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Abstract In the search for a protein primer for starch synthesis,
an autocatalytic self-glucosylating protein has been isolated from
sweet corn. Several tryptic peptides were obtained from the
["*Clglucosylated protein and were sequenced, corresponding to
over 40% of the estimated total sequence (molecular mass 42
kDa). There is no homology with the amino acid sequence of the
autocatalytic glycogen primer, glycogenin, nor in respect of the
nature of the union between the autocatalytically added glucose
and the protein, which, in the case of the corn protein, now named
amylogenin, is a novel glucose—protein bond, a single B-glucose
residue joined to an arginine residue.

Koy words: Amylogenin; f-Glucosylarginine;
Sclf-glucosylating protein; Autogiucosylation

1. Introduction

Muscle glycogen synthesis is primed by a self-glucosylating
protein — glycogenin — of molecular mass 38 kDa. An average
of eight a-glucose residues are added autocatalytically from
U DP-glucose, the first to Tyr-194 and the subsequent ones in
1.4-linkage to the preceding glucose residue. At completion of
antocatalysis, the maltosaccharide chains, which then prime the
s»nthesis of glycogen by glycogen synthase and branching en-
z-me, are not of uniform length, but contain from 7 to 11
glucose residues. The now extensive literature on glycogenin
has recently been reviewed [1].

We have been interested to learn whether the initiation of the
s:nthesis of storage polysaccharides by an autocatalytic protein
is a general phenomenon. Accordingly, we tested crude extracts
¢ ‘mammalian and plant tissues for protein glucosylation. After
iolating glycogenin from muscle glycogen and obtaining an
atibody, we were able to detect in muscle extracts what seemed
to be a glycogen-free version of the same protein, both by
Western blotting and by incubating the extract with 5 uM
U DP-["“C]glucose (this concentration is near the K,,) in pres-
eice of S mM Mn?" (Mn** (or Mg?*) is an obligatory activator).
SDS-PAGE and radioautography of the digest revealed a '*C-
1 belled band with the M, of glycogenin. When similar experi-
rients were performed on extracts from a wide variety of life
forms, we frequently found ourselves able to radiolabel pro-
tuins of similar M, and, not infrequently, also observed a posi-
tive immunoblot [2]. We decided to study such a protein in
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sweet corn which underwent [*C]glucosylation. The present
report is concerned with identifying the nature of the glucose—
protein bond in this protein, which, like the earlier discovery
of the a-glucose-tyrosine bond in glycogenin [1], has proven to
be yet another new type of union between glucose and protein.
Although, like glycogenin, the corn protein is self-glucosyl-
ating, using UDP-glucose in a reaction activated by Mn?>*, and
has a similar M_, there is no sequence homology. Accordingly
we have named the new corn protein, amylogenin.

2. Materials and methods

2.1. Materials

Commercial sweet corn was purchased from local supermarkets.
a-Amylase, f-amylase, glucoamylase, a- and B-glucosidases were pur-
chased from Sigma. Trypsin was from Pierce and Promega. Chroma-
tography media came from Pharmacia, except Biogel P4 (BioRad).
UDP-["C]glucose was from ICN Biochemicals. HPLC-grade water and
acetonitrile were from Aldrich and trifluoroacetic acid from Pierce. All
reagents for SDS-PAGE and protein determination were from BioRad.
All other routine chemical reagents were from Sigma or Mallinckrodt.
Other suppliers of apparatus and reagents are noted at the point of
mention.

2.2. Labelling and quantitation of amylogenin

The ["“Clglucosylation of amylogenin was carried out by incubating
a sample of the enzyme for 30 min at room temperature in a 100 ul
reaction mixture containing 2 uM UDP-[“Clglucose, 50 mM Tris-HCl
buffer, pH 7.4 and 5 mM MnCl,. (Larger scale digests for preparative
labelling of amylogenin were similarly constituted.) The reaction was
stopped by adding I ml of 10% trichloroacetic acid. This assay measures
the total amount of glucose that can be incorporated, not the rate of
glucosylation. The specific activity of the UDP-glucose was arranged
so that about 120,000 counts/min were in the digest. The amount of
enzyme was arranged so that no more than half the '*C was incorpo-
rated into protein. The '“C-labelled protein was passed through a nitro-
cellulose filter, type HA 0.45um (Millipore), washed with 3 ml of 10%
trichloroacetic acid and 10 ml of water and dried under an infrared
lamp. The incorporated '“C was then measured in a scintillation
counter. The precipitated protein, similarly prepared, was also sub-
Jected to SDS-PAGE [3] in 25 mM Tris/192 mM glycine/0.001% SDS,
pH 8.3 at 25 mA for | h. Protein bands were stained and the gels then
soaked in Amplify (Amersham) for 15 min [4], dried onto Whatman
3MM paper in a slab dryer (BioRad) at 60°C and then exposed for
fluorography to Kodak X-OMAT XAR-5 film at —=70°C.

2.3. Isolation of ["C]glucosylated amylogenin

Full details of the purification of amylogenin to homogeneity from
sweet-corn cobs [5] will be reported elsewhere. The following procedure
followed the same method, from extraction of the cobs with a buffer
containing peptidase inhibitors [6], acid precipitation at pH 5.0 and
fractionation on a DEAE-Sepharose column, where the emerging frac-
tions were tested for protein glucosylating activity and the most active
combined. The product from seven cobs was concentrated to 25 ml in
a Centriprep-10 concentrator (Amicon), was further divided 1:3 and
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the smaller portion allowed to undergo '“C-labelling under standard
conditions; the larger portion was similarly glucosylated with unla-
belled UDP-glucose. The two portions were combined and passed
through Sepharose CL-6B (3 x 85 cm) in 50 mM Tris-HCI, pH 7.4
containing 0.02% Triton. Elution was performed with the same buffer
and fractions (5.5 ml each) were collected and tested for '“C content.
The "C emerged in a 66% yield between fractions 43—60, well after a
major 280 nm-absorbing peak (26-37). Aliquots of fractions 43-60 were
examined by SDS-PAGE and silver staining. Fractions 43-51 (2.3 mg
protein) were superior in degree of purity and were combined separately
from 52-60. They were again concentrated by centrifugation using a
Centriprep-10 concentrator and subjected to reverse-phase HPLC with
water-acetonitrile in a Perkin Elmer system using a Vydac C, column
(8 x 40 mm). Several portions (450 ul each, containing 0.26 mg protein
and representing 75% of the protein in fractions 43-51) were succes-
sively applied and fractions combined on the basis of '*C content. The
"C emerged between 42% and 46% acetonitrile and represented 58%
of the "“C applied. A second fractionation was necessary to obtain a
product which emerged as a single peak (149 ug) absorbing at 215 nm.
SDS-PAGE and Coomassie blue staining showed it to be a single band
of mass 42 kDa. The sample was reduced and carboxymethylated to
lower its resistance to trypsinolysis. This was accomplished by mixing
the sample (149 ug, 3.3 ml) with 5 M guanidinium chloride, 0.5 M
Tris-HCI, pH 8.6 (400 ul) and concentrating to 0.4 ml on a Speed-Vac.
1 M dithiothreitol (5 ul) was added and the tube flushed with argon.
Reaction proceeded at 50°C for 2 h when 1 M iodoacetic acid (15 ul)
was added and argon again used to flush the tube which was stored for
30 min at room temperature in the dark. The two procedures were
repeated in the same way using 7.5 ul of dithiothreitol and 15 ul of
iodoacetic acid. Finally, 17.5 ul of dithiothreitol was added and the
solution dialyzed against 50 mM Tris-HCI, pH 7.6, 1 mM CaCl, in a
Pierce Microdialysis System 500. The buffer (2 litres) was continuously
delivered for 2.5h. The volume was then 550 ul and the pH 7.8.

2.4. Preparation and analysis of tryptic peptides

Trypsin modified by reductive alkylation (Promega) was chosen for
its resistance to autolytic digestion [7]. The enzyme (15 ug in 15 ul of
50 mM acetic acid) was added to 530 ul of the purified, labelled protein
for a trypsin: protein ratio of 1:25. Digestion was carried out for 15 h
at 37°C.

The tryptic peptides were separated by reverse-phase HPLC on a
Perkin Elmer System using a Vydac Cjg column (100 x 4 mm). The
entire tryptic digest was applied to the column and eluted with a linear
gradient between 0.1% aqueous trifluoroacetic acid and 0.09% tri-
fluoroacetic acid in 84% acetonitrile during 100 min at a flow rate of
0.4 ml/min. The absorbance of the effluent was monitored simultane-
ously at 215 nm and 295 nm and fractions collected manually based on
absorbance. Individual peak fractions were further purified on a
smaller C;; column. In order to remove acetonitrile, each peak was
concentrated to half its volume on a Speed-Vac and restored to the
original volume with water. The sample was applied to the column
(50 x 2 mm) and eluted with an acetonitrile gradient generated from 10
mM ammonium acetate, pH 6.0, and the same buffer containing 84%
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acetonitrile. The gradient was applied over a period of 60 min at 0.15
ml/min. Peptides were detected as before and peaks collected manually
for sequencing. A total of eight homogeneous peptides was obtained.

The amino acid compositions of the peptides and the original, la-
belled protein were determined by the PTC derivatization procedure [8].
Sequencing was performed by the Edman procedure on an Applied
Biosystems 470A gas-phase sequencer equipped with an on-line model
120 phenylthiohydantoin analyzer using the 03R phenylthiohydantoin
standard program. No sequence data was obtained for the intact pro-
tein, suggesting that the N-terminus was blocked. The sequences of the
eight peptides are shown in Table 1 and further data on peptide T2 in
Table 2.

2.5. Mass spectrometry of "*C-labelled tryptic peptide T2

Peptide T2 (Tables 1 and 2) was subjected to ion-spray mass spec-
trometry [9-11]. The instrument was a Sciex (Toronto) AP1 111 triple-
quadrupole mass spectrometer with 2400 Da mass range equipped with
an ion-spray source. It was operated under unit-mass resolution condi-
tions. Ion-spray voltage was 5 kV. The spectrum (Fig. 1) revealed only
one prominent signal with a mass/charge ratio (m/z) of 888.9, corre-
sponding to m/z 1776.8 for a single protonated ion. The calculated m/z
for peptide T2, assuming that position 7 is occupied by a monoglucosyl-
ated arginine, is 1776.97. No other of the 19 amino acids found in
proteins gives a corresponding calculated m/z ratio when substituted for
arginine. The nearest is tyrosine (1783.96). The mass/charge ratios of
peptides T1, T3, T4, T7 and T8 were also measured in the same way.
The results agreed with the values calculated from the amino acid
sequences (Table 1).

Tandem ion-spray mass spectrometry of peptide T2 was also carried
out on a 150 pmol sample. A daughter ion spectrum obtained by
collisional activation in which the doubly protonated parent ion was
bombarded with argon, showed two signals. (The spectrum has been
published in [12], Fig. 5.) The more prominent signal had a mass/charge
ratio of 889.0 and the minor a ratio of 807.5. The major signal corre-
sponds to the doubly protonated parent ion, monoglucosylated T2. The
ratio of the minor signal corresponds to a doubly charged daughter ion
that has lost a 163 Da glucosyl fragment. The presence of only one
daughter ion with the loss of a 163 Da fragment is confirmation of the
presence of a single glucose residue and that the in vitro glucosylation
of amylogenin involves the direct glucosylation of arginine.

2.6. Anomeric configuration of the glucose-amylogenin linkage

A mixture of tryptic peptides from [*Clglucosylated amylogenin (200
4, containing 25,400 counts/min), prepared essentially as above, but
using TPCK-treated enzyme (Pierce), was passed through a Biogel P4
column (80 x 0.8 cm) in 50 mM ammonium bicarbonate. Fractions (500
ul) were collected and tested for radioactivity using 50 ul.

The radioactivity emerged between fractions 36-44 and was collected
and freeze-dried. Two portions, equivalent to 5350 counts/min, were
digested in one case in 100 mM sodium phosphate (pH 7.0) with 5 U
of a-glucosidase, the other in 100 mM sodium acetate (pH 7.0) with 5 U
of f-glucosidase, both at room temperature for 72 h. The digests were
applied to the same Biogel column as above, and eluted. The "“C in the

Amino acid sequences and mass/charge ratios of tryptic peptides from [“*C]glucosylated amylogenin

Measured m/z Calc. m/z

TI-YVDAVMTIPK 1135 1135.4
T2-EGADFVXGYPFSLR* 1777 1770.0
T3-YDDMWAGWCVK 1432 1431.6
T4 -EGAHTAVSHGLWLNIPDYDAPTQLVKPK 3056 3058.4
T5-LGDAMVTWIEAWDELNPSTPAAADGK)

T6 - NLLSPSTPFFFNTLYDPYREGADFVXGYPFSLR*
T7-GIFWQEDIIPFFQNVTIPK 2292 2292.7
T8 -NLDFLEMWRPFFQPYHLIIVQDGDPTK 3319 3320.8

*Peptides T2 and T6 were radioactive. During their sequencing, no phenylthiohydantoin amino acid was detected at positions 7 and 26, respectively
(shown as X), and most of the applied radioactivity remained bound to the glass fiber disc. Comparison of the amino acid composition of T2 with
the sequence revealed that the difference was constituted by there being one fewer arginine residue in the sequence (Table 2). Mass/charge ratios were
measured by ion-spray mass spectrometry (section 2.5) with an error range of £O.7 Da. The measured values for m/z are obtained from m/z for the
doubly protonated species and expressed as m/z for the mono-protonated form. m/z ratios were not measured for TS and T6. The assignment of

the last six amino acids in TS, in parentheses, is tentative.
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a-glucosidase digest emerged in a single peak between fractions 31-41.
In the case of S-glucosidase treatment, no '*C was detected before
fraction 66. All the '*C emerged between fractions 6670, which repre-
sented the total volume of the column and was the position at which
frec glucose appeared.

3. Results and discussion

We have purified the active corn protein more than 2000-fold
to 10mogeneity in 3% yield by conventional methodology, most
of the purification taking place in the last step by molecular
sie ving on Sepharose CL-6B. This procedure [5] will be re-
parted elsewhere, together with a description of the properties
of the homogeneous protein which, like glycogenin, proved to
be autocatalytic, also using UDP-glucose as donor, but not
ADP-glucose. What we are reporting here is a procedure de-
signed to purify the protein after [Clglucosylation so that
se.juence information could be obtained from tryptic peptides
in order to clone the cDNA for the protein and so that the '*C
larel could be used to learn the nature of the glucose to protein
bend.

The homogeneous protein was unstable, so for the purposes
of determining the site of ["*C]glucosylation we decided to carry
out the glucosylation after partial purification. This overcame
th:: problem posed by the unstable activity and permitted the
further purification to include denaturing conditions. The
pertly purified, “C-labelled protein was fractionated on Sepha-
ro e CL-6B. Inspection of the individual fractions for '“C con-
te:it and protein purity, using SDS-PAGE, enabled the purest
laiselled fractions to be pooled. The protein was further frac-
ticnated by HPLC and then reduced, carboxymethylated and
treated with trypsin. Eight peptides were obtained and se-
quanced (Table 1). Two were radioactive, with overlapping
se.juences, and in each case no signal was seen at one cleavage
stvp during sequence analysis, indicating that this was the posi-
ticn of glucosylation. There is no homology between the se-
quznces of these peptides and the amino acid sequence of glyco-
geain [13].

Zomparison of the sequences of the labelled peptide T2 with
th.: amino acid composition suggested that the glucosylated
arino acid was arginine (Table 2). This was confirmed by mass
spactrometry. lon-spray mass spectrometry of peptide T2
yic Ided only one prominent signal with a mass/charge ratio of
863.9 corresponding to a mono-protonated ion having m/z
1776.8 (Fig. 1). The calculated mass for a monoglucosyl T2

Tanole 2

Arino acid composition of amylogenin tryptic peptide T2 as revealed
by compositional analysis and compared with the composition seen in
its sequencing (Table 1)

Anino acid Amino acid analysis ~ Sequence analysis
D 1.0

E 1.0 1
S 1.2 1
G 2.8 2
R 2.0 1
A 1.2 1
P nd 1
Y 1.1 1
v 1.0 1
L 1.5 I
nd = not determined.
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Fig. 1. Ion-spray mass spectrometry of the *C-labelled tryptic peptide
T2 (Tables 1 and 2) from sweet-corn amylogenin. The total number of
jons obtained in the spectrum was 287,000. [M+2H]** is the doubly
protonated peptide T2.

peptide in which position 7 in peptide T2 (Tables 1 and 2) is
arginine is 1776.97. Tandem ion-spray mass spectrometry
yielded two signals corresponding to parent and daughter ions
related by the loss of a glucosyl residue (163 Da). This is further
confirmatory evidence that the ["“*Clglucosylation of amylo-
genin involves the attachment of a single glucose residue to
arginine. To our knowledge, glucose has not previously been
found in linkage to arginine, although the glycosylation of
arginine is well known in the cholera toxin-catalysed ADP-
ribosylation of G proteins. The glucose residue is in the -
configuration. This was shown by its complete removal by
B-glucosidase from tryptic peptides. (8-Glucosidase action on
the parent protein was incomplete.) None of four enzymes that
split a-glucosidic bonds could remove the “C-label. That the
glucose-arginine linkage has the f-configuration is another
contrast with glycogenin, which autocatalytically adds a-glu-
cose to Tyr-194 followed by an average of seven a-linked glu-
cose residues [14].

The evidence that peptide T2 contained a glucose residue
linked to arginine is therefore: (i) the amylogenin was self-
["“CJglucosylated in vitro; (ii) peptide T2 was radioactive and
therefore was substituted by ["*C]glucose; (iii) comparison of
the composition of T2 by amino acid analysis and sequencing
revealed a non-detectable, modified arginine (Table 1); (iv) the
"C-label was removed by S-glucosidase; and (v) mass spec-
trometry of T2 (Fig. 1) confirmed it to have the mass calculated
for a monoglucosylated derivative (Table 1).

We embarked on a search for a protein primer for starch
synthesis in corn. Rothschild and Tandecarz [15] recently re-
ported having detected a protein in developing maize en-
dosperm (mass 38 kDa) that is glucosylated under conditions
similar to amylogenin and then primes chain elongation by
phosphorylase and starch synthase. We do not know whether
amylogenin also fills this role and are now exploring the ques-
tion. We have now cloned the cDNA for amylogenin (unpub-
lished). It encompasses all the tryptic peptides in Table 1.

A search of GenBank for homologous sequence data showed
significant matches of some of the peptides with partial cDNA
and transcribed sequences from rice (RIC1486A, RICSS091A,
RICC2546A) and Arabidopsis thaliana (ATT50381, T23020,
T46745, ATTS3942, T22507, T22943, T44934), but none is
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associated specifically with a 42 kDa, autoglucosylating pro-
tein.
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