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Summary 
The super-selective affinity labelling procedure for the active center of RNA Polymerase from Escherichia 
coli (Grachev et al., 1987a) was successfully applied to the enzyme from archaebacteria. Using adenosine-
5'-trimetaphosphate or the p-hydroxybenzaldehyde ester of ATP, the second largest subunit B' of the 
RNA polymerase from methanogenic/halophilic and sulphate reducing archaebacteria, and the largest 
subunit B of the non-methanogenic thermophilic archaebacterium Sulfolohus sp. strain B 12 are labelled 
specifically. The labelling reaction is strictly template-dependent and blocked by the transcription in-
hibitor heparin. We present evidence that adenosine-5'-trimetaphosphate is attached close to the catalytic 
center of the RNA polymerase via a phosphoamide bond to lys or his residues. 

The specific affinity labelling of subunit B' from methanogens/halophiles together with the earlier 
observed immunological cross-reactivity (Gropp et al., 1986) indicates that this subunit as well as subunit 
B" contains amino acid sequences which are homologous to sequences in subunit B of the enzyme from 
non-methanogenic thermophilic archaebacteria and in subunit ß from E. coli RNA polymerase. 
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Introduction 

The isolated R N A polymerases from archaebacteria 
have been shown to consist of 8-10 Polypeptide chains 
(Zillig et al., 1985a). In their Polypeptide pattern and in 
their antigenicity {Huet et al., 1983; Gropp et al., 1986) 
these enzymes resemble much more the eukaryotic R N A 
polymerases A , B and C than the R N A polymerase of 
Escherichia coli. To three of the four subunits ß', ß, a and 
o of the E. coli enzyme some functions could be assigned, 
e.g. to subunit ß' affinity to D N A , to subunit ß the par-
ticipation in rifampicin-binding and to subunit o the 
Promoter recognition (for review see Yura and Ishihama, 
1979). In archaebacteria, the fifth largest Polypeptide E of 
the Halobacterium halobium and of Thermoplasma 
acidophilum R N A polymerase has been reported to be 
required for transcription of natural D N A templates and 
to be dispensable for transcription of the synthetic tem-
plate poly d(A-T) (Madon and Zillig, 1983; Schnabel et 
al., 1982). Up to now no further information is available 

Abbrevations: ATmP, Adenosine-5'-trimetaphosphate, ATP-A, 
4-Hydroxybenzaldehyde ester of ATP 

on the role of the various Polypeptides contained in 
purified archaebacterial R N A polymerases. The fact that 
the four largest components of these enzymes could be 
allied with each other by serological cross-reaction 
(Schnabel et al., 1983; Thomm et al., 1986) indicates that 
at least these Polypeptides are necessary for the function of 
archaebacterial R N A polymerases. Immunological analy-
ses revealed distinct differences in the R N A polymerase 
structure between different groups of archaebacteria 
(Schnabel et al., 1983). The R N A polymerases of 
methanogenic/halophilic archaebacteria contain two Poly
peptides B' and B", which both show serological cross-
reaction to the largest subunit B of the enzymes from non-
methanogenic thermophilic archaebacteria. According to 
this feature the AB'B"-C-type of methanogens/halophiles 
and the B A C - R N A polymerase type of non-methanogenic 
thermophiles can be distinguished (Zillig et al., 1985a). 
The R N A polymerase of the recently discovered sulphate 
reducing archaebacterium "Archaeoglobus fulgidus" 
(Stetter et al., 1987) harbours two Polypeptides homolog
ous to B' and B" of methanogens/halophiles. In contrast 



to all other archaebacteria containing this enzyme, the i m 
munological determinants of the first (A) and fourth (C) 
component are present in one Polypeptide ( (A+C) B 'B" -
type;'Stetter et a l . , 1987). 

Recently, by "super-selective affinity label l ing" the sec-
ond largest subunit of the E. coli (Grachev et a l . , 1987a) 
and of the three R N A polymerases, A , B and C from yeast 
(Riva et a l . , 1987) have been shown to participate in the 
formation of the active center. Using the same method we 
identified in this study the subunit of three different types 
of archaebacterial R N A polymerases which carry the ac
tive center. 

Materials and Methods 

Purification of RNA polymerases 

R N A polymerases of methanogenic bacteria, Halobacterium 
and Sulfolobus sp. strain B 12 were purified as decribed previous-
ly (for review see Thomm et al., 1986; Zillig et al., 1985a). 

Synthesis of the reactive ATP derivatives 

Adenosine-5'-trimetaphosphate (ATmP) and the p-hydroxy
benzaldehyde ester of ATP (ATP-A) were synthesized as de-
scribed by Knorre et al. (1976) and Grachev et al. (1987a), re-
spectively. 

Affinity labelling of RNA polymerases 

Archaebacterial R N A polymerases were modified by cyclic 
adenosine-5'-trimetaphosphate (ATmP) or the p-hydroxybenz
aldehyde ester of ATP (ATP-A) in a reaction mixture (10 1̂) 
containing 11 m M HEPES, p H 7.9, 10 m M M g C l 2 , and 2-5 (ig 
R N A polymerase in the presence of the sah concentration opti
mal for each enzyme (Thomm et al., 1986; Zillig et al., 1985a). 
The final concentrations of the derivatives were 1.5 m M and 1 
m M , respectively (5 min incubation at 37 °C. In experiments 
with A T P - A , 1 \i\ of a N a B H 4 Solution (5 mg/ml) was added after 
the modification reaction to reduce the double-bond of the Schiff
base and the excess of the derivative, and incubation continued 
for 20 min at 0 °C. The modification with ATmP was performed 
for 25 min at 37 °C. After the addition of 1 (il poly d(A-T) (1 
mg/ml) and 1 1̂ [a 3 2P]UTP (3000 Ci/mmol) a phosphodiester 
bond is formed between an enzyme-linked derivative close to the 
catalytic center and UTP during 20 min at the transcription temp-
erature optimal for each enzyme (Thomm et al., 1986; Zillig et 
al., 1985a). To remove the radioactive R N A which could be 
formed by unmodified R N A polymerase the reaction mixture 
was treated with pancreatic RNase A (10 jig/ml; 15 min 37°C). 
To degrade the template poly d(A-T), also pancreatic DNase (3 
Hg/ml), was added. After the RNase- and DNase-treatment the 
reaction was stopped with electrophoresis sample buffer as de-
scribed previously {Grachev et al., 1986). The R N A polymerase 
subunits were separated electrophoretically in 5-25 percent ex-
ponential Polyacrylamide gels in the presence of Na-dodecylsul-
fate (Thomm et al., 1986). The Coomassie-Blue stained gels were 
dried and labelled Polypeptides identified by autoradiography at 
- 7 0 ° C intensified by Dupont Cronex Quanta II screen. 

Isolation of the labelled dinucleotide ApU from the B subunit 
of Methanococcus vannielii 

B' subunit from 20 [ig Mc. vannielii R N A polymerase was 
isolated after affinity labelling with ATmP by electroelution from 
an unstained Polyacrylamide gel employing a Biotrap BT 1000 
apparatus (Schleicher 6c Schüll) (Jacobs and Clad, 1986). The 

eluted protein was precipitated with 4 volumes of acetone, dissol-
ved in 180 1̂ H 2 0 and acidified to 50 m M H C l . After 1 h at 
37°C the p H was adjusted to 8.0 with tris-base, 2 units of calf 
intestinal alkaline Phosphatase (Boehringer, Mannheim) were ad
ded and the mixture incubated 1 h at 37 °C. The Solution was 
then dried in vacuo and the pellet redissolved in 5 \L\ of water. 
Comparison of the labelled Compound with an A p U Standard 
(Sigma, Taufkirchen) was performed by chromatography on 
polyethyleneiminecellulose-foils (Merck), Kieselgel 60 F 2 5 4 thin 
layer plates (Merck) or Whatman 3 M M chromatography paper. 
The solvents used were 0.16 M L i C l or 0.5 M sodium formate p H 
3.6 (PEI-cellulose), isopropanol : 25% N H 3 : H 2 0 = 6 : 3 : 1 
(kieselgel thin layer plates) and 0.1 M sodium phosphate (pH 
6.8) : ( N H 4 ) 2 S 0 4 : n-propanol = 100 : 60 : 2 (3 M M paper) 
(Randerath and Randerath, 1967; Hanna and Meares, 1983; 
Bock et al., 1956). 

Results 

Affinity labelling of RNA polymerases 

In order to localize the active center on the subunits of 
archaebacterial R N A polymerases, the enzymes were 
modif ied wi th A T m P or A T P - A . After synthesis of labelled 
dinucleotides (Grachev, et a l . , 1986; see also Materials 
and Methods) the Polypeptides of the R N A polymerases 
were separated by Polyacrylamide gel electrophoresis in 
presence of dodecylsulphate and Polypeptides containing 
covalently bound radioactive Compounds identified by 
autoradiography. A s a representative of the A B ' B " C 
R N A polymerase type, the enzymes from Mc. vannielii, 
Methanococcus thermolithotrophicus, Methanobacterium 

Fig. 1. Affinity labelling of the R N A polymerases from 
methanogenic/halophilic archaebacteria. 
Polypeptides were separated after affinity labelling by SDS Poly
acrylamide gel electrophoresis and Polypeptides associated with 
radioactivity identified by autoradiography. Lane 1, R N A poly
merase of Methanococcus vannielii stained with Coomassie-Blue; 
lanes 2-8, autoradiogram of the affinity labelled Mc. vannielii 
R N A polymerase modified with ATP-A (lanes 2-5) and ATmP 
(lanes 6-8); lanes 3 and 7, without D N A template; lanes 4 and 8 
in the presence of 100 \i% heparin/ml (added immediately after the 
enzyme); lane 5, addition of N a B H 4 omitted; lane 9-11, R N A 
Polymerase from Mc. thermolithotrophicus, Methanobacterium 
thermoautotrophicum, strain W, and Halobacterium halobium 
labelled with ATP-A as reactive nucleotide. 



thermoautotrophicum, strain W and Halobacterium 
halobium were investigated. In the enzyme from Mc. van
nielii only one labelled protein band was detected wi th 
both A T P - A and A T m P as reactive A T P analogue (Fig. 1, 
lanes 2 and 6). By comparison of the autoradiogram w i t h 
the stained Polyacrylamide gel (Fig. 1, lane 1), this subunit 
was identified as B ' . In the absence of D N A (Fig. 1, lanes 
3 and 7) and in the presence of the transcription inhibitor 
heparin (Fig. 1, lanes 4 and 8) no labelling occurred. These 
findings indicate that the modif icat ion of this subunit is 
dependent on conditions a l lowing init iation of R N A 
synthesis. As expected binding of A T P - A was unstable 
without addit ion of N a B H 4 and no radioactivity could be 
detected (Fig. 1, lane 5). W i t h the enzymes from Mc. ther
molithotrophicus and Mb. thermoautotrophicum W con
taining a subunit B ' of approximately the same size as 
Mc. vaniellii, the same Polypeptide became labelled w i t h 
A T P - A (Fig. 1, lanes 9 and 10) and w i t h A T m P (data not 
shown). The same Observation was made w i t h the enzyme 
from H. halobium, where subunit B ' is about 8% larger 
than that of Mc. thermolithotrophicus (Fig. 1, lane 11). 

In the archaebacterial sulphate-reducer {Stetter et a l . , 
1987), which shows the ( A + C ) B ' B " R N A polymerase 
type, also subunit B ' was labelled both wi th A T P - A (Fig. 
2, lanes 1 and 2) and A T m P (data not shown). The con-
trols clearly show that also wi th this enzyme, labelling 
only occurs when the affinity reagent is bound to the Poly
peptide in a stable form (Fig. 2, lane 4) and when the 
conditions of a template dependent init iat ion of R N A 
synthesis are fulfi l led (Fig. 2, lane 3). A g a i n labelling is 
prevented by heparin (Fig. 2, lane 5). 

T o localize the active center on the Polypeptides of the 
R N A polymerases from thermophilic non-methanogenic 
archaebacteria (BAC-type) , the enzyme of Sulfolobus sp. 

1 2 3 4 5 

Fig. 2. Affinity labelling of the R N A polymerase from the ar
chaebacterial sulfate reducer. 
Lane 1, stained R N A polymerase {Stetter, et al., 1987; lane 2-5 
autoradiography of enzyme labelled with A T P - A ; lane 3 without 
D N A ; lane 4 reduction step with N a B H 4 omitted; lane 5, in the 
presence of 100 [ig heparin/ml. 

strain B 12 was used for affinity labelling experiments. 
Treatment wi th A T m P (Fig. 3, lane 2) or A T P - A (Fig. 3, 
lane 5) resulted in specific labelling of the largest subunit B 
(Fig. 3, lane 1). The same was found with the enzyme from 
Sulfolobus acidocaldarius (data not shown). The corres-
ponding controls (Fig. 3, lanes 3, 4 and 6-8) showed again 
that labelling was dependent on conditions appropriate 
for in vitro init iation of R N A synthesis. 

1 2 3 4 5 6 7 8 

Fig. 3. Affinity labelling of the R N A polymerase from Sulfolobus 
sp. strain B 12. 
Lane 1, stained R N A polymerase; lanes 2-4, autoradiographies 
of enzyme affinity labelled with ATmP, lanes 5-8 with A T P - A ; 
lanes 3 and 6, without D N A ; lanes 4 and 8, in the presence of 100 
[ig heparin/ml; lane 7, addition of N a B H 4 omitted. 

1 2 3 4 5 6 

Fig. 4. Thin layer chromatography of the labelled product iso-
lated from Polypeptide B' of Mc. vannielii. 
The labelled Compound released from the isolated subunit B' of 
the Mc. vannielii R N A polymerase by mild H C l treatment was 
mixed with unlabelled A p U Standard and subjected to chromato
graphy on kieselgel thin-layer plates (lanes 1 and 2), and poly-
ethyleneimine-cellulose (lanes 3-6) with sodium formate (lanes 3 
and 4) and L i C l (lanes 5 and 6) as solvent. Unlabelled A p U was 
visualized by its U V fluorescence quenching (lanes 2, 4 and 6), the 
radioactive Compound by autoradiography (lanes 1, 3 and 5). 
The arrow indicates the Start. 



To provide evidence that labelling of archaebacterial 
R N A polymerases occurs by covalently linked pppA[ 3 2 P]U 
we isolated the labelled Compound attached covalently to 
the Polypeptide. After affinity labelling with ATmP as the 
modifying derivative and [o>32P]UTP, the B' subunit of 
Mc. vannielii was isolated from a Polyacrylamide gel. The 
labelled Compound was released from the Polypeptide by 
mild acid hydrolysis (50 m M H C l ; 1 h 37°C). In principle 
ATmP can form stable bonds with lys, his, ser, thr, tyr and 
cys residues {Grachev et al., 1987a). Since only phos-
phoamide bonds are hydrolysed under the mild acid con
ditions employed {Grachev et al., 1987a), the radioactive 
labeled ATmP apparently is linked to lys or his. The iso
lated Compound was treated with alkaline Phosphatase to 
remove terminal phosphate groups, and then compared 
with an A p U Standard by thin-layer chromatography. In 
four different Chromatographie Systems the Compound mi-
grated with the same mobility as A p U (Fig. 4, lanes 1-6; 
data on 3 M M paper not shown). This finding strongly 
indicates that the labelling of the archaebacterial R N A 
polymerases is due to A[ 3 2 P]pU covalently bound to the 
enzyme and, therefore, must have been formed in a trans
cription step. 
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Fig. 5. Schematic representation of the subunit strueture of the 
RNA polymerases from representatives of the three kingdoms of 
life. 
Polypeptides which show serological cross-reaction are charac-
terized by equivalent distinguishing marks. In the meantime, also 
subunit B from the yeast RNA polymerases has been shown to 
harbour the catalytic center (Riva et al., 1987). Note that subunit 
B of sulfur-dependent archaebacteria contains the determinants 
of B' and B" of methanogens and the sulphate reducer (Stetter et 
al., 1987). Polypeptides which have been shown to partieipate in 
the formation of the active center are indicated by an asterisk. 

Discussion 

The results reported above clearly demonstrate that the 
affinity labelling method for the active center of E. coli 
R N A polymerase developed by Grachev et al. (1987a) 
may also be applied to the archaebacterial R N A polymer
ases. The finding of a specific labelling of phage T7 R N A 
Polymerase (Grachev et al., 1987c) consisting of a single 
Polypeptide chain, of the three R N A polymerases A , B and 
C from yeast (Riva et al., 1987) and of wheat germ R N A 
Polymerase B (Grachev et al., 1986) consisting of numer-
ous Polypeptides, suggests that this procedure can general-
ly be applied for the identification of the Polypeptides and 
a particular region thereof involved in the Organisation of 
the active center of all DNA-dependent R N A polymerases. 
Its convenient application and its high speeificity recom-
mends it for comparative studies in systematics and evolu-
tion. Interestingly, the enzymatic activity of all R N A poly
merases studied so far survived the covalent attachment of 
the affinity label at or close to the active center and also 
the rather harsh treatment of the enzyme with N a B H 4 for 
the reduetion of the Schiff-base. Otherwise the labelling 
would not occur since it requires the enzymatic activity for 
the formation of the phosphodiester bond. Similar to 
eukaryotic R N A polymerases (Grachev et al., 1986; Riva 
et al., 1987) archaebacterial R N A polymerases become 
labelled by this procedure at only a single Polypeptide. 
This is in contrast to the labelling of some eubacterial 
R N A polymerases such as the enzyme from E. coli where 
in addition to subunit ß subunit sigma also becomes label
led although only weakly (Grachev et al., 1987a). 

The specific labelling of the B' subunit of R N A poly
merases from four representatives of the methanogenic/ 
halophilic type of enzyme clearly indicates that this sub
unit forms an essential part of the active center. In the 
archaebacterial sulphate-reducers and non-methanogenic 
thermophiles the subunits B' and B, respectively, which 
cross-react serologically with subunit B' of the 
methanogenic/halophilic type of R N A polymerase were 
labelled, corroborating the homology of these Polypep
tides inferred from immunological data (Schnabel et al., 
1983; Stetter et al., 1987; see also Fig. 5). 

Since all archaebacterial R N A polymerases were label
led with ATP-A, which can form stable bonds with the free 
e-amino group of lysine in peptides (Grachev et al., 1987a) 
and with ATmP which can react with lys or his residues, a 
lys residue must be located at least very close to the active 
center. Lysine is also involved in binding of the same Subs
trate analogue to E. coli R N A polymerase (Grachev et al., 
1987a). Therefore, this amino acid as a part of the cataly
tic center, seems to be highly conserved during evolution. 
Recently the attached labelled dinucleotide was found to 
be localized within the region from i l e 1 0 3 6 to met 1 0 6 6 on the 
amino acid sequence of the ß subunit of £ . coli R N A 
Polymerase (Grachev et al., 1987b). This reeion contains 
an amino acid sequence (from l e u 1 0 4 7 to arg 5 8) which is 
strongly homologous to the region from leu 9 6 1 to lys 9 7 2 in 
the second largest subunit of yeast R N A polymerase B 
(Sweetser et al., 1987). It is this subunit which becomes 
labelled when the method of affinity labelling used here is 



applied to the yeast B enzyme {Riva et al., 1987). When 
inspecting these homologous amino acid sequences 
(Sweetser et al., 1987) it becomes evident that they can be 
folded into an a-helix which is rieh in basic amino acids on 
one side, a property which should be an advantage for the 
binding of negatively charged nucleotide residues in the 
active center of R N A polymerases. We would expect the 
conseryation of homologous regions also in the B' or B 
subunits of archaebacteria. Indeed, subunit B' of the 
methanogenic/halophilic enzyme which partieipates in the 
formation of the active center (Fig. 1) serologically cross-
reacts with the second largest subunit of eukaryotic R N A 
polymerases {Gropp et al., 1986; see schematic represen-
tation in Fig. 5) indicating an homology in functional and 
antigenic strueture with the second largest subunit of 
eukaryotic R N A polymerases. 

Since the archaebacterial subunit B" also shows homol
ogy with subunit ß from E. coli as is indicated by serologi
cal cross-reaction {Gropp et al., 1986; Fig. 5) both sub
units B' and B" obviously correspond to different parts 
of subunit ß from E. colu Our findings are in contrast to 
the Suggestion that the eubacterial subunit ß may have 
evolved from an R N A polymerase of the AB'B" C type 
by the loss of subunit B' (Zillig et al., 1985b). The sub
unit B of non-methanogenic thermophiles and ß from E. 
coli R N A polymerase share the feature that they contain 
important regions of B' and B" in one Polypeptide. This 
may be considered as an indication that eubacterial R N A 
polymerases are phylogenetically more related to the enzy
mes from non-methanogenic thermophiles than to those 
from methanogens/halophiles. 
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Summary 

The starch degrading ability of the yeast genera Lipomyces and Schwanniomyces were evaluated on solid 
and in liquid media. Strains of Lipomyces kononenkoae, L. starkeyi and Schwanniomyces occidentalis 
utilized 100% of the starch supplied, with biomass yield coefficients of up to 0.52. There was little 
correlation between the Clearing zone diameters on starch agar plates and the extracellular amylase 
activities. A derepressed mutant strain of L. kononenkoae had the highest a-amylase activity (more than 
three-fold higher than the other yeasts) and glucoamylase activity (more than five-fold higher), while L. 
starkeyi exhibited the highest debranching activity. Furthermore, the L. kononenkoae mutant was the only 
yeast insensitive to glucose repression of its amylases. 
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Introduction 

Of the approximately 400 yeast species currently recog-
nized, about a hundred are capable of utilizing starch as 
carbon and energy source (Spencer-Martins and Van 
Uden, 1977). Most of the amylolytic yeasts are unable to 
totally hydrolyze starch, however. Only a few species, 
therefore, show any promise for the direct bioconversion 
of starch to Single cell protein. 

Of the considerable research in recent years on starch 
degrading yeasts and on the bioconversion of starchy Sub
strates to ethanol or yeast protein, relatively few studies 
were concerned with the differential biosynthesis of a-
amylase, glucoamylase and debranching enzymes. A few 
yeasts have been reported to possess all three these enzy
mes, including Saccharomycopsis fibuligera (Lemmel et 
al., 1980; Touzi et al., 1982; Ueda and Saha, 1982; De 
Mot et al., 1984), Lipomyces kononenkoae (Van Uden et 
al., 1980; Sä-Correia and Van Uden, 1981; Estrela et al., 
1982; De Mot et al., 1984), Lipomyces starkeyi (Touzi et 
al., 1982; De Mot et al., 1984; Kelly et al., 1985) and 
Schwanniomyces occidentalis (Oteng-Gyang et al., 1980; 
Wilson and Ingledew, 1982; Touzi et al., 1982; Sills and 
Stewart, 1982; De Mot et al., 1984). 
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The data presented in the literature do not permit a 
direct comparison of the starch degrading capacity of 
amylolytic yeasts because (i) several different amylase as-
says are in use, (ii) different parameters for amylolytic 
activity have been employed, (iii) few reports include data 
on all three types of amylolytic enzymes, and (iv) different 
media and cultivation conditions have been used. In this 
investigation the amylase activities, glucose catabolite rep
ression of the amylases, the effect of growth temperature 
on starch hydrolysis and the growth parameters of amy
lolytic yeasts, selected on the basis of the published values 
of their amylase activities and biomass yields (Spencer-
Martins and Van Uden, 1977; Spencer-Martins and Van 
Uden, 1979; Sills and Stewart, 1982; Dhawale and In
gledew, 1983; De Mot et al., 1984), were quantitated 
under standardized conditions to facilitate a comparative 
evaluation. 

Materials and Methods 

Microorganisms. The strains of Lipomyces and Schwanniomy
ces used are listed in Table 1. Those denoted by the code IGC 
were kindly supplied by Prof. N. van Uden, Gulbenkian Institute 


