between pH 6.95 and pH 8.69. Their PI was 
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FIGURE 1: Tryptic maps. The 28000-38 000-daltan proteins from 
Bio-Gel chromatography were separated by gel electrophoresis. The 
IO bands were excised, iodinated, and digested by trypsin as indicated 
under Materials and Methods. The two-dimensional separation was 
carried out by electrophoresis (1) and then by Chromatography (2). 
The figure shows the maps after autoradiography. 

the same in each fraction. The relative importance of the most 
acidic bands decreased gradually up to disappearance from 
A to E. The sample analyzed in F primarily contained a large 
proportion of b3 and a lower proportion of c2. With the 
exception of an additional band at pH 8.80, the p l  of all the 
bands was the same as that of bands from c l  and c2. The 
major bands were displaced toward more basic pH. In con- 
clusion, a series of discrete major and minor bands were de- 
tected in the proteins c l ,  c2, and b3. These three molecular 
weight bands were apparently related and the results would 
be compatible with the existence of a single protein modified 
to various extents. This will be discussed. 

The samples analyzed in G and H contained a2, a4, and b2, 
the relative proportion of b2 being higher in H than in G. The 
same bands were detected between pH 7.85 and pH 8.98 in 
the two samples. Additional minor bands were present at more 
acidic pH in G and more basic pH in H. The mobilities were 
different from those observed for the group c l ,  c2, and b3 with 
the exception of some minor bands. The presence of such 
bands might be due to contamination with a small amount of 
b3 or merely to chance. Though less fractions could be ana- 
lyzed than for the group c l ,  c2, and b3, the results show the 
same general pattern of several bands with gradual variations 
of intensity. 

The proteins d l  and d2 were not separated. But in their 
case also, several bands of different p1 were detected. With 
one exception probably due to chance (at pH 8.98), the mo- 
bility of the bands was different from those of the two other 
groups. 

The results indicate that each of the eight proteins separated 
according to molecular weight contains several p1 bands. The 
distribution of the p l  hands suggests the presence of three 
groups of proteins. Twenty bands were detected for c1*2-h3, 
twelve were detected for a2-a4-b2, and eight were detected 
for dl-dz,  i.e., 40 bands in total (not including e l  and e2). 

Peptidic Maps and Size Distribution of Peptides. As the 
method used for determination of peptidic maps after iodi- 
nation required only a low amount of material, the 10 bands 
separated by gel electrophoresis could be analyzed independ- 
ently. In particular, this allowed the study of proteins e l  and 
e2 which could not be purified by CM-cellulose chromatog- 

F I G L R ~  X :  lheimolysin maps. The sanic maierial a n d  t h e  same 
method were uscd as desciibcd in Figure 7. 

nwnt 9: Sizc of the p p l i d a  W r n d  upon lrypuc digestion of hnRNP 
monopanicle proteins. Autoradiograph) after slab gel electrophoresis 
in a 1 5 - 2 5 8  linear acrylamide gradient. The same material was 
analyzcd as described in Figure 7 The molecular weights of the 
markers were as follows: ovalbumin. 4 5 0 0 :  myoglobin. 18000; 
cylochromec, 12400.glucagon. 3470 Tyr-Gly-Gly-lau. 5Sh.TpVaL 
2x0 

raphy. Trypsin and thermolysin digestions were performed. 
Tryptic maps are shown in Figure 7. Some of the peptides 

migrated i n  the first dimension but not in the second due to 
their insolubility in the chromatographic solvent. Four groups 
with identical fingerprints were apparent: ( I )  a2, a4, and b2: 
(2) b3. c I ,  and c2; (3) d l  and d2: (4) el  and c2. Thermolysin 
maps are represented in Figure 8. The same four groups of 
proteins as described above were determined. Some differences 
i n  the relative intensities of certain spots were observed but 
their signification is not known. A careful comparison suggsts 
that part of the thermolysin peptides could be common 10 
groups a2a4-b2 and b3 ~ 1 x 2 ,  which would be in agreement 
with the results of amino acid composition. That this corre- 
sponds to the identity of sequences of a certain chain fragment 
has to be confirmed by other means. 

The approximate size of the peptides was determined by 
electrophoresis (Figure 9) .  After tryptic digestion. peptides 
were particularly abundant in the regions of di- and tetra- 
peptides on one side and between 3500 and 20000 daltons on 
the other. Peptides of size intermediary between these two 
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regions were only found in certain proteins. The group 
classification as proposed above (a2-a4-b2, b3-cl-c2, d 1 4 2 ,  
and el-e2) was confirmed. 

Other points are worth mentioning. (1) The proteins a2, 
a4, and b2 (35 000-38 000 daltons) gave rise to several peptides 
between 10000 and 20000 daltons. Several large-size peptides 
were also detected in the other proteins. A component with 
the approximate molecular weight of the undigested protein 
was even present in group d in addition to several peptides from 
5000 to 20000 daltons. (2) Although the overall peptide 
distributions were close to each other within a group, the 
quantitative distribution of the peptides changed for each 
individual band. To interpret these facts, we propose that the 
proteins were modified at several sites (in particular Lys and 
Arg) to various extents. Tryptic digestion would thus produce 
series of peptides whose size would be related to the site of 
the modification. 

The results were not as clear-cut after thermolysin digestion 
as most of the peptides were clustered at 3000-7000 daltons 
and could not be studied. These results will not be commented 
on further. 

Discussion 
Several characteristics were common to all the brain hnRNP 

salt-extractable proteins found in the 28 000-38 000-dalton 
range. The most striking one was the high content of glycine 
which varikd from 22 to 26 mol %, corresponding to 66-91 
residues per molecule. The presence of a small amount of 
methylated arginine (0.5-1.2 mol %; 1-4 residues per mole- 
cule) was also a constant feature of this group of proteins. 
Furthermore, the N-terminal amino acids of all the proteins 
were blocked. Another interesting characteristic was the low 
amount of basic relative to acidic amino acids in spite of a 
clearly basic pl. This might be due to the presence of glut- 
amine and asparagine, an alternative being the introduction 
of basic groups or the blocking of the acidic groups by post- 
translational modifications. This latter possibility was sug- 
gested by the study of pl. 

hnRNP proteins in the same molecular weight range were 
studied by several other groups (Krichevskaya & Georgiev, 
1969; Sarasin, 1969; Ishikawa et al., 1970; Martin et al., 1973; 
Christensen et al., 1977; Karn et al., 1977; Pate1 et al., 1978). 
Whatever the cell type from which the hnRNP were extracted, 
the amino acid composition of the proteins was close to that 
found for brain hnRNP. In particular, the glycine content 
was always high as compared to that of other known cellular 
proteins. We therefore propose to designate the basic 
28 000-38 000-dalton proteins from hnRNP as “glycine-rich 
proteins” (GRP). 

A review of the literature showed that the number of pro- 
teins described between 25 000 and 40 000 daltons varied to 
a large extent according to the method of analysis. Mono- 
dimensional gel electrophoresis showed the presence of 1-1 0 
proteins (Krichevskaya & Georgiev, 1969; Niessing & Sekeris, 
1971; Albrecht & Van Zyl, 1973; Ducamp & Jeanteur, 1973; 
Gallinaro & Jacob, 1973; Martin et al., 1973; Pederson, 1974; 
Faiferman & Pogo, 1975; Beyer et al., 1977), but 15-21 
proteins were detected by two-dimensional gel electrophoresis 
(Karn et al., 1977; Brunel & Lelay, 1979; Maundrell & 
Scherrer, 1979). The determination of the pZ of isolated 
proteins shows a much larger number of bands, 8 molecular 
weight bands (out of 10) giving rise to 40 p l  bands. It is likely 
that the successive determination of molecular weight and pZ 
allows a better resolution than two-dimensional gel electro- 
phoresis as minor bands whose p l  and molecular weight are 
close to that of the major ones probably escape detection by 

Table 111‘ 

proposed 
bands Mr pZ range designation 

a2 37 700 7.25-9.05 GRP 1 
a4 37 000 
b2 35 300 
b3 34 500 6.95-8.80 GRP 2 
c l  33 600 
c2 32 300 
d l  30 800 7.65-9.20 GRP 3 
d2 
e l  29 600 n.d. GRP 4 
e2  29 100 

a Classification of the glycine-rich proteins. The tryptic pep 
tide and thermolysin peptide maps, the tryptic peptide size distri- 
bution, and the pattern of electrofocusing bands suggest that the 
1 0  molecular weight bands are modified forms of four unique 
polypeptides. * n.d., not determined. 

the latter method. 
However, our results suggest that there are not as many 

proteins of different primary structures but only four proteins 
modified to various extents. The quantitatively most important 
group was made of the three M, bands designated as c l ,  c2, 
and b3. Peptidic maps after trypsin and thermolysin digestion 
were very close if not identical, which confirmed the similarity 
of amino acid compositions observed for partially separated 
cl  and c2. The characteristic pattern of p l  bands with gradual 
shift from pH 7 to pH 8.8 suggested that if the same protein 
was present, modifications drastically changed its pl. It is not 
known whether the unmodified polypeptidic chain is acidic 
(presence of Asp and Glu) or basic (presence of Asn and Gln), 
but whatever its pl, the results can be explained only if most 
of the molecules were modified. The major p l  bands are 
probably the consequence of such quantitatively important 
modifications. These polypeptides might, in turn, be partially 
modified at  other sites, giving rise to the minor bands. The 
methylation of arginine is an example of such minor modi- 
fications. Phosphorylation which concerns only a fraction of 
the monoparticle proteins (Fuchs & Jacob, 1979) might be 
another example. The nature of the major and minor mod- 
ifications is currently investigated. Periodic acid staining was 
positive, suggesting that glycine-rich proteins might well be 
glycoproteins. 

Assuming that our interpretation of the results is correct, 
it is worth mentioning that the modifications are accompanied 
by changes of apparent molecular weights up to 2000 daltons. 
This might be due to the molecular weight of the additional 
constituents, to differences of dodecyl sulfate binding as a 
consequence of modifications, or to other yet undetermined 
causes. Changes of apparent molecular weight due to protein 
phosphorylation were described (Lamb & Choppin, 1977). 

Due to the coexistence of many proteins of close PI and 
molecular weights, it is not surprising that clear-cut chro- 
matographic separation according to charge and mass could 
not be achieved. The knowledge of the nature of the major 
modification might be of help for overcoming such difficulties 
in the future. It remains that the determination of several of 
the characteristics of the glycine-rich polypeptides gave a 
strong indication of the presence of only four polypeptidic 
chains extensively modified. Though their existence will be 
unambiguously established only after the direct demonstration 
of modifications and the determination of primary structures, 
the evidences obtained up to now seem to be sufficient to allow 
a classification of the glycine-rich proteins from hnRNP as 
shown in Table 111. 
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