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The glycoprotein glucoamylase (EC 3.2.1.3) GI from Aspergillus niger was digested with trypsin after 
2-pyridylethylation and the resulting peptide fragments were separated by gel filtration, followed by reverse phase 
HPLC. A different set ofpeptide fragments was obtained from the citraconylated, 2-pyridylethylated enzyme. These 
were separated by gel filtrations, affinity chromatography on Con A-Sepharose, and reverse phase HPLC. The amino 
acid sequence of the isolated peptide fragments was determined by automated Edman degradation and digestion with 
carboxypeptidases Y and B. 

The majority of the carbohydrate ofglucoamylase G1 was located in a fragment which carried approximately 35 
units of neutral sugar linked O-glycosidically to threonine and serine residues, while a minor fraction was located in a 
different tryptic fragment which contained a single N-glycosylated asparagine residue. 

Abbreviations: ca = citraconyl; CHO = carbohydrate; Con A = concanavalin A; DFP = diisopropylfluomphosphate; 
DPCC = diphenylcarbamyl chloride; EDTA = ethylenediaminetetraacetic acid, disodium salt; SDS = sodium dodecyl 
sulfate; HPLC = high pressure liquid chromatography; PTH- = phenylthiohydantoin-; 2-pe- = 2-pyridylethyl- ; d 
signifies deglycosylated. GI designates the larger of the two forms ofglucoamylase from A. niger (31). 
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1. INTRODUCTION 
Fungal glucoamylases (l,4-ct-D-glucan gluco- 

hydrolase, EC 3.2.1.3) generally exist in multiple 
forms of which only the larger, designated G1, 
has the capacity to adsorb to and digest raw 
starch (36). Aspergillus niger, thus produces two 
forms ofglucoamylase, G1 and G2, which struc- 
turally are very similar, since degradation of 
these forms with cyanogen bromide resulted in 
fragments with identical N-terminal sequences. 
However, the G1 form had a C-terminal frag- 
ment which was lacking in G2 (31). In order to 
investigate the relationship between structure 
and function of glucoamylases, a more detailed 
characterization of the primary structure of As- 
pergillus niger G1 was initiated and the present 
study describes the amino acid sequence oftryp- 
tic fragments. 

Sites of glycosylation have been determined 
for two of the peptide fragments: one which car- 
tied a single N-glycosidic oligosaccharide, con- 
taining amino sugar, and another which con- 
tained the majority of the neutral carbohydrate 
of G1 in the form of short sugar units linked to a 
high number of serine and threonine residues. 

This work has been presented in part at the 
XIth International Carbohydrate Symposium, 
Vancouver, August 1982. 

2. MATERIALS AND METHODS 
2.1. Materials 

Glucoamylase GI was purified as earlier de- 
scribed (31) from AMG 200L (Batch ASN 5192), 
a commercial Aspergillus niger glucoamylase 
preparation obtained as a gift from Novo Indus- 
tries, Bagsvaerd, Denmark. The enzyme was ho- 
mogeneous both by SDS polyacrylamide gel 
electrophoresis and by N-terminal sequence 
analysis (31). 

Bio-Gels P-100, P-60, P-10 and P-6 were from 
the Bio-Rad Laboratories, Richmond, Calif. Con 
A-Sepharose was a product of Pharmacia Fine 
Chemicals, Uppsala, Sweden. Dithiothreitol, 
~-methyl-D-mannoside, DFP-treated carboxy- 
peptidase B and DPCC-treated trypsin were 
from Sigma, St.Louis, Mo., 2-vinylpyridine was 
from Aldrich-Europe, Beerse, Belgium, cit- 
raconic anhydride and 2-propanol z. Anal. were 
from Merck, Darmstadt, ER.G., 1-propanol z. 
Anal. was from Ferak, Berlin, acetonitrile HPLC 

Grade SS and trifluoroacetic acid Sequence 
Grade were from Rathburn, Walkerburn, Scot- 
land. Crystalline thermolysin (thermophilic bac- 
terial protease) was a product of Daiwa Kasei 
K.K., Osaka, Japan. Carboxypeptidase Y was 
prepared in this laboratory. Hydrogen fluoride 
was from Gerlingholz, Hamburg, ER.G. Re- 
agents and solvents used in the sequencing were 
from Rathburn except ethylacetate which was 
obtained from Merck. 

2.2. Methods 
2.2.1. Chemical modifications 

The disulfide bridges ofglucoamylase G1 were 
reduced and 2-pyridylethylated by a modifica- 
tion of the procedure described by FRtEOMAN et 
al. (9). G1 (500 mg) was dissolved, and reduced 
for 2 hours by dithiothreitol (100 mg) in 7 
M-guanidinium chloride, 0.2 M-Tris and 5 mM- 
EDTA, pH 7.6 (25 ml) which had been flushed 
with nitrogen. Three portions of 2-vinylpyridine 
(3. 250 lal) were added to this solution over a 
period of 30 minutes. The pH of the reaction 
mixture was brought to 4.0 by addition of glacial 
acetic acid and excess of reagents were removed 
by dialysis against 2% acetic acid, 5% in ethanol. 
This stock solution of reduced and 2-pyridyl- 
ethylated G1 was stored at -18 ~ 

The primary amino groups of 2-pyridyl- 
ethylated G1 were citraconylated essentially as 
described by DIXON and PERaAM (2). Typically 
120 mg of the protein was dissolved in 50 ml of 6 
M-guanidinium chloride and 100 mg of cit- 
raconic anhydride was added over 15 minutes. 
The pH was maintained at 8.2 by titration with 1 
M-sodium hydroxide in a pH-stat. When base 
uptake had ceased the pH was adjusted to 7.0 
and the solution was made 0.1 M in hydroxyl- 
amine. Following three hours at room tempera- 
ture the reaction mixture was finally dialyzed 
against 0.1 M-ammonium bicarbonate pH 7.8. 

Complete deglycosylation of O-glycosylated 
peptides was performed a.m. MORT and LAM- 
PORT (22). The glycopeptide (1-10 mg) was treat- 
ed for 3 hours at 0 ~ with 1 ml anhydrous hydro- 
gen fluoride containing 100 Ial ofanisole. The HF 
was removed in the cold by aspiration with a 
water pump. To the residue was added water, 
followed by neutralization with ammonia, and 
desalting by dialysis against 0.05 M-ammonium 
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bicarbonate or by gel filtration on Bio-Gel P-6 in 
30% acetic acid. 

2.2.2. Enzymatic cleavages 
2-Pyridylethylated G1, or GI which had both 

been citraconylated and 2-pyridylethylated, (1.6 
mg-ml  -~) was typically digested with trypsin 
(1:50, wt/wt) in 0.1 M-ammonium bicarbonate, 
0.1 mM-calcium chloride pH 7.8 for 2 hours at 
37 ~ A resulting highly glycosylated tryptic 
fragment (Tea2-1) was after deglycosylation and 
decitraconylation in HE further digested with 
trypsin at the same conditions as above. Tea2-1 
was also cleaved by thermolysin (1:30, wt/wt) in 
0.1 M-ammonium bicarbonate pH 7.8 for 6 
hours at 37 ~ before, as well as after, de- 
glycosylation. 

2.2.3. Purification of peptides 
The tryptic digests of G1 were initially frac- 

tionated on Bio-Gel P-100 in 0.2 M-ammonium 
bicarbonate pH 7.8. Thermolytic peptides of the 
fragment Tea2-1 were separated on Bio-Gel P-60 
in 0.1 M-ammonium bicarbonate. 

Glycopeptides in pool 2 from the Bio-Gel 
P-100 chromatography (10-20 mg) were ad- 
sorbed to a column of Con A-Sepharose (1.5x5 
cm) equilibrated in 0.1 M-sodium acetate, 0.2 
M-sodium chloride pH 6.0, containing 1 mM of 
Mn 2., Mg 2+, and Ca 2., respectively. Elution was 
performed with the same buffer containing 0.2 
M-~t-methyl-D-mannoside. The glycopeptides 
subsequently were desalted on Bio-Gel P-10 in 
0.05 M-ammonium bicarbonate followed by 
lyophilization. The highly glycosylated frag- 
ment, Tea2-1, was finally obtained after gel filtra- 
tion on Bio-Gel P-100 (1.5x90 cm) in 0.2 M-am- 
monium bicarbonate. 

Peptides obtained after initial gel filtration on 
Bio-Gel P-100, or after tryptic digests of HF- 
treated Tea2-1 (see 2.2.2.), were fractionated by 
HPLC using a Waters liquid chromatograph con- 
sisting of a Model U6 K injector, a Model 660 
solvent programmer, two Model 6000A pumps, 
a Model 450 variable wavelength detector, and a 
Hewlett-Packard 3390 A integrator. Three sup- 
port and solvent systems (20) were used: 1) a Wa- 
ters Radial Pak C~8 (10 la) reverse phase column 
was eluted with a linear gradient over 40 minutes 
from 0.1% trifluoroacetic acid to 0.1% tri- 

fluoroacetic acid in 80% acetonitrile; 2) a Wide 
Pore C~8 column, i.d. 4.6 mm and length 25 cm, 
from J.T. Baker Research Products, was eluted 
over 80 minutes by a linear gradient as above 
using 80% 2-propanol as organic phase; 3) the 
Wide Pore C,8 column was eluted as above with 
80% l-propanol as organic phase. The flow rate 
was 0.5 ml. min -~ and the effluent was monitor- 
ed at 220 or 230 nm. Fractions were collected 
and lyophilized prior to rechromatography or 
amino acid and sequence analyses. For re- 
chromatography, narrow gradients (correspond- 
ing to 12% increase in the concentration of 
organic solvent) were used coveting the pre- 
dicted elution conditions. 

2.2.4. Amino acid analysis 
Amino acid compositions were determined as 

described previously (31) using a Durrum D-500 
amino acid analyzer after acid hydrolysis for 24 
hours at 110 ~ For certain peptides, hydrolysis 
was allowed to proceed for 48 and 72 hours. The 
colour yield of S-[3-(2-pyridylethyl)-L-cysteine 
was determined to 67% of the value oflysine. An 
estimate of the number of O-glycosylated 
threonines and serines was made after reductive 
[3-elimination a.m. DowNs and PITMAN (3). 

2.2.5. Carbohydrate analyses 
Total carbohydrate analysis was performed by 

the phenolsulphuric acid procedure ofDuBols et 
al. (4) using mannose as standard. Glucosamine 
was determined on the amino acid analyzer after 
hydrolysis in 4 M-HCI at 110 ~ for 6 hours in 
v a c u o .  

2.2.6. Amino acid sequence analysis 
Peptides were sequenced in a Beckman Se- 

quencer 890C as described by EDMAN and BEGG 
(6) using the conditions specified by JOHANSEN et 
al. (15). Polybrene was added when shorter pep- 
tides were sequenced (16). The PTH-amino acids 
were identified as described by SVENDSEN et al. 
(30). In addition, selected samples were sub- 
jected to back-hydrolysis with HCI/SnCI2 (21) 
followed by amino acid analysis. Dansyl-Edman 
degradation was performed essentially as de- 
scribed by KLEMM (17) and GRAY (10). 

The highly glycosylated fragment Tea2-1 (1.8 
mg. ml -~) was digested with carboxypeptidase Y 
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T a b l e  I. 

A m i n o  ac id  s e q u e n c e  o f  t ryp t i c  p e p f i d e s  f r o m  2 - p y r i d y l e t h y l a t e d  g l u c o a m y l a s e  G I .  

Pool n u m b e r  Fragment  Sequence o fpep t ide  Elution condi t ions 

(Figure 1 ) (%, vol/vol)  

2 T2-1 Asn- Ser- Val - Val- Pro - Ala - Ser- Trp -Gly -Glu -Thr - Se*r - Ala - Se*r- Sir - 40 CH3CN 
5 10 15 

(Tca2-1) 

Val- P ro -Gly -Thr -Cys -Ala -Ala -Thr -Se r -Ala -  l i e -Gly -Thr -Tyr -  Ser- 
2 0  25 30 

S~r- * * * * * Val - Thr - Val - Thr - Ser - Tip - Pro - Ser - Ite- Val- Ala -Thr -Gly - Gly- 
35 40 45 

y ~  * , , �9 , , , , 
r - T h r - T h r - T h r -  Ala-Thr-  Pro-Thr-Gly-  Ser- Gly- Ser- Val- Thr-  Ser- 

50 55 60 
, , �9 , , , (*) (*) (*) (*) (*) 

Thr (Ser) Lys - Thr-  Thr-  Ala - Thr - Ala - Ser- Lys, Thr-  Ser- Thr-  Ser- Thr- 
65 7 0  75 

(*) (*) (*) (*) (*) (*) (*) 
Ser - Ser - Thr - Ser- Cys -Thr-  Yhr (Yhr, Pro, Ala) Val - Ala - Val - Thr - Phe 

8 O  85 90 

5 T5-1 Th r -Phe -Ala -Asp -G~-Phe -Va l -  Ser- lie- Va l -Glu-Thr -His -Ala -  Ala- 48CHsCN 
10 15 39 2-prOH 

CHO 
I 

Ser- Asn -Gly - Ser- Met - Ser- Glu -Gin- Tyr- Asp - Lys 
20 25 

T5-2 Asn -Gly -Asp -Thr - Ser - Leu -Leu - Ser - Yhr - lie - Glu -Asn- Tyr- lie - Ser - 58 CH3CN 
5 10 15 45 2-prOH 

Ala - Gin - Ala- lie - Val - Gin -Gly - lie - Ser -Asn - Pro (Set) Gly -Asp - Leu - 
20 25 30 

Ser- Ser- Gly -Ala -Gly -keu -Gly -Glu -Pro- Lys 
3 5  40 

lie - Glu - Ser - Asp -Asp - Ser - Val - Glu - Trp - Glu - Ser - Asp - Pro -Asn - Arg 
5 10 15 

32 CHsCN 
24 2-prOH 

13 l-prOH 

T6-2 Ser- lie- Tyr-Thr-Leu-Asn-Asp-Gly-  Leu (Asx, Set, Set) Glu, Ala, W a l ,  42CH3CN 
5 10 15 

Ala- Val- Gly- Arg 

T6-3 Asp-Ala-Asn-Thr-Leu-Leu-Gly-  Ser- lie- His -Thr-Phe-Asp-  Pro (Asx, 36 2-prOH 
5 10 15 

Asx, Thr, Ser, Glx, Glx, Pro, Ala, Ala, Phe, Cys) Cys - Ser- Pro- Arg 
20 25 

6 T6-1 

T6-4 Thr-Ala-  lie- Leu-Asn-Asn- lie- Gly-Ala-Asp-Gly-Ala-Trp-  Val- Ser- 54CHsCN 
5 10 15 38 2-prOH 

Gly - Ala -Asp- Ser- Gly- Ile - Val- Val- Ala- Ser- Pro- Set- Yhr -Asp -Ash- 
2 0  25 30 

Pro (Thr) Tyr- Phe - Tyr- Thr - Arg 
3 5  

T7-1 Ser -Asp-Gly-Glu-Gln ,  Leu, Set, Ala, Arg 24CH3CN 
5 6 l-prOH 

T7-2 Asp - Ser - Gly -Leu - Val - keu - Lys 34 CH3CN 
5 

(cont.) 
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Table I. (contd.) 
Amino acid sequence of tryptie peptides from 2-pyridylethylated glucoamylase G1. 

Pool number  Fragment Sequence of  peptide Elution conditions 
(Figure 1) (%, vol/vol) 

T7~ Glu- Val- Val, Asp, Ser, Phe, Arg 34 CH3CN 
5 

T7-4 Ala- Leu-Tyr- Ser-Asp-Ala-Ala-Thr-Gly-Thr-Tyr-  Ser- Ser- Ser- Ser- 44 CH3CN 
5 10 15 

Ser (Asx, Thr, Ser, Ser, Ala, Val, Val, lie, Tyr) Lys 
20 2 5  

T7-5 Ala - Thr-Leu -Asp - Ser- Trp- Leu - Ser- Asn -Glu - Ala - Thr- Val - Ala - Arg 46 CH3CN 
5 10 15 

T7-6 Tyr-Thr-Ser-Ser-Asp-Pro-Leu-Trp-Tyr-Val-Thr-Val-Thr-Leu-  Pro 51CH3CN 
5 10 15 

Ala, Gly, Glu, Ser, Phe, Glu, Tyr- Lys 
20 

T7-7 Glu - Tyr- Thr - Val - Pro - Gin - Ala - Cys - Gly - Thr - Ser - Thr - Ala - Thr - Val - 
5 10 15 

Thr-Asp-Thr- Trp- 2 ~  0 

54 CH3CN 
15 l-prOH 

T7-8 Thr, Leu, Val, Asp, Leu, Phe, Arg 55 CH3CN 
5 

T7-9 Ala- Thr- Ala -Met- lie - Gly -Phe -Gly -Gin -Trp- Leu -Leu -Asp -Asn -Gly- 62 CH3CN 
5 10 1 5  

Tyr- Thr- Ser- Thr- Ala - Thr-Asp - lie - Val - Trp- Pro - Leu - Val - Arg 
20 2 5  

8 T8-1 Asp- Gly (Pro, Ala, Leu) Arg 30 CH3CN 
5 

T8-2 Asp - Ser - Trp - Leu - Ser -Asn -Glu - Ala - Thr - Val - Ala - Arg 47 CH3CN 
5 10 

T8o3 Ala, Leu, Ala, Asp, His, Lys 10 l-prOH 
5 

T8-4 Asn-Val-Asp-Glu-Thr-Ala-Tyr-Thr-Gly-  Ser, Trp, Gly, Arg 26 l-prOH 
5 10 

T8-5 Phe-Asn-Val-Asp-Glu-Thr-Ala-Tyr-Thr-Gly-  Ser, Trp, Gly, Arg 32 l-prOH 
5 1 0  

T8-6 Asp-Leu-Thr-Trp-Ser-Tyr-Ala-Ala-Leu, Leu, Thr, Ala, Asn, Ash, Arg 58CH3CN 
5 10 15 

9 T9-1 Phe, lie, Arg 43CH3CN 

The tryptic fragments were eluted in HPLC-system 1,2, or 3 (see 2.2.3.) at the indicated concentration of  organic 
solvent. In sequences confirmed by the aid of  different peptide fragments (to be published) the amino acid residues 

are separated by commas. For incompletely sequenced fragments, the amino acid composit ion of  the unidentified 
parts are in brackets. T2-1 is described in detail together with Tca2-1 in section 3.2. The asterisks indicate glycosylated 
residues. The majority of  the residues in the sequence Thr(71)-Thr(82) are presumably glycosylated, but the fragment 
Thr(71)-Phe(90) could only be obtained in deglycosylated form. T6-4 starts at Thr(16) in the N-terminal part of  G1 
(31); position (32) appeared vacant and was suggested to be a threonine residue from the amino acid composition. 
Positions (27) in T5-2 and (62) in T2-1 were in the same way determined to be a serine residue. T7-5 and T8-2 are 
N-terminal peptides of  the two forms of Gl  (31). T7-7 is the C-terminal peptide o fGl .  T5-1 contained 2 glucosamine 
and 8 residues of  neutral sugar assumed to be mannose. T5-1 and T7-9 are overlapping fragments to the cyanogen 
bromide peptides (31). 

Carlsberg Res. Commun.  Vol. 48, p. 517-527, 1983 521 



B. SVENSSON et al.: Tryptic fragments ofglucoamylase G1 
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(0.035 mg. ml -~) in 0.05 M-N-ethylmorpholine 
acetate buffer pH 6.0. Norleucine was included 

0.2 
as internal standard and the peptide c o n -  E 

centration was determined from an aliquot by o 
N 

amino acid analysis after hydrolysis. The release 
of  free amino acids was followed by removing ow 
aliquots at appropriate time intervals, adjusting z o.1 
to pH 0.9 with HC1, lyophilization and redissolu- 
tion in 0.07 M-citrate pH 2.2 prior to amino acid o i n  

analysis. Other tryptic fragments were digested "~ 
with carboxypeptidase B in 0.05 M-N-ethyl- 
morpholine acetate pH 8.5 prior to carboxypep- 
tidase Y at pH 5.0, or by using carboxypeptidase 
Y first at pH 7.0 and then at pH 4.5. 

3. RESULTS 
3.1. Separation and sequence analysis of trypfic 

peptides 

The elution pattern of  the tryptic fragments 
from Bio-Gel P-100 suggested that a few long and 
several shorter peptides had been generated (Fig- 
ure 1). The fragments of  pools 2 and 3 contained 
an average of  35 and 31 wt.pct, of  carbohydrate, 
respectively, whereas the remaining pools con- 
rained from zero to.6 wt.pct, of  carbohydrate. 

It 2 5 j 

I 

1 0 0  2 0 0  

! / 
4. 5 6 7 8 9 

ii i i  

I I 

3 0 0  4 0 0  5 0 0  

ELUATE (m[) 

Figure 1. Separation of tryptic fragments of 
2-pyridylethylated gJucoamylase GI (35 mg) on Bio-Gel 
P-100 (2.5x90 cm) in 0.2 M-ammonium bicarbonate at 
a flow rate of 6 ml. h -j. The absorbance of the eluate 
was monitored at 226 nm. Pooled fractions are indi- 
cated by bars. 

J !  

I i I i I 

z 3 �9 5 :~z,~_,~__, 8 
I'--=0 I |  I~ ~ I 

\ 

0.5 1.0 1.5 
ELUATE (L) 

Figure 2. Separation of tryptic peptides (60 mg) from 
citraconylated and 2-pyridylethylated glucoamylase G 1 
on Bio-Gel P-100 (5• cm) in 0.2 M-ammonium bicar- 
bonate at a flow rate of 30 ml h-L The absorbance of 
the eluate was monitored at 280 nm. The concentration 
of carbohydrate in selected fractions was expressed as 
lag. ml -t of mannose ( - - - ). Pooled fractions are indi- 
cated by bars. 

Homogeneous peptides were isolated by 
HPLC from pools 2 and 5-9 in yields sufficient 
for sequencing and the results are shown in Table 
I. The largest fragment (T2-1) was 90 amino acid 
residues long and highly glycosylated; it is further 
described in section 3.2. The largest of  the other 
fragments (T5-2) contained 40 amino acid resi- 
dues (Table I). Peptide T7-5 was the N-terminal 
sequence of  Gl and T8-2 was the N-terminal se- 
quence of  the form of Gl previously reported to 
lack the three N-terminal residues (31). The 
C-terminus of  G1 has been reinvestigated and 
found to be Arg(20) of  fragment T7-7. Increasing 
effectiveness for elution of  peptides from the 
Wide Pore Cj8 column was seen with 1-propanol 
compared to 2-propanol, and both of  these sol- 
vents were more effective than elution with 
acetonitrile from the Radial Pak Cj8 column 
(Table I). 

Citraconylation of  2-pyridylethylated G1 re- 
stricted the tryptic cleavage to take place at ar- 
ginine residues. The elution profile of  the frag- 
ments resembled that of  fragments prepared 
from non-citraconylated G1 both in UV-absor- 
bance and carbohydrate content (Figure 2). In 
Table II are listed sequences of  fragments ob- 
tained by further purifications from selected 

so E 
O 

lad 

O 
25 Z Z 

l[ 
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Table If. 
Amino acid sequence of tryptic fragments of ci~raconylated and 2-pyridylethylated glucoamylase GI. 

Pool number Fragment Sequence of peptide 
(Figure 2) 

1 Tcal-1 

2 Tca2-1 

3 Tca3-1 

Tca3-2 

Ala - Leu - Val - Glu -Gly - Ser - Ala - Phe - Ala - Thr - Ala - Val - Gly - Ser - Ser - 
5 10 15 

Cys - Set - Trp - Cys -Asp - Ser - Gin -Ala - Pro -Glu - Ile - Leu -Cys - Tyr - Leu - 
20 25 30 

Gln-Ser-Phe-Trp-Thr, Glu, Ser, Phe, lie, Leu, Ala, Asn, Phe. Asp, Ser, 
35 40 45 

Arg 

Sequence identical with T2-1 (Table I) 
CHO ca 

/ 

Ala - Ser - AsLn -Gly - Ser - Met - Ser - Glu -Gin - Tyr - Asp - L3}s - Set - Asp - Gly - 
5 10 15 

Glu- Gin, Leu, Ser, Ala, Arg 
2O 

ca 
/ 

Ser - Gly -L3}s -Asp -Ala -Asn -Thr -Leu -Leu -Gly - Ser - Ile - His -Thr -Phe - 
5 10 15 

Asp- Pro (Asx, Asx, Thr, Ser, Glx, Glx, Pro, Ala, Ala, Phe, Cys)Cys- Ser- 
20 25 30 

Pro- Arg 

Tcal-I was rechromatographed on Bio-Gel P-100. Tca2-1 was purified by affinity chromatography on Con 
A-Sepharose, followed by gel filtration on Bio-Gel P-100. Tca3-1 was obtained by gel filtration on Bio-Gel P-60 or 
eluted at 34% acetonitrile using HPLC system 1. Tca3-2 was eluted in HPLC system 2 at 38% 2-propanol. ca signifies 
citraconyl. 

pools o f  Figure 2. These fragments include se- 

quences known from studies o f  the non-cit- 

raconylated GI.  The fragment Tcal- I  was o f  low 

solubility and eluted near the front from Bio-Gel 

P-100, presumably due to aggregation. Although 

no lysines were found in Tcal-1, this fragment 

was obtained in highest yield from tryptic digests 

o f  citraconylated GI .  Similarly, Tca2-1 was ob- 

tained in a yield o f  32%, utilizing adsorpt ion to 

Con A-Sepharose for the purification, whereas 

the non-citraconylated T2-1 by the same pro- 

cedure was isolated in 22% yield. Direct  purifica- 

tion o f  T2-1 from pool 2 (Figure 1) by H P L C  

resulted in a lower yield. 

The  fragment Tca3-1 (Table II) resulted from 

an unexpected cleavage between Ala(14) and 

Ala(15), found in the sequence ofT5-1 (Table I). 

Dansyl-Edman analysis o f  Tca3-1 indicated 

posit ion three from its N- te rminus  to be either 

aspartic acid or  asparagine, while this posit ion 

was vacant  in the au tomated  sequencing. Fur- 

thermore,  the amino  acid composi t ion o f  frag- 

ments  T5-1 and Tca3-1, agreed with asparagine 

found at the posit ion in question. Tca3-1 con- 

tained 8 neutral sugar residues assumed to be 

mannose  and 2 glucosamine residues, which 

were released upon acid hydrolysis. 

3.2. Chemical characterization and subfrag- 
mentation of the glycopeptides T2-1 and 
Tca2-1 

It was difficult to establish the purities o f  the 

highly glycosylated fragments T2-1 and Tca2-1 

(Tables I and II) since these fragments did not  fix 

and stain after polyacrylamide gel elec- 

trophoresis. However, the shape o f  the elution 

profile from Bio-Gel P-100, the amino  acid com- 

position, the results f rom 6 cycles o f  N-terminal  

sequencing, and the absence o f  residual staining 

in polyacrylamide gel electrophoresis indicated 

the fragments to be pure. 

Tca2-1 was sequenced through 54 cycles and 
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Table III. 
Carbohydrate content and amino acid composition of Tca2-1 and subfragments 

Amino acid Residues/fragment 

Tca2-1 Th 1-Tca2-1 T2-dTca2-1 T3-dTca2-1 

Asparticacid 1.2 (1 )  
Threonine ~) (26) 
Serine ~) (20) 
Glutamic acid 0.90 (1 )  
Proline 4.8 (5 )  
Glycine 6.6 (7 )  
Alanine 10.9 (11) 
Valine 8.5b)(9) 
Isoleucine 1.9b~(2) 
Tyrosine 1.1 (1 )  
Phenylalanine 1.0 (1 )  
2-pe-Cysteine ~) 1.4 (2)g) 
Lysine 1.9 (2 )  
Tryptophan d) 2 (2 )  

(19) 
(10) 

1.7 2) 
4.2 4) 
4.7 5) 
1.7 2) 
0.8 1) 

1.0 1) 
1.8 2) 

n.d. 

7.5 
4.8 

1.0 

2.1 
1.9 

1.0 
0.4 

8) 
5) 

1) 

2) 
2) 

1) 
1 )g) 

2.9 3) 
1.0 1) 

2.1 2) 

1.0 1) 

Total number of residues 90 46 20 7 

O-Glycosylated threonine h) 19 14 
O-Glycosylated serine h) 16 8 
Carbohydrate (w't.pct.) r 50 67 
N-terminal yield (%)~ 50 65 

Thl-Tca2-1 was purified on Bio-Gel P-60. T2-dTca2-1 and T3-dTca2-1 eluted at 20% and 11% of l-propanol in HPLC 
system 3, respectively. 
a) Values extrapolated to zero time hydrolysis or the value after 24 hours multiplied by 1.06 and 1.15 in the case of 

threonine and serine, respectively. 
b) Value from 72 hours of hydrolysis. 
c) 2-pyridylethyl-cysteine (9). 
d) Estimated from the UV-absorbance of Tca2-1 (5). n.d. means not detected. 
e) Determined by the phenol-sulfuric acid procedure (4) using mannose as the standard. 
f) The yield of PTH-amino acid in the first step ofthe automated sequencing based on a peptide content determined 

from amino acid analysis and the indicated length of fragment. 
g) Sequence studies ofTca2-1, T2.dTca2-1 and amino acid composition of Thl-Tca2-1 suggested two 2-pe-cysteine 

residues in Tca2-1. 
h) Determined by amino acid analysis after reductive fl-elimination (3). 

many positions appeared vacant because the 
O-glycosylated anilinothiazolinone-amino acids 
were not extracted from the reaction film of  the 

spinning cup. After deglycosylation sequence 
analysis showed as expected serine and 

threonine at the previously vacant positions. 
O-Glycosylated amino acid residues identified 
in this manner are indicated by asterisks in T2-1 
(Table I). 

Thermolysin, in contrast to trypsin, efficiently 
catalyzed the hydrolysis of  peptide bonds adja- 

cent to glycosylated amino acid side chains. One 
major (Thl-Tca2-1) and several smaller 
glycopeptides resulted from digestion of  Tca2-1 
with thermolysin. The contents of  amino acids, 

carbohydrate and glycosylated amino acids in 

both Thl-Tca2-1 and Tca2-1 are shown in Table 
III. The results from sequencing Tca2-1 and Thl-  
Tca2-1, starting at Ile(40) (see T2-1, Table I), and 
the presence in Tca2-1 of  a single residue of  as- 
paragine, glutamic acid, tyrosine, and phe- 
nylalanine, respectively, suggested this fragment 

524 Carlsberg Res. Commun. Vol. 48, p. 517-527, 1983 



B, SVENSSON et al.: Tryptic fragments ofglucoamylase G1 

to contain 90 amino acid residues. The large 
thermolytic subfragment was sequenced through 
31 cycles and was estimated to contain 46 amino 
acid residues. In both fragments the majority of 
the serine and threonine residues were 
O-glycosylated. Tca2-1 became only upon de- 
glycosylation and decitraconylation susceptible 
to tryptic digestion with cleavage after both 
Lys(63) and Lys(70). Digestion with carboxy- 
peptidases B and Y of the fragment Thr(64)- 
Lys(70) (T3-dTca2-1, Table III) suggested the 
positions (67) and (69) (unidentified by auto- 
mated sequencing of the deglycosylated version 
of Th l-Tca2-1) to be glycosylated threonine and 
glycosylated serine, respectively. From the total 
number of glycosylated positions and the num- 
ber of identified glycosylated positions in Tca2-1 
(Tables I and III) the sequence Thr(71)-Phe(90) 
(T2-dTca2-1, Table III) was seen to be exten- 
sively glycosylated. Position (62) was suggested 
to be glycosylated serine from the amino acid 
compositions and sequence information of 
Tca2-1 and its subfragments. 

Digestion of Tca2-1 with carboxypeptidase Y 
released phenylalanine, threonine, and valine in 
that order (Figure 3) and only trace amounts of 
alanine appeared after valine. N-Terminal se- 
quencing through 12 cycles and digestion with 
carboxypeptidase Y of the deglycosylated tryptic 
subfragment Thr(71)-Phe(90) identified the 
C-terminal sequence of Tca2-1 as reported in 
Table I. The amino acid composition of Thl- 
Tca2-1 (Table III) indicated its C-terminus to be 
at residue (85) (see T2-1, Table I), which, 
however, could not be released with carboxypep- 
tidase Y. 

4 .  DISCUSSION 
The reported tryptic fragments represent 491 

different amino acid residues corresponding to 
more than 80% of the G1 molecule. This is based 
on a minimum size of Gl of about 614 residues 
as calculated from the amino acid composition 
(31) assuming a content of 18 arginines. In the 
literature the molecular weights of Gl from A. 
niger ranged from 52,000 to 110,000 (8, 19, 26, 
31). Consequently an accurate size determina- 
tion of the enzyme and a discussion of the con- 
flicting findings await the completion of the 
amino acid sequence. The gene of glucoamylase 
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Figure 3. Release of free amino acids from Tca2-1 by 
digestion with carboxypeptidase Y. Phenylalanine (o), 
threonine (x), and valine (O). 

from A. awamori has recently been cloned (24) 
and subjected to sequencing (13), thus the com- 
plete amino acid sequence might be determined 
with the aid of results from nucleotide sequenc- 
ing. 

Comparison of the portions of the GI se- 
quence now available with the primary struc- 
tures of a-amylases from Bacillus amyloliquefa- 
ciens (1, 29, 32), Aspergillus oryzae (Taka- 
amylase A) (33), mouse pancreas and salivary 
gland (12), and porcine pancreas (18, 25) and the 
partial amino acid sequence of Bacillus subtilis 
var. amylosacchariticus K-amylase (23) did not 
indicate any homology. Among the 
glucoamylases no extensive sequence informa- 
tion has been published at present. However, as 
in G1 from A. niger, the N-terminal and the 
C-terminal residues ofA. awamori glucoamylase 
G I were found to be alanine and arginine, respec- 
tively (35). In contrast, the four N-terminal resi- 
dues reported for glucoamylase from A. saitoi 
were different from those found in G1 and G2 
from A. niger (14, 31). 

The carbohydrate composition of the 
N-glycoside unit in Tca3-1 appeared to be the 
same as reported for the single carbohydrate 
group ofTaka-amylase A (34), no sequence ho- 
mology was found between this enzyme and 
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glucoamylase. Glucoamylase G1 from A. niger, 
in addition, contained a highly glycosylated re- 
gion consisting of 70 amino acid residues which 
possessed very few potential cleavage points 
leading to overlapping fragments. However, 
treatment with anhydrous HF removed essen- 
tially all the carbohydrate from the O-gly- 
cosylated amino acid side chains without 
damaging the polypeptide moiety. Most of the 
glycosylated positions could then be identified 
by automated sequencing of the rather long frag- 
ments. The carbohydrate groups in this region 
are calculated to contain an average of two sugar 
residues per unit, which is similar to G1 itself(27, 
31). Two other fungal proteins, cellobiohydrolase 
from Trichoderma viride (ll) and mycodex- 
tranase from Penicillium melinii (28), were also 
reported to carry a high number of short car- 
bohydrate chains. Moreover in cellobio- 
hydrolase, it has likewise been suggested that a 
region of about 20 amino acid residues is very 
rich in carbohydrate (7). As both glucoamylase 
Gl and this enzyme have the capacity to adsorb 
to and digest an insoluble substrate viz. starch 
and cellulose, it is conceivable that the highly 
glycosylated regions are involved in the forma- 
tion of the corresponding enzyme-substrate 
complexes. However, no homology has been de- 
tected between the primary structures of 
glucoamylase and the cellobiohydrolase (7). 
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