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Glycosylation of RNA polymerase II from wheat germ
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Abstract RNA polymerase II from wheat germ was analyzed
for the presence of sugars. The two largest subunits and the 27
and 25 kDa subunits were found to be glycosylated by a variety
of sugars. However, no N-acetylglucosamine was detected, which
was found by Kelly et al. (J. Biol. Chem. (1993) 268, 10416—
10424) in the largest subunit of RNA polymerase II from calf
thymuns. Thus it appears that the regulatory function of this
sugar, postulated by Kelly et al., is performed in the wheat germ
enzyme by other monosaccharides. Carbohydrate analysis of the
two largest subunits of the calf thymus enzyme also revealed the
presence, beside N-acetylglucosamine, of other sugars. Some
similarities in the features of glycosylation of the two
polymerases, isolated from very different organisms, suggest
that the sugar moieties have an important role in the structure
and/or function of these enzymes.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

RNA polymerase IT is a high molecular weight enzyme with
a complex quaternary structure, formed by the association of
about a dozen different species of subunits, ranging from
about 200 to less than 15 kDa. These features have so far
hindered a detailed study of the mechanism of its action
and of the functions of the various subunits. However, it is
known that in vivo its enzymatic activity is precisely regulated
by a variety of interacting proteins, and also by its own post-
translational modifications, the best known of which is phos-
phorylation [1]. Recently a second type of modification has
been described in the largest subunit of the enzyme from calf
thymus, consisting in the glycosylation of multiple serine or
threonine hydroxyl groups by single N-acetylglucosamine res-
idues (GlcNAc) [2]. This modification appears to have an
important regulatory role, since it inhibits the phosphoryla-
tion of the carboxyl-terminal domain of the polymerase sub-
unit. It seemed interesting, therefore, to ascertain whether this
type of glycosylation is a common feature of RNA polymer-
ases II, and for this purpose we analyzed the enzyme from
wheat germ. While we found no GlcNAc residues, we ascer-
tained the presence of other sugars in significant amounts, not
only in the largest subunit, but also in three other subunits.
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2. Materials and methods

2.1. Purification of RNA polymerase II and its subunits

RNA polymerase 11 was purified from wheat germ according to
Jendrisak and Burgess [3] and from calf thymus by the method of
Hodo and Blatti [4]. The isolated subunits were obtained by electro-
elution from 5 or 10% SDS gel electrophoresis with an Isco apparatus.
To determine their concentration, aliquots of the isolated subunits
were hydrolyzed in 6 N HCl at 110°C for 24 h and amino acid
analyses were performed with a Pharmacia 4151 Alpha plus instru-
ment.

2.2. Carbohydrate analysis

The sample was hydrolyzed at 100°C with 2 M trifluoroacetic acid
(TFA) for 4 h to quantify neutral sugars, with 4 M HCI for 6 h for the
amino sugars and with 0.05 N HySO, for 1 h at 80°C for sialic acid.
Monosaccharide analysis was performed by anionic exchange chro-
matography with pulsed amperometric detection (HPAE-PAD, Dio-
nex) [5-7].

2.3. Detection of RNA polymerase II with lectins

Wheat germ and calf thymus RNA polymerase 11 were electropho-
resed through 5% or 12.5% SDS gels [8] and transferred to Immobilon
membranes (Millipore) [9]. The blots were blocked in TBS (50 mM
Tris-HCI pH 7.5, 150 mM NacCl) containing 2% w/v bovine serum
albumin for 1 h and then incubated with digoxigenin-labeled lectins
(Boehringer) in the presence or absence of 1 M competing monosac-
charide [10].

2.4. Labeling with galactosyltranferase

The subunits of RNA polymerase IT were electroeluted from elec-
trophoretic gels, and were reacted with 0.25-0.5 mU of bovine milk -
p-galactosyltranferase and 0.5 pCi of UDP-[®H]galactose in GTase
buffer (10 mM HEPES pH 7.4, 10 mM galactose, 5 mM MnCl,,
0.5 M NaCl, 2% Triton X-100) in a final reaction volume of 45 pl
on ice for 3 h [11]. To quantify incorporated galactose the proteins
were adsorbed onto Immobilon membranes (Millipore). Free UDP-
[*H]galactose was washed off the membrane and radiolabeled galac-
tose was estimated by scintillation counting of the entire membrane.
Chicken egg ovalbumin (Sigma), chicken egg ovotransferrin (Sigma)
and bovine serum albumin (Boehringer) were used as controls.

3. Results

3.1. Analysis by lectin recognition

The RNA polymerase II purified from wheat germ was
analyzed by SDS-gel electrophoresis and its subunit composi-
tion was found to correspond to that described previously by
Jendrisak and Burgess [12] (Fig. 1, lane 1). The largest subunit
is known to be present in various subforms, with apparent
molecular masses ranging from 205 to 180 kDa. With regard
to the analysis of glycosylation they will be treated as a single
form, and will be called the 200 kDa subunits. The subunits
separated on gels were transferred on a membrane and tested
with a variety of lectins. A recognition by at least one lectin
was given by the two large subunits (i.e. 200 and 140 kDa)
and also by those of 27 and 25 kDa. The lectin from Galan-
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Fig. 1. SDS-polyacrylamide gel electrophoresis of RNA polymerase
II from wheat germ (lane 1). Lane 2: molecular weight markers.

thus nivalis (GNA), which is specific for mannose residues,
and particularly for high mannose structures, recognized all
the above mentioned subunits. The other agglutinins tested,
Aleuria aurantia agglutinin (AAA), Sambucus nigra agglutinin
(SNA) and Maackia amurensis agglutinin (MAA), reacted
with some of the same subunits, as shown in Fig. 2. It is
important to note that wheat germ agglutinin (WGA), which
preferentially binds a terminal chitobiose or GlcNAc residues,
did not recognize any subunit from the same enzyme.

3.2. Analysis of carbohydrate composition

The subunits recognized by lectins and shown in Fig. 2 were
purified by SDS-gel electrophoresis followed by electroelution
and their monosaccharide composition was determined after

GNA

SNA

+NeuAc

L. Cervoni et al./IFEBS Letters 417 (1997) 227-230

Table 1
Monosaccharide composition of RNA polymerase I1 subunits deter-
mined by HPAE-PAD

Subunit Monosaccharide mol/mol

Wheat germ

200 kDa Man 19.8
Gal 2.5
GalN 1.3
Fuc 0.6

140 kDa Man 34

27/25 kDa Man 2.5
Gal 1.2
Neu 1.3

Calf thymus

200 kDa Man 6.0
GIcN 2.6
Fuc 2.5
Neu 7.0

140 kDa Man 4.2
GIcN 10.0
GalN 2.0

hydrolysis. As shown in Table 1, mannose (Man) residues
were found in all cases, in agreement with the recognition
by GNA. Sialic acid (Neu) and fucose (Fuc) were found in
the subunits which were recognized by the corresponding lec-
tins, i.e. MAA/SNA and AAA, respectively. Once again it
should be noted that no GlcNAc was found in the subunits
from wheat germ enzyme. To verify that its absence was not
due to the hydrolysis conditions, 1 nmol of GIcNAc was
added to the 200 kDa subunit and the mixture was hydrolyzed
in 6 N HCI at 100°C for 4 h; in this case the GlcNAc was
found (as GIcN) in a 90% yield. N-Acetylgalactosamine (as
GalN) residues were present in the 200 kDa subunit and gal-
actose (Gal) residues in the 200 and in the 27/25 kDa sub-
units.

3.3. GleNAc analysis by galactosyltransferase

Galactosyltransferase catalyzes the transfer of galactose
from UDP-galactose to accessible terminal GIcNAc residues

AAA WGA MAA

Fig. 2. Western blotting of the subunits of RNA polymerase II from wheat germ, tested with digoxygenin-labeled lectins in the presence or ab-
sence of competing sugars. A: SDS-PAGE at 12.5%. B: SDS-PAGE at 5%. Lane 1: RNA polymerase II; lane 2: carboxypeptidase Y; lane 3:

transferrin; lane 4: bromolein; lane 5: fetuin.
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bound to proteins. These residues can therefore be detected
with high sensitivity by the use of UDP-[*H]galactose. In or-
der to check the performance of the method, ovalbumin, ovo-
transferrin and serum albumin were also subjected to the same
procedure. As shown in Table 2, all these polypeptides gave
the expected values of incorporated galactose. When this
method was applied to the subunits of RNA polymerase
from wheat germ which were recognized by lectins, it was
found that none of them was affected by the reaction (Table
2).

3.4. Analysis of RNA polymerase II from calf thymus

The enzyme from calf thymus was purified according to
Hodo and Blatti [4] and its subunits were analyzed for glyco-
sylation. This enzyme was obtained in a smaller amount than
that from wheat germ, and reproducible results for carbohy-
drates were obtained only for the two large subunits. The
largest subunit, whose subforms Ilo, IIa and IIb were not
analyzed separately, will be referred to as the 200 kDa sub-
unit.

GNA and WGA recognized both subunits, while MAA
recognized only the largest, as shown in Fig. 3. The determin-
ation of monosaccharide composition after hydrolysis of the
purified subunits indicated the presence of Man and GlcNAc
residues in both subunits, plus fucose and sialic acid in the 200
kDa subunit (Table 1). Moreover, a small amount of GalNAc
was found in the 140 kDa subunit.

The galactosyltransferase reaction showed that available
GIcNAc residues were present only in the 200 kDa subunit,
which incorporated 1.9 Gal residues per molecule, in good
agreement with the data of Kelly et al. [2]. It is to be noted
that all different forms (Ilo, ITa and IIb) of the largest sub-
units of the latter enzyme were eluted together from an elec-
trophoretic gel and then analyzed, without being separated, by
the galactosyltransferase reaction.

4. Discussion

The results obtained demonstrate that RNA polymerase II
from wheat germ is glycosylated in more than one of its sub-
units by a variety of monosaccharides. The same conclusion
applies to the enzyme from calf thymus, even if in this case the
analysis was limited to the two largest subunits.

Kelly et al. [2] have described the O-glycosylation by single
residues of GIcNAc in the largest subunit (precisely in the
subform Ila of this subunit) of the RNA polymerase II
from calf thymus. Our data agree with this finding, since we

WGA GNA MAA
+ GlcNAc +Man +NeuAc
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Fig. 3. Western blotting of the subunits of RNA polymerase 11
from calf thymus, tested with digoxygenin-labeled lectins in the
presence or absence of competing sugars.

229
Table 2
[PH]Galactose labeling
Protein mol/mol® mol/mol”
200 kDa w.g. 0.05
140 kDa w.g. 0.09
27/25 kDa w.g. 0.03
200 kDa c.t. 1.9 2
140 kDa c.t. 0.6
Ovalbumin 6.9 7
Ovotransferrin 7.6 8
Albumin 0.1 0

“Mol [*H]Gal incorporated in our experiments.

PExpected values based on known compositions [1,13,14].

w.g. and c.t. indicate the subunits of wheat germ and calf thymus
RNA polymerase II, respectively.

were able to detect the incorporation of galactose by the use
of galactosyltransferase in the same subunit. We were also
able to show that the latter is recognized by WGA, which is
specific for GlcNAc. The only discrepancy with the data of
Kelly et al. [2] is the fact that in our hands WGA also recog-
nized the 140 kDa subunit of the same enzyme. Wether this is
due to different reaction conditions with WGA in the Western
blots, or to some other unknown reason, is not clear yet.
However, the monosaccharide analysis which we performed
showed that GIcNAc is also present in this subunit.

Kelly et al. [2] provided good evidence for a major regula-
tory role of the GIlcNAc residues in the largest subunit.
GlcNAc, which was shown to be present only in the car-
boxy-terminal domain in its unphosphorylated form, restricts
the phosphorylation of serine residues, which in turn is an
important event for the proper transcription process. This
particular type of glycosylation has been found in a variety
of proteins, often performing a regulatory function [15]. Con-
sidering the importance of this mechanism of biological reg-
ulation and its widespread occurrence, at least in animal cells,
it might be expected to take place in all eukaryotes. However,
glycosylation in plant cells, and particularly O-glycosylation,
may differ from that occurring in animal cells. Thus, for ex-
ample, Heese-Peck et al. [16] have recently described a nuclear
pore glycoprotein from tobacco cells whose function appears
to correspond to p62 protein of the vertebrate nuclear pore
complex. While the latter is O-glycosylated with multiple, sin-
gle GIcNAc residues, the plant protein is provided with O-
linked oligosaccharides carrying terminal GlcNAc residues.

RNA polymerase II from wheat germ is totally devoid of
GlIcNAc, since we could not find it by any of three different
methods: monosaccharide analysis after partial hydrolysis,
WGA recognition and galactose incorporation by galactosyl-
transferase. While the negative result by the last method rules
out the presence of terminal, exposed GlcNAc residues, the
monosaccharide analysis demonstrated that this sugar is not
present even in an internal, masked location. Therefore this
plant RNA polymerase has neither the single GlcNAc¢ residues
of the mammalian enzyme nor the newly discovered oligosac-
charide structure [16] with GlcNAc residues at the non-reduc-
ing end. Thus an important biological mechanism of regula-
tion identified in animal cells might in plant cells be based on
a different chemical modification of the proteins involved.

Galactose is often found as a serine-linked sugar in O-gly-
cosylated plant proteins [17], and in fact Gal residues are
present, together with other monosaccharides, in the 200
and 25/27 kDa subunits of wheat germ polymerase. Single
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residues of this sugar have been found in other plants glyco-
proteins, and it would be tempting to suggest that single Gal
residues in the 200 kDa subunit of this enzyme have the same
regulatory function as the single GIcNAc residues found in
the calf thymus enzyme.

The presence on both enzymes of various monosaccharides
in more than one subunit suggests that the function of carbo-
hydrates in RNA polymerase II is not limited to the regula-
tory role suggested by Kelly et al. [2]. Glycosylation might
perhaps contribute to the folding and to the correct assembly
of the nascent polypeptide chains. The importance of oligo-
saccharides for the process of folding has been demonstrated
in several instances (reviewed in [18]). This could be an essen-
tial role in the case of RNA polymerase II, which has not only
some high molecular weight subunits, but also a very complex
quaternary structure.

It is also possible that carbohydrates facilitate the nuclear
import of the massive polymerase molecule. In fact, Monsigny
et al. [19] observed that, even in the absence of a nuclear
localization signal, neoglycoproteins are able to enter the nu-
cleus, in an ATP-dependent process. Otherwise, considering
the need for RNA polymerases to act in vivo in association
with other proteins, particularly with those constituting the
multiprotein complex at the promoter site, the carbohydrates
could represent the recognition sites for specific protein-pro-
tein interactions. However, no evidence is at present available
leading to a decision among these, or even other [20], possi-
bilities.
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