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At the start of this study no information was available about possible regulatory functions of 
Nudix (Nucleotide diphosphate linked to some other moiety, X) hydrolase proteins. This protein 
family was regarded as a group of enzymes necessary to remove potentially toxic or mutagenic 
compounds from the cell. This is exemplified by the first member of this protein family, MutT 
of E. coli, which was shown to hydrolyze 8-oxo-dGTP, a potentially mutagenic form of dGTP 
when used for DNA synthesis. The entire Nudix hydrolase protein family subsequently was 
referred to as “housecleaning enzymes”. The cloning and characterization of the methanol 
dehydrogenase (MDH) activator protein (ACT) of Bacillus methanolicus provided the first 
example of a Nudix hydrolase protein regulating an enzymatic activity involved in primary 
metabolism. Also a Nudix hydrolase encoding ORF on the indigenous plasmid pMEA300 of 
Amycolatopsis methanolica was shown to be an important regulator of various plasmid 
functions (pock formation, autonomous replication and stimulation of transformation 
frequency). The primary aim of this PhD study was to elucidate the physiological roles, 
regulatory functions and mechanisms of both Nudix hydrolases, which share significant overall 
amino acid sequence similarity.  
Chapter 1 reviews the current knowledge of the Nudix hydrolase protein family, with emphasis 
on Nudix hydrolase proteins in microorganisms. Chapter 2 discusses the nicotinoprotein 
methanol dehydrogenase (MDH) enzymes in Gram-positive bacteria. The MDH enzymes in 
both B. methanolicus and A. methanolica are nicotinoproteins, with a tightly bound NAD(P)(H) 
cofactor. The B. methanolicus ACT protein hydrolyzes the NAD(H) cofactor of MDH (chapter 
3). A detailed biochemical and mutational analysis of the catalytic function of this NAD(H) 
cofactor and its binding site in MDH are presented in chapter 4. Chapter 5 reports the 
identification of the minimal replicon of A. methanolica plasmid pMEA300, revealing that none 
of the regulatory genes -including the Nudix hydrolase encoding orf192- are essential for 
replication. The pMEA300 Rep protein shows no similarity with any other Rep protein in 
databases. The data suggest that pMEA300 belongs to a new family of Rolling Circle 
Replication plasmids. A functional analysis of the Nudix hydrolase Orf192 protein and other 
regulatory proteins of pMEA300 is described in chapter 6, revealing their effect on integration, 
pock formation and transformation frequency. Chapter 7 describes the regulation of key 
enzymes in the shikimate pathway of A. methanolica. Mutant enzymes affected in feedback 
inhibition/activation control were isolated by screening for mutant strains resistant to toxic 
phenylalanine analogs and subsequently characterized. Those mutants could only be isolated in 
the A. methanolica wild type strain, containing the indigenous plasmid pMEA300. No such 
mutants could be obtained in a strain devoid of pMEA300 sequences. Finally, chapters 8-9 
summarize the results obtained, present concluding remarks and suggestions for further 
research.
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Different chemical and physical forces constantly threaten the integrity of the genetic code in 
living organisms. These organisms are therefore equipped with special error avoidance 
pathways enabling them to retain their original genetic status. Oxidative DNA damage results 
from exposure to both endogenous and exogenous oxidizing agents, e.g. reactive oxygen 
molecules such as superoxide, hydrogen peroxide and hydroxyl radicals. These compounds are 
formed in vivo as byproducts of normal aerobic metabolism. Although cells possess many 
defense mechanisms against oxidative damage, it has been estimated that the genome of a 
mammalian cell receives about 104 - 105 oxidative hits per day (Kreutzer and Essigmann, 1998). 
 Base substitutions are by far the most frequent occurring mutation (70.8%), followed 
by deletions (17.2%), duplications (7.7%), and single base frame shifts (4.3%). The most 
frequently occurring base substitution mutation observed in aerobic organisms is a GC to AT 
transition. Oxidized, deaminated cytosines are thought to be the major source of GC to AT 
transitions, because an oxidized uracil species can be formed from a cytosine base. This implies 
that through deamination of the 4-amino group of cytosine, a cytosine-like base-pairing moiety 
can be replaced by a thymine-like base-pairing moiety (Kreutzer and Essigmann, 1998). 
 Base substitutions as a result of transversions occur with a lower frequency than 
transitions. The base transversion observed most frequently is that of AT to CG. Treffers 
(Treffers et al., 1999) originally described a mutant strain of E. coli, mutT1, with mutation 
frequencies ranging from 100- to 10,000-fold higher than normal. The mutations occurring in 
this strain were later shown to be specifically increasing the rate of AT to CG transversions 
(Yanofsky et al., 1966). The mutT gene was found to encode a 129 amino acid protein with a 
Mr of 15 kDa (Xia et al., 1992), capable of hydrolyzing an oxidized form of dGTP, 7,8-dihydro-
8-oxo-deoxyguanine (8-oxo-dGTP). When used as a substrate for DNA synthesis, this 
nucleotide is efficiently inserted opposite of a dAMP residue, thus causing AT to CG 
transversions (Maki and Sekiguchi, 1992) (See below). 
 
The MutT or Nudix hydrolase protein family 
In an amino acid comparison of the E. coli MutT sequence with sequences in databases using 
the BLAST program (Altschul et al., 1990), Koonin et al. discovered limited similarities with 
putative proteins of uncharacterized ORFs of viruses, pro- and eukaryotic organisms. All these 
similarities consistently highlight the same amino acid residues of the MutT protein 
(GX5EX7REX2EEXG), suggesting their possible functional importance (Fig. 1). (Koonin, 1993) 
Identification and characterization of enzymatic activities of different members of this protein 
family has shown that this motif is not only found in MutT proteins of different organisms 
(Akiyama et al., 1987;Mejean et al., 1994;Kamath and Yanofsky, 1993;Sakumi et al., 
1993;Kakuma et al., 1995;Cai et al., 1995), but also in proteins with functions quite distinct 
from MutT (O'Handley et al., 1996;Frick and Bessman, 1995;Hurtado et al., 1987;O'Handley et 
al., 1998;Frick et al., 1995a;Sheikh et al., 1998;Conyers and Bessman, 1999;Raffaelli et al., 
1999;Frick et al., 1995a;Safrany et al., 1998;Espinosa et al., 1999;Safrany et al., 1999). 
However, they share one common feature, namely the hydrolysis of a pyrophosphate bond of a 
Nucleoside diphosphate compound linked to some other moiety, X. These proteins are therefore 
also being referred to as Nudix hydrolases (Bessman et al., 1996).  
Analysis of the different genome sequences indicates that Nudix hydrolases are not only 
ubiquitously spread in nature, but also that multiple members can be found in a single organism, 
varying in predicted protein sizes. E. coli for instance contains 11 open reading frames (ORFs) 
(putatively) encoding Nudix hydrolase proteins (Sheikh et al., 1998). A selected overview of the 
occurrence of Nudix hydrolase proteins encoded by the genomes of various organisms and the 
size of those (putative) proteins is presented in Table 1.   
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Figure 1. Partial alignment of proteins carrying the Nudix hydrolase motif (bold characters). Dipp: 
Diphosphoinositol polyphosphate; ADPR: ADP ribose; Ap3/4A: diadenosine tri/tetraphosphate; PP-InsP5: 
diphosphopentakiphosphate; n.d.: not determined. 
 
 
Table 1. The number of Nudix hydrolase encoding genes found in the genomes of some selected organisms, 
the number of genes with Nudix hydrolase motif related to genome size and the range of the predicted sizes 
of the (putative) proteins. Results were obtained using the Blast protocol (Altschul et al., 1990) on the 
genomes of the specified organisms.  
 

 
 
Although these enzymes are highly disparate in their substrate specificity, it has been suggested 
that a common feature is shared by all of these enzymes: they hydrolyze potentially hazardous 
compounds or they prevent the unbalanced accumulation of certain metabolites. In that sense 
Nudix hydrolases are described as proteins involved in modulating the accumulation of 
intermediates in biochemical pathways or as “housecleaning” enzymes (Bessman et al., 1996). 
More recently, MutT motif containing proteins have been characterized which do not entirely 

Organism Accession  
number 

Partial sequence Gene Substrate  
of protein 

E. coli P08337 EFPGGKIEMGETPEQAVVRELQEEVGITPQHFSLFEKLEYEFPDRH mutT 8-oxo-dGTP 
H. influenza I64101 EFPGGKVDAGETPEQALKRELEEEIGIVALNAELYERFQFEYPTKI mutT 8-oxo-dGTP 
P. vulgaris P32090 EFPGGKLEDNETPEQALLRELQEEIGIDVTQCTLLDTVAHDFPDRH mutT 8-oxo-dGTP 
Str.pneumoniae      P41354 IGVGGKLERGETPQECAVREILEETGLKAKPVLKGV---ITFPEFT mutX 8-oxo-dGTP 
Human P36639          NGFGGKVQEGETIEDGARRELQEESGLTVDALHKVG--QIVFEFVG Hmth1 8-oxo-dGTP 
E. coli P36651 EMVAGMIEEGESVEDVARREAIEEAGLIVKRTKPVLS-FLASPGGT Yqie ADPR 
B. subtilis P54570 EIPAGKLEKGEEPEYTALRELEEETGYTAKKLTKITA-FYTSPGFA Yqkg ADPR 
H. influenza P44684 ELIAGMVEKGEKPEDVALRESEEEAGIQVKNLTHCLS-VWDSPGGI yqie ADPR 
B.methanolicus AY128667 EIPAGKLEKGEDPRVTALRELEEETGYECEQMEWLIS-FATSPGFA Act ADPR 
S. ambofaciens CAA06447 ELPGGVLELDETPETGVAREVWEETGIRVEVDELTGVYKNTTRGIV Orf131 n.d. 
A. methanolica L36679 EVPGGIIDGDESPEETVVREIEEETGYRPRSIEPLITFEPAVGMLR orf192 ADPR 
E. coli P45799          GFSKGLIDPGESVYEAANRELKEEVGFGANDLTFLKK-LSMAPSYF orf186 Ap3A 
Human P50583          TPPKGHVEPGEDDLETALRETQEEAGIEAGQLTIIEGFKRELNYVA nudt2 Ap4A 
E. coli P32664          TVLAGFVEVGETLEQAVAREVMEESGIKVKNLRYVTS--QPWPFPQ orf257 NADH 
E. coli P24236 QSVTGSVEEGETAPQAAMREVKEEVTIDVVAEQLTLIDCQRTVEFE orf17 dATP 
Human NP006694      IVPGGGMEPEEEPSVAAVREVCEEAGVKGTLGRLVGIFENQERKHR dipp PP-InsP5 
E.coli AAC77844 FVPGGRVQKDETLEAAFERLTMAELGLRLPITAGQFYGVWQHFYDD orf1.9 GDP-sugar 
Consensus      G     E       RE  EE G     

Organism Number of  
genes with 

Nudix hydrolase 
motif 

Genome size 
(Mb) 

Number of  genes with 
Nudix hydrolase motif 
related to genome size 

(genes/Mb) 

Range of 
predicted sizes of 
protein product 

(a.a.) 
Escherichia coli K12 11 4.6 2.4 129-257 
Bacillus subtilis 4 4.2 1.0 149-185 
Bacillus anthracis 30 5.2 5.8 108-205 
Bacillus cereus 26 5.4 4.8 124-212 
Lactococcus lactis ssp. lactis 8 2.3 3.4 146-194 
Streptomyces coelicolor 20 8.7 2.3 128-359 
Streptomyces avermitilis 20 9.0 2.2 130-346 
Mycobacterium tuberculosis 9 4.4 2.0 141-351 
Clostridium acetobutylicum 7 3.9 1.8 146-307 
Deinococcus radiodurans 21 3.3 6.3 91-548 
Methanococcus jannaschii 1 1.7 0.6 169 
Saccharomyces cerevisiae 4 13 0.3 189-971 
Caenorhabditis elegans 5 97 0.05 150-365 
Arabidopsis thaliana 7 157 0.04 147-304 
Human 19 3200 0.006 140-1503 



General introduction into Nudix hydrolase proteins  
 

  
15

correspond to the characteristics of Nudix hydrolases, neither in their function (chapter 3 and 5) 
nor in their substrate specificity (Safrany et al., 1998). The methanol dehydrogenase (MDH) 
activator protein (ACT) of Bacillus methanolicus was found to stimulate MDH activity by 
hydrolyzing a tightly bound NADH cofactor, an activity that doesn’t match the description 
“housecleaning” enzyme (chapter 3). Orf192, a protein encoded by the Amycolatopsis 
methanolica indigenous plasmid pMEA300, is involved in the regulation of both plasmid 
replication and the plasmid-encoded pock formation phenotype (Chapter 5). Diphosphoinositol 
polyphosphate phosphohydrolase (DIPP) is the first example of a MutT motif-containing 
enzyme hydrolyzing a non-Nudix compound. Rat hepatic DIPP was purified and characterized 
as an enzyme cleaving the β-phosphate from the diphosphate groups in diphosphoinositol 
pentakiphosphate (PP-InsP5) and bisdiphosphoinositol tetrakiphosphate ([PP]2-InsP4) (Safrany 
et al., 1998). Whether these proteins are the exceptions that prove the rule remains to be seen.  

Even though various substrates have been identified for Nudix hydrolase enzymes, the 
functions of only a few of those proteins have been described in more detail, linking their 
activities to specific metabolic or regulatory steps. Apart from the ACT protein of B. 
methanolicus MDH, two other Nudix hydrolase proteins have been functionally characterized: 
the human and yeast mRNA decapping enzyme and the human calcium channel LTRPC2, 
which is gated by the Nudix compound ADP-ribose. Eukaryotic mRNA molecules contain a 7-
methyl-GTP at the 5’ end and a poly-A tail at the 3’ terminus. Degradation of mRNA –playing a 
key role in the regulation of gene expression- proceeds via removal of both the poly-A tail and 
decapping of the 7-methyl-GTP moiety of mRNA. The proteins responsible for the decapping 
activity in yeasts and humans, the Nudix hydrolase motif containing Dcp2 proteins, have been 
characterized, revealing their ability to remove 7-methyl-GDP from capped mRNA. Orthologs 
of these proteins were also identified in other eukaryotes, all of them containing the Nudix 
hydrolase motif (Van Dijk et al., 2002;Wang et al., 2002).  

Another example of a well-characterized protein containing the Nudix hydrolase motif 
is the human LTRPC2 (or TRPM2) protein, which is an ADP-ribose dependent calcium-
permeable cation channel. In cells expressing this cation channel, it was found that intracellular 
ADP-ribose regulates entry of calcium into these cells in response to oxidative stress (Perraud et 
al., 2001). Experiments using LTRPC2 with a deleted Nudix motif, confirmed the ADP-ribose-
induced gating of this cation channel. Furthermore, stress-induced gating could be inhibited by 
pharmacological reagents that inhibit NAD hydrolysis to ADP-ribose, combined with cytosolic 
or mitochondrial overexpression of an enzyme that specifically hydrolyzes ADP-ribose in the 
HEK host cells (Perraud et al., 2005).   

Nudix hydrolase enzymes of which only the substrate specificities have been 
characterized and which were generically typified as “housecleaning” enzymes thus may have 
important metabolic or regulatory roles which largely remain to be elucidated.  
 
MutT proteins 
MutT, the first well characterized Nudix hydrolase protein, was first shown to exhibit a weak 
dGTP hydrolyzing activity, according to the equation dGTP → dGMP + PPi (Bhatnagar et al., 
1991;Bhatnagar and Bessman, 1988). The reaction strictly required magnesium ions for its 
activity and a sharp pH optimum was observed at pH 9.0 (Bhatnagar et al., 1991).  
 Maki en Sekiguchi (Maki and Sekiguchi, 1992) showed that labeled dGTP could be 
incorporated onto a poly (dA)/oligo(dT)20 template by the action of E. coli DNA polymerase III 
and the misincorporated nucleotide was not removed by the editing function of the enzyme. 
However, misincorporation was specifically prevented in the presence of MutT protein. Thin-
layer chromatography analysis of the misincorporated dGTP revealed that an aberrant form of 
dGTP had been incorporated, namely 7,8-dihydro-8-oxo-deoxyguanine (8-oxo-dGTP or GO). 
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This compound is produced during normal cellular metabolism by the action of free oxygen 
radicals, and is potentially mutagenic because of its ambiguous pairing with cytosine and 
adenine (Michaels and Miller, 1992). It was shown that 8-oxo-dGTP was efficiently inserted 
opposite a dA residue as well as a dC residue present on the DNA template (Fig. 2). The 
apparent Km for the hydrolysis of 8-oxo-dGTP was 2,000 times lower than for dGTP, which led 
to the conclusion that 8-oxo-dGTP was the substrate for MutT. Hydrolysis of this mutagenic 
substrate thus prevents AT to CG transversions (Maki and Sekiguchi, 1992). 
 

 
 
Figure 2. Base pairing and mispairing between A-T, A-G and A-GO and the structures of 8-oxo-dGTP (GO), 
dATP, dTTP and dGTP. 
 
 MutT protein is thus part of the so called GO-system, an error avoidance pathway in E. 
coli that is composed of at least three proteins: MutM, MutY and MutT. While MutT is 
concerned with the removal of the oxidatively damaged form of the guanine base from the 
nucleotide pool, MutM and MutY are involved in the removal and correction of GO mutations 
in DNA (Michaels and Miller, 1992). 
 
Structure and catalytic mechanism of E. coli MutT 
The hydrolysis of (8-oxo-)dGTP by MutT proceeds with a nucleophilic attack of a water 
molecule (or -less likely- a nucleophilic group on the enzyme) on the β-phosphorus atom of 
dGTP resulting in bond cleavage between the β-phosphorus atom and the α,β bridging oxygen 
atom, and with the departure of dGMP as the leaving group (Weber et al., 1992) (Fig. 3). Only a 
small group of enzymes catalyze nucleophilic substitutions at the β-phosphorus atom of 
nucleoside triphosphates. In this group of enzymes MutT is the only hydrolase, while the other 
members are all synthetases (Weber et al., 1992). MutT requires two divalent cations (Mg2+ or 
Mn2+) for catalytic activity. There may be four possible roles of this quaternary MutT-M2+-GTP-
M2+ complex: first, a further activation of the electron rich β-phosphorus atom for the 
nucleophilic attack; second, to facilitate the departure of the leaving group, dGMP; third, 
coordination and activation of the attacking nucleophile (the water molecule); fourth, the 
bridging metal ion may adjust the protein conformation, bringing appropriate catalytic residues 
into contact with both substrates (Frick et al., 1994). 
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Figure 3. Proposed catalytic mechanism of the E. coli MutT reaction (Weber et al., 1992) showing the 
nucleophilic attack of a water molecule on the β-phosphorus atom of dGTP.  

 

 

 The secondary structure of MutT determined by NMR revealed that it consists of two 
α-helices and a mixed β-sheet containing 5 β-strands (Fig. 4) (Weber et al., 1993;Frick et al., 
1995b). Small proteins that contain mixed β-sheets show unusually high stability (Weber et al., 
1993). Amino acid residues belonging to the strongly conserved Nudix hydrolase motif are 
located in loop I, helix I and the start of loop II. The interactions of dGTP, adenosine 5'-α,β-
methylenetriphosphate (AMPCPP) -a non-hydrolysable substrate analogue- and divalent cations 
with MutT, as determined by NMR, provided the first biophysical evidence of the active site 
being located in this region of the enzyme. At least one of the two essential divalent cations is 
bound in the proximity of Gly-37, Gly-38, Lys-39 and Glu-57, while the nucleotides were 
shown to bind near residues Leu-54 and Val-58 by NMR relaxation methods (Frick et al., 

Figure 4. Ribbon diagram of E. 
coli MutT showing amino acids of 
the conserved motif (Bessman et 
al., 1996) 
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1995b).  
The complete tertiary structure of MutT, determined by NMR with an overall 

stereochemical quality corresponding to a 2.5 Å X-ray structure, shows these residues to be near 
each other. Furthermore, a cluster of five glutamate residues (E41, E53, E56, E57 and E98) 
forms a patch of strongly negative electrostatic potential likely constitutes the metal binding site 
(Fig. 4). A deep cleft adjacent to this site between β-strands A, C and D and loop I may form 
part of the nucleotide binding site (Abeygunawardana et al., 1995). This location of the 
nucleotide binding site on the MutT protein confirms mutational analysis performed previously 
on the Streptococcus pneumoniae MutX protein (Mejean et al., 1994). 
 A more complete elucidation of the reaction mechanism of MutT came by the solution 
of the structure of the quaternary MutT-Mg2+- AMPCPP-Mg2+ complex by NMR. The fold of 
the enzyme in complex is quite similar to that of the free enzyme. One of the water ligands of 
the enzyme-bound metal ion is well positioned to attack the β-phosphorus atom. Lys-39 is 
positioned to interact electrostatically with the α-phosphoryl group and will facilitate the 
departure of the GMP leaving group (Lin et al., 1997). 
 
MTH1: the human MutT analog 
Since the isolation and characterization of the E. coli MutT protein, a number of MutT 
homologs have been found in prokaryotic (Mejean et al., 1994;Kamath and Yanofsky, 1993) 
and eukaryotic organisms (Sakumi et al., 1993;Kakuma et al., 1995;Cai et al., 1995). All of 
them were capable to complement MutT- mutant cells of E. coli. Apart from the E. coli protein, 
the human counterpart of MutT, MTH1 (MutT homolog1), has been studied most extensively . 
MTH1 is a monomeric protein with a Mr of 18 kDa. Like the E. coli enzyme, MTH1 
preferentially hydrolyzes 8-oxo-dGTP over dGTP and dATP, although the affinity of the 
enzyme for dGTP is 70 times lower than for 8-oxo-dGTP (Mo et al., 1992). However, contrary 
to E. coli MutT, 8-oxo-dGTP is not the only mutagenic substrate for MTH1. Also 2-oxo-dATP 
and 8-oxo-dATP are hydrolyzed by MTH1, the first even with a two times higher catalytic 
efficiency (kcat/Km) than 8-oxo-dGTP (Fujikawa et al., 1999). Also 2-oxo-dATP is formed 
abundantly by reactive oxygen species in cells and elicits GC to AT transversions (Inoue et al., 
1998). As a result of alternative splicing of the mth1 mRNA, two or three other MTH1 proteins 
have been shown to originate from the mth1 gene (Fujikawa et al., 1999;Oda et al., 1997). It 
remains possible that other forms of the human MTH1 protein have substrate specificities 
different from the one characterized (Fujikawa et al., 1999). 
 Another disparity between MTH1 and E. coli MutT is the higher activity of MutT for 
8-oxo-GTP. While the E. coli enzyme catalyzes 8-oxo-rGTP and 8-oxo-dGTP cleavage with the 
same efficiency, the rate of hydrolysis of 8-oxo-rGTP by MTH1 is 50 times lower than its 
activity on 8-oxo-dGTP (Taddei et al., 1997;Hayakawa et al., 1999). In this regard it may be 
speculated that the hydrolysis of 8-oxo-rGTP in mammalian cells is carried out by another 
enzyme to prevent mismatches to occur in RNA (Hayakawa et al., 1999). However, no such 
activity has been found yet. Northern blot analyses on human tissue showed that mth1 mRNA is 
present in virtually all tissue types, although the rate of expression differs with a factor 20. 
Tissues with the most abundant mth1 expression are testis and thymus. However, expression 
levels of mth1 mRNA in Jurkat cells, a human T cell leukemia cell line, exceeded these tissues 
with a factor 3 (Oda et al., 1997). 
 Targeted disruption of the MTH1 gene homolog in mice resulted in a twofold increase 
in tumor development during a normal life span, compared to MTH1 proficient mice. Although 
these entities are difficult to compare, the authors state that this mutation factor is considerably 
lower than the 100-fold increased mutation rate in mutT- E. coli mutants (Tsuzuki et al., 2001). 
They suggest the presence of a redundant enzyme system in mice. A mouse cDNA clone was 
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identified that considerably suppressed the high mutation rate in an E. coli MutT-negative 
mutant strain (Tsuzuki et al., 2001). Recent characterization of the encoded protein -referred to 
as MTH2- revealed that it contained the Nudix hydrolase motif and could hydrolyze 8-oxo-
dGTP. When expressed in an E. coli mutT- mutant strain it was shown to reduce significantly its 
elevated level of spontaneous mutations (Cai et al., 2003).  
 
Non-MutT protein Nudix hydrolases in E. coli  
Many Nudix hydrolase protein family members have now been identified that hydrolyze a 
substrate other than 8-oxo-dGTP. Beside mutT, E. coli contains ten other Nudix hydrolase 
encoding ORFs (Sheikh et al., 1998). Eight of these enzymes have now been characterized, all 
of them showing a different substrate specificity. The first of these was orf17 of E. coli which is 
located just upstream of the ruvC gene encoding a holliday-junction specific endonuclease 
(O'Handley et al., 1996;Sharples and Lloyd, 1991). The 17 kDa protein encoded by orf17 
hydrolyzes all of the canonical (deoxy-) nucleotides, although the hydrolysis of dATP is 
catalyzed preferentially. The catalytic efficiency of the enzyme with this substrate is about one 
order of magnitude higher than with the other deoxy-nucleotides. Pyrophosphate strongly 
inhibits the dATP hydrolysis reaction (Ki = 20 µM). In contrast to Orf17-dATPase, MutT is 
hardly affected by pyrophosphate product inhibition; it has a 50-fold higher Ki, while it shares 
many of the properties of the Orf17 enzyme (O'Handley et al., 1996). The in vivo role of Orf17 
remains to be elucidated. No mutator phenotype could be assigned to the protein. 
Overproduction of Orf17 in a complementation experiment of an E. coli mutT- mutant strain did 
not decrease the mutation frequency. Deletion of orf17 did not significantly enhance the 
mutation frequency when compared to its wild type parent (O'Handley et al., 1996). 

The protein product of orf257 (yjaD), a second E. coli Nudix hydrolase not involved in 
8-oxo-dGTP hydrolysis, catalyzes the hydrolysis of the pyrophosphate bond in a broad range of 
dinucleotide pyrophosphates, with a clear preference for NADH (Frick and Bessman, 1995). 
There doesn’t seem to be any obvious use for an enzyme hydrolyzing NADH, which is an 
important cofactor/coenzyme in many cellular processes. Frick et al. (Frick and Bessman, 1995) 
argue that it may regulate the intracellular NADH/NAD-ratio, which is known to be an 
important factor in maintaining a balance between anabolic and catabolic pathways in higher 
organisms. Homologues of Orf257 are also found in other organisms, such as Deinococcus 
radiodurans, Mycobacterium tuberculosis, various bacteria of the gamma subdivision of 
proteobacteria, yeasts and humans, in which they were identified as multi domain proteins. The 
N-terminal part of those proteins contains a Zinc-ribbon domain, which is probably involved in 
DNA binding (Makarova et al., 2000).  

The E. coli orf186 gene encodes a Nudix hydrolase with a rather broad substrate 
specificity, with its major substrates being diadenosine triphosphate (Ap3A), ADP-ribose and 
NADH (O'Handley et al., 1998). Diadenosine oligophosphates (ApnA) are intracellular and 
extracellular signaling molecules present in the whole spectrum of organisms from bacteria to 
higher eukaryotes. In prokaryotes, heat shock and oxidative stress cause accumulation of ApnA, 
which bind to and inhibit the oxidative stress-related proteins (Kisselev et al., 1998). Similar to 
the orf186 gene, ygdP of E. coli encodes a diadenosine oligo phosphate hydrolase, mainly 
specific for Ap5A and Ap6A. The reaction products formed from the Ap5A substrate are ATP 
and ADP. YgdP is associated with the invasiveness of E. coli K1, causing neonatal meningitis 
(Bessman et al., 2001). An ApnA hydrolyzing enzyme was also found in the human pathogen 
Bartonella bacilliformis, the only organism known that invades erythrocytes and causes human 
Oroya fever. E. coli could gain the invading capability when transformed with a plasmid 
containing a 1.5 Mb fragment of the B. bacilliformis. Analysis of this fragment revealed the 
presence of two ORFs, ialA and ialB (Mitchell and Minnick, 1995). The ialA encoded protein 
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belongs to the Nudix hydrolase protein family and is similar to plant diadenosine tetraphosphate 
hydrolases, as found in lupinus and hordeum (Maksel et al., 1998). Characterization revealed 
that it is capable to hydrolyze Ap4A, Ap5A and Ap6A, but with a clear preference for the former 
(Conyers and Bessman, 1999;Cartwright et al., 1999). ATP always is one of the products 
formed in the hydrolysis reaction, irrespective of the substrate used. This indicates that the 
nucleophilic attack of the enzyme is directed towards the γ-phosphorus atom and not to the one 
on the β position, as seen with MutT of E. coli (Weber et al., 1992;Conyers and Bessman, 
1999). Homologs of this protein are also found in other invasive pathogens and is it speculated 
that they may function to reduce stress-induced dinucleotide levels during the invasion and so 
enhance pathogen survival (Cartwright et al., 1999;Gaywee et al., 2002). 

Virtually all Nudix hydrolase proteins characterized so far were reported to hydrolyze 
pyrophosphate bonds in (di-) nucleotide substrates. An exception to that rule is the protein 
encoded by orf1.9 of E. coli, which hydrolyses its substrates, GDP-mannose or GDP-glucose, to 
GDP and mannose or glucose. It can therefore be referred to as a GDP-mannose mannosyl 
hydrolase (GDPMH). Like the other Nudix hydrolases, its catalytic activity is strictly divalent 
ion dependent, and it has an alkaline pH optimum (pH 9.3) (Frick et al., 1995a). Two strongly 
conserved glutamate residues within the Nudix hydrolase consensus motif REX2EE are missing 
in the GDPMH sequence (Fig. 1). NMR studies indicated that, unlike all other Nudix hydrolase 
proteins characterized so far, GDPMH catalyzes a nucleophilic substitution at the C1’ carbon of 
the sugar rather than at the β-phosphorus atom of the pyrophosphate moiety of the GDP-sugar 
(Legler et al., 2000;Legler et al., 2002). 

Not only E. coli Orf186 is capable to hydrolyze ADP-ribose, also the gene product of 
the E. coli orf209 was shown to use this compound as a substrate. While the substrate specificity 
of Orf186 was rather low, the homodimeric Orf209 protein has a clear preference for ADP-
ribose. Sequence comparison of enzymes characterized as ADP-ribose hydrolases revealed the 
presence of a conserved proline residue 17-18 amino acids downstream of the REX2EE motif in 
these enzymes, which may be useful for classification of uncharacterized Nudix hydrolase 
proteins. Similarly, ApnA hydrolases were found to contain a conserved tyrosine 18-20 amino 
acids downstream of this motif (Dunn et al., 1999) (Fig. 1). Elucidation of the 3D structure of 
the orf209 encoded ADP-ribose hydrolase in complex with Mg++ and a non-hydrolysable 
substrate analogue (α,β-methylene ADP-ribose), revealed that free enzyme is in the open 
conformation, while binding of Mg++ and substrate promote a conformation change, 
repositioning several residues, including the catalytic base. It is speculated that this change in 
conformation upon substrate binding may add to the substrate selectivity of the enzyme (Gabelli 
et al., 2002). 

It has been demonstrated that during bacterial growth glycogen can be simultaneously 
synthesized and degraded (Belanger and Hatfull, 1999). The precursor of glycogen, ADP-
glucose (ADPG), is synthesized by ADPG pyrophosphorylase. This nucleotide sugar precursor 
can be degraded by specific pyrophosphatases, such as the Nudix hydrolase family member 
ASPPase of E. coli, encoded by the aspP gene. Inactivation of the ASPPase encoding gene 
produced cells with higher glycogen content than wild-type bacteria, while introduction of an 
intact copy of the gene in these mutants yielded cells with a dramatically reduced glycogen 
concentration compared to untransformed mutants. E. coli ASPPase was shown to hydrolyze 
ADP-glucose, ADP-mannose and ADP-ribose (Moreno-Bruna et al., 2001). 

The final E. coli Nudix hydrolase is orf135. Orf135 was found to hydrolyze CTP, 
dCTP and 5-methyl-dCTP, with the highest catalytic efficiency for the latter substrate 
(O'Handley et al., 2000). Amongst various oxidized nucleotides tested as substrates for Orf135, 
only (5-hydroxy-) CTP served as substrates. The catalytic efficiency for 5-hydroxy-CTP 
hydrolysis was 30 times higher than that for CTP hydrolysis. It has been suggested that 5-OH-
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CTP introduces transcriptional errors causing deleterious effects in E. coli (Fujikawa and Kasai, 
2002).  

 
Nudix hydrolase genes/enzymes in other organisms  
The number of Nudix hydrolase encoding genes found in organisms varies greatly from a single 
one in Helicobacter pylori to 30 in Bacillus anthracis (Table 1). Bacillus cereus, which is 
closely related to Bacillus anthracis (about 90% genomic identity (Read et al., 2003;Xu et al., 
2004)), contains 26 Nudix hydrolase encoding genes. If the number of Nudix hydrolase 
encoding genes is related to the genome size of the organism, D. radiodurans contains the 
highest density of genes encoding this protein family (Table 1). It has been suggested that the 
high number of Nudix hydrolase encoding genes in D. radiodurans (21) may be related to its 
high degree of radiation resistance. A large number of surveillance enzymes thus may protect 
this organism from the adverse effects of radiation (Xu et al., 2001). Accordingly, in the gastric 
pathogen H. pylori that lives in a more constant and protected environment, such a high number 
of surveillance proteins would be redundant. Several Nudix hydrolase proteins of D. 
radiodurans are fused to other domains and form multi-domain proteins, similar to E. coli 
Orf257 and its orthologs in other organisms. The domain composition of some of these proteins 
indicates that they may be involved in novel DNA-repair pathways. Two D. radiodurans Nudix 
hydrolase proteins contain a duplication of the Nudix hydrolase motif, which has so far not been 
observed in any other organism (Makarova et al., 2000).  

NudA, the only Nudix hydrolase present in H. pylori, belongs to the nucleoside 
polyphosphate hydrolase subgroup. It preferably hydrolyzes Ap4A to ATP and AMP. Insertional 
mutagenesis of nudA resulted in a 2-7-fold decrease in survival rate compared to the wild type 
after hydrogen peroxide exposure. Western blot analyses revealed that this protein is expressed 
constitutively in H. pylori at different growth stages and during stress, indicating that the protein 
has a housecleaning function (Lundin et al., 2003). 

The identification of the Nudix hydrolase motif containing ADP-ribose 
pyrophosphatase from the thermophilic archaeon Methanococcus jannaschii indicates that the 
Nudix hydrolase protein family is represented in all three kingdoms. This highly specific ADP-
ribose hydrolase is heat stable up to temperatures of 85oC (Sheikh et al., 1998). M. jannaschii 
does not appear to contain a MutT enzyme, since the ADP-ribose pyrophosphatase is the only 
Nudix hydrolase predicted from its genome. In obligate anaerobes, oxidation of dGTP may not 
occur, thus precluding the presence of a MutT enzyme. Similarly, no increase in mutation 
frequency was observed in an E. coli MutT-negative mutant strain grown anaerobically on 
mineral medium or on rich medium pretreated with an enzyme complex that reduces free 
oxygen (Fowler et al., 1994). An ADP-ribose pyrophosphatase domain, which shares strong 
homology with the M. jannaschii ADP-ribose pyrophosphatase, is also found in the C-terminal 
domain of a bifunctional enzyme encoded by the slr0787 ORF of the cyanobacterium 
Synechocystis sp. The N-terminal domain of this protein is similar to NMN adenylyltransferase 
of M. jannaschii (Raffaelli et al., 1999). NMN adenylyltransferase catalyzes NAD synthesis 
from NMN and ATP. 

Aps1 of Schizosaccharomyces pombe (Ingram et al., 1999) and Yor163w of 
Saccharomyces cerevisiae (Cartwright and Lennan, 1999) are two Nudix hydrolases with very 
similar catalytic properties. Both proteins, which share 43% sequence similarity, show a 
substrate preference for diadenosine hexaphosphate (Ap6A), but also Ap5A, Ap5 and Ap4 are 
hydrolyzed. Distinct from the properties of other Nudix hydrolases catalyzing the hydrolysis of 
ApnA compounds, Yor163w forms a mixture of reaction products. Aps1 hydrolyzes Ap6A to p4 
and ADP as the major reaction products with no detectable production of p5A (Ingram et al., 
1999). Yor163w, however, hydrolyzes Ap6A to p4A + ADP (76%) and p5A + AMP (24%). The 
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biological function of both proteins remains to be determined. Neither Ap6A nor Ap5A have 
been reported in any single cell organism, but only in secretory granules of certain specialized 
mammalian cells. Both p5A and p4A have been reported in S. cerevisiae during sporulation but 
not during vegetative growth (Jakubowski, 1986). Because Ap5A is a potent inhibitor of the 
essential enzyme adenylate kinase, one possible function of these enzymes may be to eliminate 
these potentially toxic dinucleotides during sporulation (Cartwright and Lennan, 1999). 

Another exceptional Nudix hydrolase found in S. cerevisiae is the PCD1 protein. This 
peroxisomal protein is active toward Coenzyme A and derivatives. Oxidized CoA disulfide is 
preferred over CoA as a substrate and products are 3'-phosphoadenosine 5'-monophosphate and 
4' phosphopantetheine. The authors propose that this enzyme is involved in removal of 
potentially toxic oxidized CoA disulfide from peroxisomes to maintain the capacity for β-
oxidation of fatty acids (Cartwright et al., 2000). A CoA hydrolyzing Nudix hydrolase has also 
been identified in D. radiodurans (Xu et al., 2001). Elucidation of the three dimensional 
structure of CoA pyrophosphatase of this organism revealed that it contains, in addition to its 
Nudix hydrolase motif, an N-terminal helix which occupies part of the site required for substrate 
binding. Thus, substrate binding involves movement of this α-helix from the active site of the 
enzyme (Kang et al., 2003). 

Pur7, a gene product from the puromycin antibiotic biosynthetic gene cluster of 
Streptomyces alboniger (Tercero et al., 1996), is a Nudix hydrolase which clearly fits to the 
description of being a housecleaning enzyme hydrolyzing potentially toxic compounds 
(Bessman et al., 1996). Previously, it was thought that Pur7 catalyzed the second step in the 
biosynthesis of this aminonucleoside antibiotic: the hydrolysis of 3'-keto-3'-dATP resulting in 
3'-keto-3'-dAMP and PPi (Tercero et al., 1996). However, expression and characterization of 
this protein showed that this intermediate is not a substrate for Pur7. Instead, 3'-amino-3'-dATP 
and 3'-amino-3'-dTTP were found to be hydrolyzed by Pur7 (with a 30 times lower affinity for 
3'-amino-3'-dTTP) (Espinosa et al., 1999). Hydrolysis of 3'-amino-3'-dATP is crucial, since this 
compound is a potent inhibitor of DNA-dependent RNA polymerase, whereas the reaction 
products are not (Armstrong and Eckstein, 1976). Thus by removal of the toxic intermediate, 
Pur7 allows the biosynthetic pathway to continue.  

A Nudix hydrolase that has been shown to be involved in biosynthesis is the YlgG of 
Lactococcus lactis. YlgG was shown to exhibit a high affinity Mg++-dependent 
dihydroneopterin triphosphate (DHNTP) pyrophosphatase activity, which is the second step in 
the pterin branch of the folate biosynthesis pathway. Inactivation of ylgG in L. lactis resulted in 
accumulation of DHNTP and folate depletion (Klaus et al., 2005). 

Nudix hydrolase encoding genes are also found in various viral genomes. The first 
member of the Nudix hydrolase gene superfamily identified in bacterial viruses was the e.1 gene 
of bacteriophage T4. It was shown to hydrolyze FAD, adenosine 5'-triphospho-5'-adenosine 
(Ap(3)A), and ADP-ribose. Although the protein was predicted to be orthologous to E. coli 
MutT on the basis of a sequence homology search, the properties of the gene and of the purified 
protein did not support this notion. Deletion of e.1 did not result in a clear phenotype, since no 
effect on phage growth and replication could be detected (Xu et al., 2002). The g5R gene of the 
African swine fever virus (ASFV) encodes a Nudix hydrolase preferentially degrading the non-
Nudix hydrolase substrate diphosphoinostol polyphosphate, but it is also active with GTP, 
adenosine 5'-pentaphosphate, dGTP, diadenosine, diguanine nucleotides. Infections with ASFV 
led to 50% reduction in cellular PP-Ins-P5, ATP and GTP levels. Transient expression of 
epitope-tagged g5R protein under control of its own promoter in ASFV-infected cells showed 
an apparent localization in the rough endoplasmatic reticulum. It is suggested that g5R protein 
regulates a stage of viral morphogenesis, which involves manipulation of components of the 
cellular secretory pathway by the virus. Diphosphoinositol polyphosphate-mediated membrane 
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trafficking may thus be disturbed by g5R protein(Cartwright et al., 2002). 
Nudix hydrolase motif containing proteins are also encoded by bacterial plasmid DNA. 

Analysis of the complete nucleotide sequence of the erythromycin resistance plasmid pNG2 of 
Corynebacterium diphtheriae revealed the presence of a Nudix hydrolase gene, of which neither 
function nor substrate specificity have been studied (Tauch et al., 2003). Also the indigenous 
plasmid pSAM2 of Streptomyces ambofaciens encodes a Nudix hydrolase protein, which was 
shown to be involved in plasmid immunity of the host cell. Mechanisms of conjugal immunity 
prevent redundant exchange between two cells harboring the same conjugative plasmid element. 
The presence of a single copy of the pSAM2 immunity factor gene (pif) in the recipient strain 
was sufficient to abolish both transfer and initiation of plasmid transfer. This is the first protein 
of the Nudix hydrolase family shown to be involved in bacterial conjugation control (Possoz et 
al., 2003). Its substrate specificity has not been studied.    
 
Nudix hydrolases hydrolyzing non-Nudix compounds 
Diphosphoinositol polyphosphates (PP-InsPn) are known to be involved in some intriguing 
signal transduction processes (Safrany et al., 1998). These compounds were first characterized 
in the amoebae Dictyostelium discoideum (Stephens et al., 1993), but later they were found to 
occur in organisms across the phylogenetic spectrum (Safrany et al., 1998). Diphospho-
pentakiphosphate (PP-InsP5, Fig. 5) binds to proteins that participate in the control of synaptic 
vesicle trafficking (Shears et al., 1995). In intact mammalian cells there is an ongoing, rapid 
metabolic flux through a kinase-phosphatase cycle interconverting InsP6 with PP-InsP5. The 
level of PP-InsP5 could be decreased following treatment with thapsigargin, a tumor promoter 
(Safrany et al., 1998). It appears that InsP6 kinase was inhibited by thapsigargin-mediated 
changes in the status of cellular Ca2+ pools (Glennon and Shears, 1993). 
 The β-phosphate from the diphosphate groups in the most highly phosphorylated 
members of the inositol-based cell signaling family, PP-InsP5 and [PP]2-InsP4, can be 
hydrolyzed by an enzyme isolated from rat liver. This Nudix hydrolase motif containing 
enzyme, diphosphoinositol polyphosphate phosphohydrolase (DIPP), is the first example of a 
Nudix hydrolase that hydrolyzes a non-Nudix compound. A considerable portion of the 
monomeric 18 kDa DIPP protein was microsequenced and database searching with the BLAST 
algorithm revealed a close match between DIPP and a predicted amino acid sequence from a 
cDNA clone from human uterus. Expression and subsequent purification of the 172 amino acid 
human DIPP yielded a protein capable of hydrolyzing both PP-InsP5 and [PP]2-InsP4. The 
Nudix hydrolase domain was shown to be essential in catalysis by site-specific mutagenesis of 
one of the conserved glutamate residues (E70). Mutant E70Q was inactive with both of the 
DIPP substrates (Safrany et al., 1998). These findings lead to a revision of the idea that the 
MutT signature designates a unique binding domain for nucleosides (O'Handley et al., 1996).  
 
 
 

 
 
  

Figure 5. Structure of diphosphopentakiphosphate, 
the substrate of DIPP. 
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Part of the human DIPP protein sequence (Val-34 to Glu-85), which includes the MutT 

motif, is 46% identical to the corresponding regions in Aps1 of S. pombe (Ingram et al., 1999) 
and Yor163w of S. cerevisiae (Cartwright and Lennan, 1999). It has been shown that the latter 
proteins, which are known to hydrolyze Ap6A and Ap5A, were also capable to hydrolyze PP-
InsP5 and [PP]2-InsP4 and, conversely, that DIPP could hydrolyze Ap6A and Ap5A (Safrany et 
al., 1999). These results provide yet another example of Nudix hydrolases capable to hydrolyze 
a non-Nudix compound, but also that one protein may catalyze hydrolysis of unrelated classes 
of substrates. Furthermore, these two groups of metabolites have independently emerged as 
participants in various aspects of signal transduction (Safrany et al., 1999).  
 The ability of some Nudix hydrolases to utilize a sugar phosphate as a substrate, 
prompted testing of 5-phosphoribosyl 1-pyrophosphate (PRPP) as a substrate. PRPP is both a 
substrate and a regulator of purine, pyrimidine and pyridine nucleotide biosynthesis. A potential 
product of PRPP pyrophosphatase activity would be ribose 1,5-bisphosphate, which has been 
shown to be an important regulator of glycolysis by activating phosphofructokinase activity in 
mammals (Ishikawa et al., 1990). Various dinucleoside polyphosphatases and DIPP enzymes 
were shown to hydrolyze PRPP, yielding ribose 1,5-bisphosphate as a product. This subfamily 
of Nudix hydrolase enzymes thus can hydrolyze seemingly unrelated substrates. However, 
modeling of PRPP onto the crystal structure of C. elegans Ap4A hydrolase (Bailey et al., 2002) 
shows that it can fit readily in the substrate binding cleft of the enzyme. Whether PRPP 
hydrolysis is of physiological relevance, remains to be determined. This can be confirmed by 
measuring PRPP and ribose 1,5-bisphosphate concentrations in cells in which the relevant 
Nudix hydrolase activities have been eliminated by gene disruption or gene deletion and 
comparing these with wild type strains (Fisher et al., 2002). 
 
In conclusion 
Nudix hydrolase proteins are defined as proteins carrying the conserved GX5EX7REX2EEXG 
amino acid sequence motif, that can hydrolyze the pyrophosphate bond of specific Nudix 
(nucleotide diphosphate linked to an indiscriminate moiety X) compound(s). They are 
ubiquitously spread in nature with representatives in bacteria, archaea and eukaryotic 
organisms. Genomic data indicates that usually more than one representative of this protein 
family is present per organism. So far, the analysis of Nudix hydrolase enzymes has mainly 
focused on determining substrate specificity and catalytic mechanism, with only a few examples 
of detailed studies on the physiological role of these enzymes in a broader context. Future 
studies will determine whether members of this protein family can be mainly characterized as 
“housecleaning” enzymes, or whether the majority of these proteins are involved in cellular or 
metabolic regulation. 
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A novel type of alcohol oxidoreductase has been characterized from Gram-positive 
methylotrophic (Bacillus methanolicus, the actinomycetes Amycolatopsis methanolica and 
Mycobacterium gastri) and non-methylotrophic bacteria (Rhodococcus strains). Its in vivo 
role is in oxidation of methanol and other primary alcohols. 
B. methanolicus displays activity of an NAD-dependent methanol dehydrogenase (MDH), 
which is strongly stimulated by a specific (activator) protein. A. methanolica and M. gastri 
use an N,N'-dimethyl-4-nitrosoaniline (NDMA)-dependent MDH (methanol: NDMA 
oxidoreductase; MNO). 
MDH (43 kDa subunit) and MNO (49 kDa subunit) possess similar decameric structures 
with five-fold symmetry. Both proteins contain Zn2+- and Mg2+-ions and tightly (but 
noncovalently) bound NAD(P)(H) cofactors. These nicotinoproteins share a high degree of 
sequence similarity; they belong to Family III of NAD(P)-dependent alcohol 
dehydrogenases (ADH). 
A. methanolica extracts also possess dye (dichlorophenol indophenol, DCPIP and 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide, MTT)-linked ADH activities. 
These represent the overall activities of multi-enzyme systems. MNO is part of the MTT-
ADH complex. The other two proteins and their cofactors most likely participate in 
transfer of reducing equivalents from the NADPH cofactor in MNO to the respiratory 
chain. 
 
Introduction 
Methanol is formed in large quantities in mineralization processes in nature, mostly from 
degradation of the methyl esters and -ethers that occur in plant components such as pectin and 
lignin. Methylotrophic microorganisms able to grow on methanol as sole carbon- and energy 
source have been isolated frequently from soil samples. These organisms possess special 
metabolic pathways allowing generation of energy from methanol oxidation and synthesis of 
compounds with carbon-carbon bonds from methanol assimilation (Anthony, 1982;Dijkhuizen 
et al., 1992). The techniques employed for their isolation generally select for the fastest growing 
organisms and in most cases this has resulted in isolation of pure cultures of Gram-negative 
methylotrophic bacteria. Little attention has been paid to the large diversity of methylotrophic 
Gram-positive bacteria that are relatively slow growing (e.g. actinomycetes) or require special 
growth conditions (e.g. thermotolerant Bacilli). Physiological and biochemical studies of 
primary alcohol metabolism in actinoycetes and Bacilli have provided evidence for the 
involvement of novel alcohol dehydrogenase (ADH) enzyme systems. Current knowledge of 
these enzymes is reviewed. 
 
Enzymes involved in methanol oxidation 
Methylotrophic yeasts (e.g. Hansenula polymorpha) employ an alcohol oxidase (EC 1.1.3.13) 
that contains FAD as cofactor and is localized in special cell organelles, the microbody or 
peroxisome (Harder and Veenhuis, 1989;Woodward, 1990). The enzyme catalyzes the oxidation 
of methanol into formaldehyde and transfers the electrons derived to oxygen, resulting in 
hydrogen peroxide formation. The subunit size of the usually octameric alcohol oxidase 
enzymes is 72-75 kDa and each subunit contains a noncovalently bound FAD cofactor 
molecule. 

Methanol oxidation in Gram-negative bacteria involves a periplasmic quinoprotein 
methanol dehydrogenase (MDH; EC 1.1.99.8) (Anthony, 1982;Anthony, 1986). This enzyme 
uses pyrroloquinoline quinone (PQQ) as cofactor (Duine and Frank, Jr., 1980). MDH is directly 
connected to the electron transport chain. The interactions with the special c-type cytochromes 
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involved are known in much detail, complete with crystal structures. MDH is an α2β2-tetrameric 
enzyme, with α-subunits of 66 kDa and β-subunits of 8.5 kDa in for instance Methylobacterium 
extorquens AM1. The α-subunit contains one molecule of the PQQ cofactor and one Ca2+-ion in 
the active site (Anthony et al., 1994). 

In contrast to the well-known enzymology and genetics of methanol oxidation in 
methylotrophic yeasts and Gram-negative methylotrophic bacteria, little is known about the 
enzymes of methanol oxidation in Gram-positive methylotrophs. These bacteria lack a clear 
periplasmic space and generally donot possess PQQ. Several papers (Hazeu et al., 1983;Duine 
et al., 1984;van Ophem and Duine, 1990) provide evidence that methanol induces PQQ 
synthesis in Amycolatopsis methanolica; its physiological role has remained unclear, however. 
The presence of ADHs active with methanol has been studied in a few Gram-positive isolates 
only. In Corynebacterium sp. XG MDH activity could be detected with phenazine 
methosulphate as artificial electron acceptor (Bastide et al., 1989). Brevibacterium methylicum 
was reported to possess NAD-dependent MDH activity (Nesvera et al., 1991). In the 
methylotrophic actinomycete strain 381 a dichlorophenol indophenol (DCPIP)-dependent MDH 
was detected (Eshraghi et al., 1990). No further characteristics of these systems have been 
published. Studies with thermotolerant Bacillus methanolicus strains (Dijkhuizen et al., 
1988;Arfman et al., 1992b), A. methanolica (De Boer L. et al., 1990a) and Mycobacterium 
gastri (Kato et al., 1988) have shown that these organisms employ NAD(P)-dependent ADHs. 
These enzymes display unusual properties, constituting novel ADHs with bound NAD(P)(H) 
cofactors (previously reviewed by Bystrykh et al. 1993) (Bystrykh et al., 1993a). 

Three families of NAD(P)-dependent ADHs (EC 1.1.1.1) have become established 
(Jornvall et al., 1987;Reid and Fewson, 1994;de Vries et al., 1992). Feature characteristics for 
members of Family I (medium-chain dehydrogenases / reductases) are: zinc-dependency, di- or 
tetrameric quaternary structures and usually a subunit size of 43 kDa. Horse liver ADH is a 
family I enzyme and has been studied in most detail. Family I ADHs show no, or relatively low, 
activities with methanol. One exception is the methanol-oxidizing ADH of Bacillus 
stearothermophilus strain DSM 2334, a non-methylotrophic bacterium (Sheehan et al., 1988). 
Members of Family II are metal-independent and possess relatively short primary structures of 
on average 240 amino acids, and are referred to as SDR** enzymes. Family II ADHs display a 
broad substrate specificity and have diverse metabolic roles. There are no reports of their 
involvement in methanol oxidation in methylotrophic bacteria, however. Members of Family III 
initially were referred to as iron-dependent ADHs. With an increasing number of members of 
this family identified, the iron-dependency appeared not to be a common property, however. 
Other metal-ions, such as zinc or magnesium instead of iron, were detected in some of these 
enzymes. A large number of ADHs were classified as belonging to Family III on the basis of 
sequence similarity and subunit sizes (325-441 amino acids, on average 391 residues) (de Vries 
et al., 1992;Hektor, 1997). A recent database screening for Family III ADH enzymes resulted in 
identification of a total of 27 members, 24 of which have been fully sequenced (Hektor, 1997). 
These enzymes are found in alcohol-producing and alcohol-consuming micro-organisms, in 
Gram-negative and Gram-positive bacteria, in aerobic and anaerobic bacteria, in Archaea, in 
yeasts and amoeba. The various enzymes differ widely in specificity for alcohol substrates. 
Interestingly, in recent years several members of Family III have been detected in Gram-
positive methylotrophic bacteria. These enzymes are active with methanol and in vivo catalyze 
the oxidation of methanol to formaldehyde. 
 
MDH from B. methanolicus C1 
B. methanolicus C1 is a thermotolerant bacterium able to grow on methanol at temperatures 
upto 60oC. NAD-dependent MDH constitutes up to 22% of total soluble protein in cells of B. 
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methanolicus strain C1 grown under methanol-limiting conditions in continuous cultures at low 
dilution rates (Arfman et al., 1989;Arfman et al., 1992a). MDH from B. methanolicus oxidizes 
C1-C4 primary alcohols as well as 1,3-propanediol, and also catalyzes NADH-dependent 
aldehyde reductase reactions. Further biochemical and electron microscopic studies revealed 
that its structural, kinetic, and mechanistic properties are unique. MDH consists of 10 identical 
subunits of Mr 43,000, arranged in a 'sandwich' of two pentagonal rings (Vonck et al., 1991). 
Each subunit contains one zinc, one to two magnesium ions. Zinc is commonly found in the 
active site of NAD-dependent ADH enzymes but the presence of magnesium had not been 
reported before. In addition, each MDH subunit contains a tightly (but non-covalently) bound 
NAD(H) molecule that is not released during catalysis. Such proteins have been labelled 
nicotinoproteins by van Ophem and Duine (1993) (van Ophem and Duine, 1993).  

Nicotinoproteins form a recently recognized class of redox enzymes with NAD(P) as 
firmly bound cofactor. They catalyze a large variety of reactions, including transhydrogenation, 
isomerization, dismutation, epimerization of their substrates, and oxidation of primary and 
secondary alcohols (Hektor, 1997;van Ophem and Duine, 1993;Piersma, 1998). Their 
mechanistic and functional properties remain to be elucidated. A total of 10 nicotinoproteins, 
using various substrates, have been described from various sources (Bacteria, Eukarya, 
Archaea). There is increasing evidence that they occur widespread but they are easily 
overlooked because of the unusual activity assay conditions required (Hektor, 1997;Piersma, 
1998;Li and Stevenson, 1997). 

B. methanolicus MDH is the first example of a naturally occurring NAD-dependent 
ADH containing cofactor NAD(H). UV-spectrophotometry showed that this NAD(H) molecule 
is redox active and functions as a cofactor; it is oxidized and reduced by formaldehyde and 
methanol, respectively, while it remains bound to the enzyme (Arfman et al., 1997). Activity of 
MDH strictly requires exogenous NAD (coenzyme) in addition to bound NAD(H) (cofactor). 
No incorporation of label in MDH protein was observed in experiments with radioactively 
labelled coenzyme NAD, indicating that these two NAD(H) species are not exchanged during 
catalysis (Arfman et al., 1997). NAD thus plays two different and important roles in the MDH 
reaction, with cofactor NAD acting as primary electron acceptor and coenzyme NAD being 
responsible for reoxidation of the NADH cofactor. MDH obeys a ping-pong type reaction 
mechanism, which implies that the alcohol substrate and coenzyme NAD bind sequentially to 
the enzyme and that the first product is released from the enzyme before binding of the second 
substrate. This is consistent with a mechanism involving a temporary deposit of reducing 
equivalents at the MDH-bound cofactor. In contrast, NAD-ADH enzymes lacking a bound 
NAD(P)(H) cofactor obey a sequential reaction mechanism that proceeds via a ternary enzyme-
substrate-nucleotide complex (Sekhar and Plapp, 1990).  

The affinities of MDH for alcohol substrates and exogenous NAD, as well as the Vmax 
values, are strongly increased by a soluble activator protein (50 kDa, consisting of two 27 kDa 
subunits). The activator protein only affects the forward reaction of MDH and strictly requires 
the presence of exogenous NAD and Mg2+-ions. Activation may result in a 40-fold overall 
increase in the methanol turnover rate of MDH at physiological methanol concentrations (0.1-
1.0 mM) (Arfman et al., 1991). The purified activator protein does not contain a cofactor, but is 
able to bind 1 molecule of NAD(H) per subunit. The activator protein can form a (loose) protein 
complex with MDH, but the interaction only occurs in the presence of exogenous NAD plus 
magnesium ions, indicating that these low molecular weight components are part of the MDH-
activator protein complex. The activator protein changes the steady state kinetics of the MDH 
reaction from ping-pong to ternary complex type. These observations, in combination with the 
structural and kinetic properties of MDH, have led to the postulation that the activator protein 
facilitates the reoxidation of the bound NADH cofactor (Arfman et al., 1997). This model 
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implies that the NAD-activator protein complex is a more favourable electron acceptor than free 
NAD and that the transhydrogenase reaction, resulting in reoxidation of the NADH cofactor, is 
the rate-limiting step in alcohol oxidation.  

The structural MDH gene of B. methanolicus strain C1 has been cloned and sequenced 
(de Vries et al., 1992). The deduced MDH amino acid sequence was found to share significant 
identity with Zymomonas mobilis ADH2, Saccharomyces cerevisiae ADH4, Escherichia coli 
ADHE and 1,2-propanediol oxidoreductase and Clostridium acetobutylicum ADH1. The latter 
enzymes do not oxidize methanol and contain zinc or iron. Since the MDH related enzymes 
clearly differ from the horse liver ADH-type and the SDR ADH-type (Jornvall et al., 1987;Reid 
and Fewson, 1994), we have adopted the designation Family III for this group of enzymes (de 
Vries et al., 1992). A new NAD(P)(H) binding domain has been identified in these enzymes 
(Hektor, 1997).  

 Recently, we have cloned and characterized the B. methanolicus gene encoding the 
activator protein (Chapter 3). The data show that the activator protein is a member of the family 
of Nudix hydrolases which all hydrolyze a nucleoside diphosphate linked to some other group, 
(Bessman et al., 1996). The precise mechanism of the activator protein remains to be 
determined (Chapter 3). The molecular tools that recently have become available for B. 
methanolicus (Cue et al., 1997) may allow disruption of the gene encoding the activator protein. 
A study of the physiology of growth of such a mutant strain on methanol and other primary 
alcohols should provide insights in the in vivo relevance of the MDH/activator protein couple. 
 
MDHs from A. methanolica and M. gastri 
A. methanolica is a nocardioform actinomycete, showing the characteristic formation of a 
pseudomycelium on solid media, presence of spores and high GC content of DNA (60-70 
mol%) (Hazeu et al., 1983;De Boer L. et al., 1990a;Kato et al., 1975). It is the first 
methylotrophic actinomycete characterized. For a number of years it has proven to be difficult 
to identify the enzymes involved in methanol oxidation in this organism. Following its isolation 
from soil of New Guinea, Kato et al. (Kato et al., 1975) reported the presence of low 
PMS/DCPIP-dependent MDH activity, which was measured at pH 7.0 in the absence of 
ammonium ions. Duine et al. (1984) (Duine et al., 1984) subsequently provided evidence for the 
presence of a DCPIP-dependent MDH, the activity of which could be measured at pH 9.0. This 
MDH activity strictly required the presence of ammonium ions and NAD, but accumulation of 
free NADH could not be detected. DCPIP-MDH activity was detected in methanol-grown cells, 
producing relatively large amounts of PQQ. Several quinoproteins have been detected in A. 
methanolica but thus far no physiological functions could be assigned to any of them (van 
Ophem and Duine, 1990). It was suggested that this MDH forms part of a loose multi-enzyme 
complex, together with an NAD-dependent formaldehyde dehydrogenase and an NADH 
dehydrogenase (Duine et al., 1984). The complex appeared rather unstable, however, and MDH 
activity could not be reconstituted from its components. A similar MDH activity was 
demonstrated in extracts of methanol-grown cells of the actinomycete strain 381 (Eshraghi et 
al., 1990). Only recently, we have been able to develop reproducible assay conditions for the 
DCPIP-dependent MDH activity in A. methanolica. The components involved remain to be 
identified and characterized.  

Further progress became possible following the observation by van Ophem et al. 
(1991) (van Ophem et al., 1991) of a tetrazolium dye (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl-tetrazolium bromide, MTT)-linked ADH activity in extracts of methanol-grown cells 
of A. methanolica. MTT-ADH was stably maintained and could be assayed reproducibly. This 
enzyme system showed activity with methanol and various other alcohols. MTT-ADH activity 
strongly increased with increasing ionic strength (at high phosphate and sulphate 
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concentrations) of the buffer solution. The relationship between the amount of extract and 
activity was non-linear. MTT-dependent activity was completely lost following 
chromatographic fractionation of crude extracts. Activity could be restored, however, by 
combining separate fractions of the eluate, indicating that this MTT-MDH represents the overall 
activity of a multienzyme system. Biochemical (van Ophem et al., 1991;Bystrykh et al., 
1993b;Bystrykh et al., 1993c;Bystrykh et al., 1997) and mutant (Hektor and Dijkhuizen, 1996) 
evidence has been obtained showing that MTT-ADH constitutes a complex of three different 
components which have been purified. Component 1 has been identified as methanol:NDMA 
oxidoreductase (MNO, see below for more details) (Bystrykh et al., 1993b;Bystrykh et al., 
1993c). Component 2 is a high molecular weight (>640 kDa) protein with subunits of 44 and 72 
kDa, which possesses a low MTT-dependent NADH dehydrogenase activity. The protein 
contains a yellow chromophore of unknown identity. Component 3 is a low molecular mass (15 
kDa) protein (no separate activity identified) containing a 5'-deazaflavin and at least one other 
low-molecular mass compound with properties similar, but not identical, to those of 
nicotinamide coenzymes (Bystrykh et al., 1997). MTT-ADH activities have been reported for 
the methylotrophs A. methanolica and M. gastri, and the methanol-oxidizing (but non-
methylotrophic) bacteria Rhodococcus erythropolis and R. rhodochrous (van Ophem et al., 
1991).  

MNO constitutes the first single protein with MDH activity identified in A. 
methanolica (and in M. gastri) (Bystrykh et al., 1993b;Bystrykh et al., 1993c). Also the ThcE 
enzyme of Rhodococcus sp. NI86/21 is very similar to these two MNO proteins, but the latter 
organism is unable to grow on methanol; ThcE is induced by atrazine and thiocarbamate 
herbicides (Nagy et al., 1995). NDMA is known to reoxidize pyridine nucleotides which are 
tightly bound to the active centers of dehydrogenases (Dunn and Bernhard, 1971;Kovar et al., 
1984). The MNO proteins of A. methanolica and M. gastri use methanol as well as 
formaldehyde as substrates (Bystrykh et al., 1993b;Bystrykh et al., 1993c;Bystrykh et al., 
1997). The in vivo electron acceptor of these enzymes remains unknown. MNO failed to oxidize 
methanol in the presence of the artificial electron acceptors DCPIP or MTT. No evidence was 
obtained for the presence of an activator-like protein in these organisms and addition of B. 
methanolicus activator protein to crude extracts did not result in appearance of NAD-dependent 
MDH activity. The enzymatic properties of the MNO enzymes differ from B. methanolicus 
MDH in various other aspects as well (Bystrykh et al., 1993b;Bystrykh et al., 1993c). The MNO 
enzymes not only catalyze the NDMA-linked oxidation of methanol and formaldehyde but also 
NADH-dependent formaldehyde reductase and formaldehyde dismutase (yielding formaldehyde 
and formate from methanol (Kato et al., 1986)) reactions. B. methanolicus MDH on the other 
hand displayed NAD-dependent MDH and NADH-dependent formaldehyde reductase activities 
but was inactive with NDMA; it also failed to catalyze the formaldehyde dismutase reaction. 

Analysis of the quaternary protein stuctures of the purified A. methanolica and M. 
gastri MNO enzymes (subunit Mr 49,000-50,000) by electron microscopy and image processing 
(Bystrykh et al., 1993c) revealed that these MNO proteins are strikingly similar to B. 
methanolicus MDH (i.e. decameric structures displaying five-fold symmetry). The three 
proteins are also similar with respect to their metal composition (Zn2+- and Mg2+-ions) and the 
presence of a bound pyridine nucleotide cofactors (NADPH in case of both MNO enzymes). 
Characterization of the mno gene of A. methanolica and the deduced amino acid sequence of 
MNO, and N-terminal amino acid sequence analysis of the M. gastri MNO protein, allowed 
further comparison with B. methanolicus MDH. The data show that the three enzymes also 
share a high degree of amino acid sequence similarity (42%) and all three clearly belong to the 
Family III ADH enzymes. 

The mutant data obtained (Hektor and Dijkhuizen, 1996) provided clear evidence that 



Chapter 2 
 

  
32 

at least the MNO and component 2 of the protein complex with MTT-ADH activity play a 
crucial role in utilization of primary alcohols (C1-C4) in A. methanolica. MNO may play a role 
in the initial oxidation of these alcohols. Since component 2 displays low NADH dehydrogenase 
activity with MTT, it is tempting to speculate that it functions as an electron acceptor for MNO, 
with component 3 acting as mediator in this. How and whether the further redox components 
present (5'-deazaflavin, the nicotinamide-like compound, and the yellow chromophore) act as 
cofactors in this complex remains to be elucidated. Also the coupling of the MTT-ADH to the 
electron transport chain awaits investigation. 

Tools for the genetic modification of A.methanolica have become available in recent 
years (Vrijbloed et al., 1995d). Further work will focus on the construction of an A.methanolica 
strain expressing a mutant MNO protein lacking bound cofactor NADPH (Hektor, 1997). This 
will allow an interesting analysis of the relevance of the NADPH cofactor in MNO on the 
physiology of growth on methanol and other primary alcohols. 
 
Concluding remarks 
The identification and characterization of structurally similar, NAD(P)H-containing MDHs 
from B. methanolicus, A. methanolica and M. gastri shows that a new type of methanol-
oxidizing enzymes is employed by these Gram-positive methylotrophs. All enzymes involved in 
methanol oxidation investigated thus possess a tightly bound cofactor (FAD in yeast alcohol 
oxidase; PQQ in quinoprotein MDH; NAD in Bacillus MDH; NADP in the MNO enzymes), 
suggesting that a temporary deposit for reduction equivalents is a prerequisite for methanol-
converting ADHs. Under in vivo conditions both MDH of B. methanolicus and MNO of A. 
methanolica and M. gastri appear to be associated with additional proteins. Our current 
knowledge indicates that these proteins participate in the reoxidation of the NAD(P)H cofactors, 
most likely resulting in transfer of reducing equivalents to NAD coenzyme and/or to the 
electron transport chain. The DCPIP-MDH and MTT-ADH complexes in A.methanolica may 
share one or more components, although DCPIP-MDH is highly specific for methanol and 
MTT-ADH shows much broader substrate specificity. 

Further biochemical investigations are required in order to obtain a full understanding 
of the nature of the methanol oxidation pathways in Gram-positive, methanol-utilizing bacteria. 
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The cytoplasmic coenzyme NAD+-dependent alcohol (methanol) dehydrogenase (MDH) 
employed by Bacillus methanolicus during growth on C1-C4 primary alcohols is a 
decameric protein with 1 Zn2+-ion and 1-2 Mg2+-ions plus a tightly bound NAD(H) 
cofactor per subunit (a nicotinoprotein). Mg2+-ions are essential for binding of NAD(H) 
cofactor in MDH protein expressed in Escherichia coli. The low coenzyme NAD+-
dependent activity of MDH with C1 - C4 primary alcohols is strongly stimulated by a 
second B. methanolicus protein (ACT), provided MDH contains NAD(H) cofactor and 
Mg2+-ions are present in the assay mixture. Characterization of the act gene revealed the 
presence of the highly conserved amino acid sequence motif typical for Nudix hydrolase 
proteins in the deduced ACT amino acid sequence. The act gene was successfully 
expressed in E. coli allowing purification and characterization of active ACT protein. 
MDH activation by ACT involved hydrolytic removal of the nicotinamide mononucleotide 
NMN(H) moiety of the NAD(H) cofactor of MDH, changing its Ping-Pong type reaction 
mechanism into a ternary complex reaction mechanism. Increased cellular NADH/NAD+ 
ratios may reduce the ACT-mediated activation of MDH, thus preventing accumulation of 
toxic aldehydes. This represents a novel mechanism for alcohol dehydrogenase activity 
regulation.  
 
  
Introduction 
Methanol is formed in large quantities in mineralization processes in nature, mostly from 
degradation of methylesters and -ethers that occur in plants (pectin and lignin). Methylotrophic 
microorganisms growing on methanol as carbon- and energy source can be isolated readily from 
soil. They possess a special set of enzymes for generation of energy from methanol oxidation 
and for synthesis of compounds with carbon-carbon bonds from methanol (Anthony, 
1982;Dijkhuizen, 1993).  
Three different type of enzymes catalyze the initial oxidation of methanol to formaldehyde in 
methylotrophs. Yeasts employ an alcohol oxidase with FAD as cofactor (a flavoprotein); 
oxygen is used as electron acceptor, resulting in hydrogen peroxide formation. This enzyme is 
located in peroxisomes, an organel that also contains catalase activity (Harder and Veenhuis, 
1989). Gram-negative bacteria employ a methanol dehydrogenase (MDH) with pyrroloquinoline 
quinone as cofactor (a quinoprotein), located in the periplasmic space (Anthony, 1986;Duine et 
al., 1986). Gram-positive bacteria (Bacilli and actinomycetes) employ cytoplasmic MDH 
enzymes with NAD(P)+ as cofactor (nicotinoproteins), constituting novel NAD(P)+-dependent 
alcohol dehydrogenases with unusual properties (Reid and Fewson, 1994;Bystrykh et al., 
1993a;Hektor et al., 2000).  
Pure cultures of obligately aerobic, thermotolerant Bacillus methanolicus strains grow rapidly in 
methanol mineral media (doubling times 40-80 min) at temperatures of 35-60oC, and are 
tolerant to very high methanol concentrations (Arfman et al., 1992b;Dijkhuizen et al., 1988). 
All strains studied employ a coenzyme NAD+-dependent MDH for growth on methanol and 
other primary alcohols (C1-C4) (de Vries et al., 1992;Arfman et al., 1989). MDH from B. 
methanolicus strain C1 belongs to family III of alcohol dehydrogenases (de Vries et al., 
1992;Vonck et al., 1991). It is a decameric enzyme with subunits of 43,000 Da (Dijkhuizen et 
al., 1988;de Vries et al., 1992;Arfman et al., 1992a;Dijkhuizen and Arfman, 1990;Vonck et al., 
1991;Arfman et al., 1991;Arfman et al., 1997). Each MDH subunit contains 1 Zn2+-ion and 1-2 
Mg2+-ions (Vonck et al., 1991). Zinc is commonly found in the active site of alcohol 
dehydrogenases, but the presence of magnesium had not been reported before. Each subunit also 
contains a tightly (but non-covalently) bound NAD(H) molecule, which is oxidized and reduced 
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by methanol and formaldehyde, respectively, and thus functions as a cofactor (Arfman et al., 
1997). NAD+ plays two important roles in the MDH-catalyzed reaction: MDH-bound NAD+ 
cofactor serves as primary electron acceptor in the alcohol dehydrogenase reaction and 
exogenous NAD+ coenzyme is responsible for re-oxidation of the MDH-bound NADH cofactor. 
MDH obeys a Ping-Pong type of reaction mechanism, consistent with such a temporary parking 
of reducing equivalents at the MDH-bound NAD(H) cofactor (Arfman et al., 1997). This is very 
different from typical NAD+ coenzyme-dependent alcohol dehydrogenases, which follow a 
ternary complex type of reaction mechanism (Reid and Fewson, 1994). 
Studies with purified proteins showed that MDH activity with C1-C4 primary alcohols and its 
affinity for exogenous NAD+ and alcohol substrates are strongly increased in the presence of a 
B. methanolicus strain C1 soluble Mr 50,000 activator (ACT) protein. Activation, which takes 
place within one second upon addition of saturating amounts of ACT, requires the presence of 
Mg2+-ions. Spectral studies showed that Mg2+-ions are essential for formation of an 
MDH.ACT.NAD+.Mg2+ complex. At physiological methanol concentrations (0.1-1.0 mM), the 
methanol turnover rate of MDH in vitro was increased up to 40-fold by the ACT protein 
(Arfman et al., 1991).  
Synthesis of the MDH and ACT proteins in B. methanolicus is regulated coordinately (Arfman 
et al., 1992a). Here we report a molecular, biochemical and functional characterization of the 
ACT protein of B. methanolicus strain C1. ACT is a member of the Nudix hydrolase family, 
that display hydrolytic activity with substrates containing a nucleotide diphosphate group linked 
to some other moiety (x) (Bessman et al., 1996). ACT protein stimulates coenzyme NAD+-
dependent MDH activity by hydrolytic removal of the NMN(H) part of the NAD(H) cofactor in 
MDH protein.  
 
 
Materials and methods 
Bacterial strains and growth conditions.  
Bacillus methanolicus strain C1 cells were grown as described (de Vries et al., 1992). E. coli 
strains MC1061 and JM109, serving as hosts for genetic modifications and heterologous gene 
expression, respectively, were grown on LB medium (Sambrook et al., 1989); when appropriate 
ampicillin (100 mg.l-1) was added.  
 
Primers and DNA amplification.  
The primers used, A1: 5'-GGCGAATTCAA(A/G)TT(A/G)TT(T/C)GA(A/G)GA(A/G)AA 
(A/G)AC-3', and A2: 5'-GGCTGATCATC (C/T/A)AC(T/C)TG(T/C)AA(T/C)TT(C/T/A)AC 
(C/T/A)AC-3', were based on the N-terminal amino acid sequence of the ACT protein (Arfman 
et al., 1991). Their degree of degeneration was limited based on codon bias of B. methanolicus 
(de Vries et al., 1992). Primer A3 consisted of an EcoR1 site followed by the first 19 
nucleotides of the act gene: 5'-GCGGAATTCATGGGAA-AATTATTTGAGG-3'; anti-sense 
primer A4 contained a BamH1 site and the last 18 nucleotides of act: 5'-CGCGGATC 
CTCATTTATGTTTGAGAGC-3'. The KS and SK primers used are commercially available 
(Stratagene, Westburg, Leusden, The Netherlands). Primer positions are shown in Fig. 1. 

DNA amplification reactions were performed with Vent-DNA-polymerase (Biolabs, 
New England). Reaction mixtures (100 ml) contained: enzyme buffer (Biolabs, New England), 
dNTP (50 mM per nucleotide), primers (0.5 mM per primer), target DNA (1-10 ng). Target 
DNA was incubated for 5 min at 94oC before adding polymerase. Amplification conditions: 25 
reaction cycles at temperatures for denaturation, primer annealing and primer extension of 94, 
45 and 72oC, respectively. In the last reaction cycle, primer extension time was set at 5 min. 
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Plasmids.  
Plasmid pHK1 was constructed by cloning the PCR product of primers A1/A2, with B. 
methanolicus chromosomal DNA as template, in pBlueScriptIIKS (Stratagene, Westburg, 
Leusden). Plasmid pHK83 contains a 4.4 kb insert insert of B. methanolicus chromosomal DNA 
in the PstI site of pBlueScriptIIKS. Plasmid pHK105 was constructed by cloning the act gene in 
the EcoR1 and BamH1 sites of pProk1 (Clontech Laboratories, Palo Alto), with act expression 
controlled by the pProk1 tac promoter. 
 
DNA isolation and manipulation.  
B. methanolicus strain C1 total chromosomal DNA was isolated as described (de Vries et al., 
1992). Methods for DNA handling, modification and cloning were performed as in (Sambrook 
et al., 1989). 
 
Gene library construction and screening.  
Chromosomal DNA of B. methanolicus was digested with PstI and fragments ranging from 3.7 
kb to 5.1 kb were isolated, ligated in pBlueScriptIIKS and transformed to E. coli MC1061. This 
partial gene library was screened using primers A1/A2: 40 times 250 pooled E. coli MC1061 
colonies were transferred from agar plates to liquid LB medium and incubated for 4 h at 37oC. 
Samples from these 40 cultures were lysed by boiling for 5 min and subjected to DNA 
amplification. Cultures giving a positive amplification signal were plated and 400 colonies were 
screened in pools of 20 colonies. Finally, individual colonies were screened for a positive 
amplification signal. 
 
DNA sequence analysis.  
Nucleotide sequencing was done using dye-primers in the cycle sequencing method (Murray, 
1989) with the thermosequenase kit RPN 2538 from Amersham Pharmacia Biotech AB. The 
samples were run on the A.L.F-Express sequencing robot. Analysis of nucleotide sequence 
(deposited in the GenBankTM data base under accession number AY128667) was done using 
CloneManager version 4.01. Protein sequence comparisons were performed using the facilities 
of the BLAST server (Altschul et al., 1990) at NCBI (Natl. Library of Medicine, Washington, 
D.C.). 
 
Preparation of cell extracts and enzyme assays.  
Cells were disrupted by two passages through a French pressure cell operating at 1.4*105 
kilonewtons.m-2. Enzyme assays were performed at 50oC with prewarmed buffer solutions 
(unless stated otherwise). NAD+-dependent MDH activity and MDH stimulating activity of 
ACT were measured as described earlier (Arfman et al., 1991;Arfman et al., 1989). Assays 
were performed at 50oC and NAD(H) oxidation or reduction was followed at 340 nm in a 
Hitachi model 100-60 spectrophotometer. The MDH assay was buffered by 100 mM glycine-
KOH buffer (pH 9.5) and contained 5 mM MgSO4, 5 mM 2-mercaptoethanol, 1 mM NAD+ and 
enzyme. The reaction was started with 500 mM methanol after 5 min pre-incubation. The 
stimulatory effect of activator protein was analyzed by subsequent addition of purified activator 
protein. One unit of MDH-stimulating activity is defined as the amount of ACT that stimulates a 
fixed quantity of purified MDH (1.0 µg (2.5 pmol) MDH/ml reaction mixture) to 50% of fully 
ACT activated MDH (Vmax) minus the ACT independent activity of MDH (Vo) (Arfman et al., 
1991). 

Nudix hydrolase activity of ACT protein was determined in 300 µl 100 mM glycine-
KOH buffer (pH 9.5), containing 10 mM MgSO4 and 250 nmol (di-)nucleotide at 50oC. 
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Dinucleotide hydrolyzing activity was assayed using an excess amount of calf intestine alkaline 
phosphatase (EC 3.1.3.1, Boehringer Mannheim), to hydrolyze the nucleoside monophosphates 
formed to nucleosides and orthophosphate. Alternatively, in assays with mononucleotides as 
substrate, yeast inorganic pyrophosphatase (EC 3.6.1.1, Boehringer Mannheim) was added to 
hydrolyze pyrophosphate to orthophosphate. After 5 min pre-incubation, reactions were started 
with 2.5 µg (59 pmol) purified activator protein. After 10 min the reactions were terminated 
with 350 µl 1 N H2SO4. Orthophosphate was determined by a slightly modified method of 
Ames and Dubin (Ames and Dubin, 1960): 350 ml of a 2 times concentrated ascorbate-
molybdate mixture was added. After 20 min incubation at 45oC the absorbance of the solution 
was read in a Hitachi model 100-60 spectrophotometer at 820 nm. 8-oxo-dGTP, which is not 
commercially available, was prepared as described (Mo et al., 1992). 

 
Kinetic studies.  
Enzyme kinetics was studied using standard assay conditions and varying substrate conditions. 
Data were fitted with Sigma Plot for Windows version 5.00 (Jandell Scientific Software) 
according to the Michaelis-Menten equation. Data obtained in the MDH-activator protein 
titration experiments was fitted according to the Hill equation.  
 
ACT protein expression and purification.  
ACT protein was purified from an 8 litre batch culture of E. coli JM109 (pHK105) (Table 1). 
Cells were grown to an OD595 of 0.5, 1 mM isopropyl β-D-thiogalactopyranoside was added, 
and heterologous gene expression was allowed for a further 2 h, yielding a final OD595 of 1.35. 
Cells were harvested by centrifugation (25 min, 6,500 x g). 

Step 1: Preparation of crude extract. Crude extract (9.8 ml containing 534 mg of 
protein) was prepared as described above. 

Step 2: Heat treatment. Crude extract was incubated for 30 min at 60oC. Denatured 
proteins were precipitated by centrifugation for 10 min at 25,000 x g. The pellet was washed 
thoroughly with buffer A (20 mM Tris-HCl pH 7.5, 5 mM MgSO4, 5 mM 2-mercaptoethanol), 
to recover any ACT protein present in the pellet. The preparation obtained (6.9 ml) contained 
140 mg of protein. 

Step 3: 1st Anion-exchange chromatography. The sample was loaded onto a Q-
sepharose column equilibrated with buffer A. Proteins were eluted by applying a 40 ml linear 0-
1 M KCl gradient at a flow rate of 1 ml.min-1. ACT peak fractions were pooled yielding a 
preparation (12 ml) containing 67 mg of protein. 

Step 4: Gel filtration chromatography. 3 ml samples were applied onto a Superdex-200 
column equilibrated with buffer A at a flow rate of 2 ml.min-1. ACT peak fractions of 4 separate 
runs were combined yielding a preparation (12 ml) with 53 mg of protein. 

Step 5: 2nd Anion-exchange chromatography. Samples of 2 ml were applied onto a 
Mono-Q column equilibrated with buffer A. Proteins were eluted by applying a 20 ml linear 0-1 
M KCl gradient at a flow rate of 0.5 ml.min-1. Pooled fractions with ACT activity of 6 separate 
runs were combined and frozen at -80oC. The final preparation (13 ml) contained 36 mg of 
protein. 
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Table 1. Purification of ACT protein from E. coli JM109 (pHK105) 
 

Purification 
step 

Total Protein     
(mg) 

Specific activity 
(U.mg-1) 

Yield              (%) Purification 
factor 

Crude extract 534 425 100 1.0 

Heat treatment 140 1232 76 2.9 

Q-sepharose 67 1746 51 4.1 

Superdex-200 53 1638 38 3.9 

Mono-Q 36 2301 37 5.4 

 a One unit of MDH-stimulating activity is defined as the amount of ACT that stimulates a fixed quantity of purified 
MDH (1.0 µg; 2.5 pmol) in the reaction mixture (1 ml) to 50% of Vmax-Vo under reaction conditions described (Arfman 
et al., 1991) 

 
MDH protein purification.   
MDH was purified from B. methanolicus and E. coli as described (Arfman et al., 1989), with 
some modifications. Overnight cultures were harvested by centrifugation; cells were disrupted 
by two passages through a French Pressure cell at 140 megapascals. Crude extracts were 
prepared by centrifugation for 30 min at 40,000 x g. Proteins were partially precipitated by 30% 
saturation with ammonium sulphate and incubating for 10 min. Following centrifugation (10 
min at 25,000 x g) the supernatant was applied on a phenyl Superose (hydrophobic interaction) 
column equilibrated with 20 % (w/v) (NH4)2SO4 in buffer A (50 mM Tris/HCl, 5 mM MgSO4, 5 
mM β-mercaptoethanol, pH 7.5). Proteins were eluted with a gradient of 20 - 0 % (w/v) 
(NH4)2SO4. Active fractions were pooled, desalted on PD-10 columns, and applied on a Mono Q 
(anion exchange) column; proteins were eluted with a 1 - 0 M KCl gradient in buffer A. 
 
Separation of ACT, MDH and coenzyme NAD(H).  
To separate ACT, MDH containing the bound NAD(H) cofactor, and coenzyme NAD(H), 
reaction mixtures were loaded on a Phenyl-superose hydrophobic interaction column 
equilibrated with 20 % (w/v) (NH4)2SO4 in buffer A (50 mM Tris/HCl, 5 mM MgSO4, 5 mM β-
mercaptoethanol, pH 7.5). Free nucleotides (NAD+ and NADH) appeared in the flow-through, 
while proteins were eluted with a gradient of 20 - 0 % (w/v) (NH4)2SO4. ACT eluted at 11% 
(NH4)2SO4 and MDH at 5% (NH4)2SO4. 
 
Cofactor extraction from activated and non-activated MDH.  
A standard MDH reaction was performed in a total volume of 10 ml. The reaction mixture 
contained: 100 mM glycine-KOH buffer (pH 9.5), 5 mM MgSO4, 5 mM 2-mercaptoethanol, 
500 mM methanol, 1 mM NAD+, 1.0 nmol (400 µg) of pure MDH (10 nmol subunits) and, in 
the activated MDH reaction, 2.5 nmol (105 µg) of pure ACT. The reaction was started by 
addition of MDH protein and terminated in a few seconds by rapid freezing in liquid nitrogen. 
MDH protein was separated from free nucleotides with a Phenyl-superose hydrophobic 
interaction column and desalted on a Pharmacia PD-10 column equilibrated with 10 mM Tris-
HCl, pH 8.0, containing 6 M urea (buffer B). The desalted protein fraction was boiled for 2 min 
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and applied onto a Mono-Q anion-exchange column equilibrated with buffer B, and eluted in a 
gradient of 0 - 1 M KCl in buffer B. A solution of AMP and NADH (10 nmol each) prepared in 
buffer B and boiled for 2 min served as references on the Mono-Q column. 
 
Metal analyses.  
The metal composition of purified MDH was determined by atomic absorption 
spectrophotometry using a Perkin Elmer 1100B atomic absorption spectrophotometer. Prior to 
analysis, the enzyme was dialysed extensively against 10 mM Tris-HCl buffer (pH 7.5). The 
elements magnesium and zinc were analysed in duplicate.  
 
Results 
Cloning of the act gene.  
Use of the A1/A2 primers based on the N-terminal amino acid sequence of ACT yielded a PCR 
fragment of the expected size (89 bp), which was cloned into pBlueScriptIIKS (pHK1) and 
sequenced. The deduced amino acid sequence was in full compliance with the previously 
determined N-terminus of the ACT protein (Arfman et al., 1991), indicating that the correct 
DNA fragment had been amplified. Southern hybridization experiments with different digests of 
chromosomal DNA of B. methanolicus strain C1, using the cloned PCR fragment as probe, 
revealed in all cases only one clear hybridizing signal (results not shown). A 4.4 kb PstI DNA 
fragment that hybridized well with the probe was selected to be cloned. For that purpose a 
partial gene library of B. methanolicus chromosomal DNA was constructed in pBlueScriptIIKS 
(insert frequency of 60%). Using the primers A1 and A2, a total of 10,000 E. coli MC1061 
transformants were screened, yielding 16 PCR-positive transformants. Plasmid DNA analysis of 
the positive transformants showed that all contained a 4.4 kb PstI insert (pHK83).  
 
 
 

 
 

 
Figure 1. Schematic representation of the 4.4 kb PstI insert of B. methanolicus strain C1 chromosomal DNA 
in pHK83. The large arrows indicate open reading frames (act and orf2), small arrows indicate the primers 
that were used for PCR reactions. The 89 bp fragment shown is the product of the initial DNA amplification 
reaction on chromosomal DNA of B. methanolicus strain C1 which was cloned into pBlueScriptIIKS (pHK1). 
The fragments of 2.6 kb and 1.9 kb are DNA amplification products of reactions with pHK83 as template, in 
which respectively the primers A1/KS and A2/SK were used in order to localize the act gene on the 4.4 kb 
insert. The 0.56 kb fragment represents the entire act ORF; this fragment was cloned in the expression 
vector pProk1 (pHK105). The restriction sites StyI, BglII and StuI were used for the construction of subclones 
for nucleotide sequencing. In total, 1480 bp of the 4.4 kb-PstI fragment (as shown in this figure) was 
sequenced in both directions. 
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Characterization of the act gene.  
In total, 1480 bp of the 4.4 kb-PstI fragment in plasmid pHK83 was sequenced in both 
directions, revealing the presence of two open reading frames. The act ORF (from ATG381 to 
TGA935; 558 bp in size) encodes a putative protein of 185 amino acids with a Mr 21,048. A 
potential ribosome binding site (AGGA) was identified immediately upstream of act. The act 
ORF is immediately followed by ORF2 (at least 545 bp). 

Screening of the available databases revealed a strong similarity between ACT and the 
YQKG gene product of Bacillus subtilis (P54570, 62% identity and 83% similarity with the full 
length protein), encoding an ADP-ribose pyrophosphatase (Dunn et al., 1999). The highly 
conserved sequence motif characteristic for the E. coli MutT-related proteins or Nudix 
hydrolase family was detected in the deduced ACT amino acid sequence (Fig. 2). 
 
Expression of act gene in E. coli.  
Extracts of E. coli MC1061 containing pHK83 failed to stimulate MDH activity. Clear act gene 
expression in E. coli was observed following its introduction in the expression vector pProk1, 
yielding pHK105. After induction with IPTG, extracts of E. coli JM109 (pHK105) displayed 
high ACT protein activities (425 U.mg-1 protein of MDH stimulating activity). ACT activity in 
its native host, B. methanolicus, was estimated as 8.6 U.mg-1 (Arfman et al., 1991). SDS-PAGE 
revealed the presence of a Mr 21,000 protein in strain JM109 (pHK105) that was absent in strain 
JM109 carrying pProk1. ACT protein was estimated to constitute about 40 % of the total soluble 
protein fraction.  
 

 
Figure 2. Partial sequence alignment of selected members of the Nudix hydrolase family of proteins. The 
Nudix hydrolase consensus sequence (Bessman et al., 1996;Koonin, 1993) is shown in bold and at the 
bottom. Also the conserved Pro residue downstream of the Nudix box, characteristic for the ADPR hydrolase 
subfamily, is shown in bold. 

 

Purification of ACT protein.  
Following induction with IPTG, cell extracts were prepared from 8 litre cultures of E. coli 
JM109 (pHK105). B. methanolicus is a thermotolerant bacterium, able to grow at temperatures 
up to 60oC (Arfman et al., 1992b;Dijkhuizen and Arfman, 1990) and we observed that ACT 
protein in E. coli extracts is stable at this temperature for at least 2 h. E. coli proteins started to 
denature after approximately 10 min at 60oC. After 30 min incubation, denatured proteins were 
collected by centrifugation and discarded. A combination of anion-exchange chromatography 

Organism Accession Partial sequence Gene Substrate 
E. coli P08337          EFPGGKIEMGETPEQAVVRELQEEVGITPQHFSLFEKLEYEFPDRH mutT 8oxodGTP 
H. influenza I64101 EFPGGKVDAGETPEQALKRELEEEIGIVALNAELYERFQFEYPTKI mutT 8oxodGTP 
P. vulgaris P32090 EFPGGKLEDNETPEQALLRELQEEIGIDVTQCTLLDTVAHDFPDRH mutT 8oxodGTP 
Str.pneumoniae P41354 IGVGGKLERGETPQECAVREILEETGLKAKPVLKGV---ITFPEFT mutX 8oxodGTP 
Human P36639          NGFGGKVQEGETIEDGARRELQEESGLTVDALHKVG--QIVFEFVG hmth1 8oxodGTP 
E. coli P36651 EMVAGMIEEGESVEDVARREAIEEAGLIVKRTKPVLS-FLASPGGT yqie ADPR 
B. subtilis P54570 EIPAGKLEKGEEPEYTALRELEEETGYTAKKLTKITA-FYTSPGFA yqkg ADPR 
H. influenza P44684 ELIAGMVEKGEKPEDVALRESEEEAGIQVKNLTHCLS-VWDSPGGI yqie ADPR 
B methanolicus AY128667  EIPAGKLEKGEDPRVTALRELEEETGYECEQMEWLIS-FATSPGFA act ADPR 
E. coli P45799 GFSKGLIDPGESVYEAANRELKEEVGFGANDLTFLKK-LSMAPSYF orf186 Ap3A 
Human P50583          TPPKGHVEPGEDDLETALRETQEEAGIEAGQLTIIEGFKRELNYVA  Ap4A 
E. coli P32664 TVLAGFVEVGETLEQAVAREVMEESGIKVKNLRYVTS--QPWPFPQ orf257 NADH 
E. coli P24236          QSVTGSVEEGETAPQAAMREVKEEVTIDVVAEQLTLIDCQRTVEFE orf17 dATP 
Human NP006694      IVPGGGMEPEEEPSVAAVREVCEEAGVKGTLGRLVGIFENQERKHR dipp DIPP 
      G     E       RE  EE G                P Y      
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and gel filtration steps allowed purification of active ACT protein. The Mr of native ACT 
protein was estimated as 45,000 by gel filtration chromatography on a Superdex-200 column. 
ACT thus is a homodimer of 21 kDa subunits. SDS-PAGE showed that this procedure yielded 
pure ACT protein, with a final purification factor of 5.4 and a total yield of 37% (Table 1). ACT 
appeared to be a thermostable enzyme: at 100oC the half life of its MDH stimulating activity is 
1.5 min.  
 
Titration of MDH activity with ACT protein.  
The ACT protein concentration required for maximal stimulation of in vitro activity of MDH 
purified from B. methanolicus (bMDH) was determined (Fig. 3). Addition of 1.0 µg.ml-1 (24 
pmol.ml-1) ACT protein stimulated initial MDH activity rates (1.0 µg.ml-1 (2.5 pmol.ml-1) MDH 
protein) approximately 10-fold. The presence of Mg2+-ions was a prerequisite for this 
stimulating effect (Fig. 3).  

 

 
 
 
(Di-)nucleotide hydrolyzing activity of ACT.  
In view of the presence of the highly conserved Nudix hydrolase sequence motif in ACT, its (di-
)nucleotide hydrolyzing activity was evaluated. Experiments were performed in a glycine-KOH-
buffer (pH 9.5) at 50oC, the pH and temperature values optimal for MDH activity and for the 
stimulatory effect of ACT on MDH (Arfman et al., 1991). No activity was detected with the 
canonical (deoxy-) nucleoside triphosphates, 8-oxo-dGTP or with diadenosine tri- or 
tetraphosphates, previously shown to be substrates for members of the Nudix hydrolase family 
(Bessman et al., 1996). However, incubations of ACT with ADP-ribose (ADPR) revealed that 
this is an outstanding substrate for the enzyme (Vmax: 348 µmol.min-1.mg-1; Km 63 µM). ACT 
also showed a clear NAD+ hydrolyzing activity, although the substrate affinity and Vmax for 
NAD+ are much lower, resulting in a catalytic efficiency (kcat/Km) of 3-4 orders of magnitude 
lower than for ADPR (0.48 x 103 versus 2.05 x 106 M-1.s-1) (Fig. 4, Table 2). The presence of 
Mg2+-ions is a prerequisite for ACT catalyzed ADPR and NAD+ hydrolysis. ACT did not show 
any NADP(H) hydrolyzing activity. Only a very low NADH hydrolyzing activity was detected, 
at least a factor 100 lower than the NAD+ hydrolysis rate. AMP plus ribose 5'-phosphate, and 
AMP plus NMN+, were identified as ACT hydrolysis products of ADPR and NAD+, 
respectively.  
 

Figure 3. Titration of ACT 
protein purified from E. coli 
JM109-pHK105 with purified 
B. methanolicus MDH (1.0 
µg.ml-1; 2.5 pmol MDH.ml-1). 
The assays were performed 
under conditions described in 
the presence ( ) or absence 
( ) of 10 mM MgSO4. 
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Table 2. Kinetic constants of dinucleotide hydrolyzing activity of ACT. Kinetic constants were determined 
under standard assay conditions described in "Methods" with protein concentrations described in Fig. 4. kcat 
was calculated from Vmax, assuming that one subunit contains one active site. 

Substrate Vmax       µmol.min-

1.mg-1 
kcat               
s-1 

Km                        mM kcat/Km           
M-1.s-1 

ADPR 347.8 129.1   0.063 2.05 x 106 

NAD+ 10.6    3.9 8.28 0.48 x 103 

NADH <0.1    <0.04 n.d. n.d. 

n.d.: not determined; ADPR: ADP-ribose 

Figure 4. Primary plots of NAD+ and 
ADPR hydrolyzing activity of ACT. A: 
NAD+ hydrolyzing activity of ACT 
versus concentration of NAD+, in the 
presence ( ) or absence ( ) of 
MgSO4 (10 mM). Reactions were 
performed in a total volume of 300 µl 
with 1.25 µg  (30 pmol) ACT; B: 
ADPR hydrolyzing activity of ACT 
versus concentration of ADPR, in the 
presence of MgSO4 (10 mM). 
Reactions were performed in a total 
volume of 300 µl with 15.6 ng  (0.40 
pmol) ACT. 
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Table 3. Purification of wild type MDH expressed in E. coli, without additional MgSO4 in the growth (LB) 
medium. 
 

Sample Protein 
(mg) 

Spec. activity 
mU/mg 

Total activity 
mU 

Yield % Purification 
fold 

Crude extract 22.8 165 3760 100 1.0 

AS*-precipitation 17.3 235 4050 107 1.4 

Phenyl Superose 6.7 332 2240 60 2.0 

PD-10 8.4 294 2460 65 1.8 

Mono Q 3.4 413 1380 37 2.5 

*: ammonium sulphate 

 

 

 

Heterologous expression and purification of MDH protein.  
MDH protein was purified from B. methanolicus (bMDH) (12) and from E. coli (pHK105) cells 
(cMDH) (this paper). For cMDH, purification fold was about three times, while the yield was 
approximately 35% (Table 3). cMDH purified from E. coli cells grown in LB medium could not 
be activated by ACT (de Vries et al., 1992) (Table 4). This allowed analysis of the mechanism 
by which ACT activates the alcohol oxidation reaction of MDH. cMDH was found to contain 
considerably less NAD(H) cofactor than bMDH), also displaying a much reduced activity 
(Table 4). cMDH also contained less than 50% of the Mg2+ and Zn2+ ions found in bMDH (de 
Vries et al., 1992;Vonck et al., 1991). Addition of Mg2+ and/or Zn2+ to the assay mixture did not 
affect the reaction rate. These discrepancies between bMDH and cMDH were further 
investigated by cultivating E. coli expressing MDH in LB media with additional MgSO4 and/or 
ZnSO4. Surprisingly, LB medium supplemented with 20 mM MgSO4 yielded cMDH protein 
with strongly increased NAD(H) and Mg2+ content, similar to bMDH. cMDH from such 
cultures displayed a similar Vmax value as bMDH (Table 4). Activity of this cMDH was 
stimulated 8-fold by ACT, similar to observations made with bMDH (Table 4). Addition of 10 
mM ZnSO4 to the medium had no effect on cMDH activation and reaction rate. The data thus 
clearly show that a positive correlation exists between the NAD(H) cofactor content of the 
cMDH protein and the ability of ACT to stimulate MDH activity (Table 4).  
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Table 4. Kinetic characteristics and metal composition of MDH purified from B. methanolicus (bMDH) and 
MDH purified from E. coli (cMDH), expressed either in the presence or absence of additional MgSO4 in the 
growth medium. Calculations are based on Michaelis-Menten kinetics. 
 
Sample [MgSO4] in 

LB medium 
(mM) 

Metal/MDH 
subunit ratio 

Activation 
fold1 

Vmax of MDH 
activity2 

(mU/mg) 

Km 
NAD+ 

(mM) 

NADH 
cofactor/MDH 
subunit ratio 

bMDH n.a. 1.30 8.5 1310 0.02 1.0 

cMDH 0 0.32 1.5 390 0.04 0.09 

cMDH 10 1.15 3.8 820 0.03 n.d. 

cMDH 20 1.81 8.1 910 0.03 0.8 

1 Stimulating effect of activator protein: factor by which Vmax of MDH activity is changed as a result of addition 
of a saturating amount of ACT protein. 
2 Determined in the absence of ACT protein n.a.: not applicable; n.d.: not determined. 
 
 
ACT mediated hydrolysis of MDH-bound NAD(H) cofactor.  
The data thus show that ACT hydrolyses free NAD+ and only stimulates activity of MDH 
protein that carries NAD(H) cofactor. The effects of ACT on the bMDH-bound NAD(H) 
cofactor during the initial (activation) phase of the reaction therefore were studied in more 
detail. Following incubations of reaction mixtures for a few seconds, bMDH containing bound 
NAD(H) cofactor was separated from ACT and from free coenzyme NAD(H) by Phenyl-
superose hydrophobic interaction column chromatography. Subsequently, bound nucleotides 
were extracted from the bMDH protein preparations obtained via urea extraction. 

Urea extracts of bMDH protein preparations, from incubations with or without ACT 
and/or methanol plus coenzyme NAD+, were analyzed on a Mono-Q anion exchange 
chromatography column. Cofactor elution profiles of bMDH preparations from ACT-
independent incubations (with or without methanol plus coenzyme NAD+) showed one clear 
260 nm absorbance peak, co-eluting with the urea treated NADH-reference (Fig. 5). MDH 
cofactor NAD(H) occurs mainly (>95%) in the reduced state (Arfman et al., 1997) (this study). 
Also bMDH preparations from incubations with ACT, but without coenzyme NAD+ or alcohol 
substrate, resulted in a single NADH peak. These results clearly show that ACT has no effect on 
the bMDH NAD(H) cofactor when in the reduced form. A major change occurred during ACT-
dependent incubations of MDH in the presence of methanol plus coenzyme NAD+ (Fig. 5): On 
average a 47% (±7%) decline in NADH cofactor content was observed in the elution profile of 
MDH (peak integration of the elution profiles); a second peak was present, co-eluting with urea-
treated AMP. The AMP content in MDH was calculated to occupy on average 43% (±6%) of 
the NAD(H) cofactor binding sites in MDH, suggesting a stoichiometric conversion of MDH 
cofactor NAD(H) into MDH bound AMP. No bound NAD+ or NMN+ was found in activated 
MDH preparations. The data thus show that only under these conditions ACT hydrolyses the 
MDH cofactor NAD(H) into AMP and NMN(H), with only AMP remaining bound in MDH 
protein.  
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Figure 5. Mono-Q anion exchange chromatography analysis of urea extracts of MDH (432 µg; 1.08 nmol) 
incubated with and without ACT (112 µg; 2.67 nmol) for 5 sec. Detailed conditions are given under Materials 
and Methods. The elution profiles of NADH (10 nmol) and AMP (10 nmol) are used as references. NADH and 
AMP eluted at 13.5 min (interrupted line) and 13.9 min respectively. 

The combined data thus show that ACT stimulates MDH activity by hydrolyzing the 
MDH cofactor NAD(H) when occurring in the oxidized state (NAD+). This oxidized state 
occurs as an obligate step in the alcohol oxidation reaction cycle, when MDH is presented with 
its substrates methanol and coenzyme NAD+. Under the incubation conditions used, with MDH 
bound cofactor NAD+ present at very low concentrations, ACT rapidly hydrolyzed MDH bound 
cofactor NAD+, indicating that ACT has a much higher affinity for NAD+ bound to MDH, than 
for free NAD+ (Km 8.3 mM). 
 
MDH reaction kinetics.  
In the absence of ACT, bMDH obeyed a Ping-Pong type of reaction mechanism: Hanes plots of 
the initial reaction rates of bMDH clearly revealed lines intercepting the vertical axis, indicating 
uncompetitive cosubstrate inhibition, typical for a Ping-Pong type of reaction mechanism (Fig. 
6). The MDH bound cofactor NAD(H) thus functions as temporary electron sink, with alternate 
binding of substrate and release of product. In contrast, cMDH purified from E. coli cells grown 
in the absence of additional Mg2+-ions in the growth medium (resulting in a strongly decreased 
NAD(H) cofactor content; Table 4) displayed a different type of reaction mechanism: Hanes 
plots of the initial reaction rates of cMDH revealed mixed-noncompetitive cosubstrate 
inhibition, indicating a ternary complex type of reaction mechanism (Wong, 1975;Dixon and 
Webb, 1979) (Fig. 6). This indicates that, in the absence of a temporary electron sink, the 
reaction can proceed only when both substrates are bound to the enzyme. Steady-state kinetics 
of cMDH purified from E. coli cells grown on MgSO4 supplemented LB-medium (resulting in a 
NADH cofactor/MDH subunit ratio close to 1.0; Table 4), again obeyed a Ping-Pong type of 
reaction mechanism.  

The presence of ACT, resulting in hydrolysis of MDH-bound cofactor NAD+ (see 
above), strongly affected bMDH kinetics, resulting in a ternary complex type of reaction 
mechanism (Fig. 6). Similar to cMDH with a low NADH cofactor content, ACT treated MDH 
apparently has to bind both methanol and coenzyme NAD+ before the reaction can proceed. The 
absence of a temporary electron sink excludes a Ping-Pong type reaction mechanism. 
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Discussion 
Heterologous expression of active ACT protein in E. coli provided clear evidence that the B. 
methanolicus C1 act gene had been cloned successfully in the present study. The strong 
stimulation of bMDH activity by ACT, as observed previously with both proteins purified from 
B. methanolicus strain C1 (Arfman et al., 1991), also was observed in the present study with 
ACT protein purified from E. coli JM109 (pHK105). Both ACT protein preparations are 
capable to stimulate bMDH activity in vitro up to a factor 10 provided that Mg2+-ions are 
present in the assay mixtures. The estimated Mr of native ACT protein (45,000), purified from 
E. coli, is similar to that of the B. methanolicus strain C1 homodimeric ACT protein (Arfman et 
al., 1991).   

MDH and ACT protein expression is under co-ordinate control (methanol induced) in 

Figure 6. Steady-State kinetics of cMDH 
expressed in E. coli grown on LB medium 
with (cMDH) and without (cMDH-Mg) 
additional MgSO4, and of activated cMDH. 
MDH and ACT concentrations were 25 and 
50 pmol, respectively. The following methanol 
concentrations (mM) were applied: 62.5, ; 
125, ; 250, ; 500, . 
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B. methanolicus (Arfman et al., 1992a). The act gene was not detected, however, during 
characterization of the cloned B. methanolicus mdh gene and its flanking regions (de Vries et 
al., 1992). Southern hybridization experiments (data not shown) and nucleotide sequence 
analysis (1.48 kb) of the cloned 4.4-kb PstI DNA fragment in pHK83 (this study) also did not 
provide any evidence for clustering of mdh and act genes. The act gene is immediately followed 
by ORF2, encoding a putative protein with unknown function. The deduced amino acid 
sequence of ORF2 does not show any similarity with MDH or any other known proteins. The 
start codon of ORF2 and the stop codon of act overlap (data not shown; GenBankTM database 
accession no. AY128667), suggesting translational coupling of both genes. Neither an E. coli-
like promoter nor a clear termination motif could be found in the regions adjacent to the act 
ORF, which may explain the failure to obtain ACT protein expression in E. coli (pHK83) 
transformants. The regulation of mdh and act gene expression, and their respective 
chromosomal locations, thus remains to be elucidated. 

A database search for proteins with amino acid sequence similarities revealed that ACT 
carries the highly conserved sequence motif characteristic for MutT-related proteins (Koonin, 
1993) or Nudix hydrolases (Bessman et al., 1996) (Fig. 2). The E. coli MutT protein possesses 
(8-oxo-)dGTPase activity, resulting in conversion of (8-oxo-)dGTP into (8-oxo-)dGMP and 
pyrophosphate (Bessman et al., 1996;Koonin, 1993;Maki and Sekiguchi, 1992). Other members 
of this family subsequently were found to possess hydrolytic activity with a wider variety of 
substrates, containing a common nucleotide diphosphate moiety linked to some other group (x) 
(Bessman et al., 1996;Frick and Bessman, 1995;O'Handley et al., 1998). Analysis of Nudix 
hydrolase activity of ACT revealed that it is an ADPR hydrolase. Similar to other ADPR 
hydrolase enzymes (Dunn et al., 1999), ACT also contains the conserved proline residue 
downstream of the Nudix box, which appears characteristic for this subfamily of the Nudix 
hydrolase enzymes (Fig. 2) (Dunn et al., 1999). ADPR, a major product of NAD+ 
glycohydrolase, can be transferred enzymatically onto acceptor proteins in order to regulate 
their biological activity, or is attached nonenzymatically to nucleophilic amino acid residues 
such as lysines and cysteines (Ziegler, 2000). These random ADPR attachments may be 
detrimental for cellular processes (Dunn et al., 1999).  

ACT also hydrolyses free NAD+, albeit with a very low catalytic efficiency (Table 2). 
Occurrence of ACT protein with a high affinity for free coenzyme NAD+ in fact is undesirable: 
activity of such an ACT protein might severely reduce the cellular NAD+ pool, interfering with 
NAD+ requiring metabolic processes in B. methanolicus, including the reaction catalyzed by 
MDH. The data presented in this paper show that ACT must have a much higher affinity for 
MDH-bound NAD(H) cofactor as a substrate than for free NAD+ (Km 8.3 mM), since ACT is 
capable to hydrolyse at least 50% of the MDH cofactor within seconds, while the MDH cofactor 
concentration is very low (1 µM). Furthermore, a large part of the NAD(H) will be in the 
reduced state, which is not a substrate of ACT. 
The 3D structure of the glycerol dehydrogenase protein of Bacillus stearothermophilus revealed 
that the nicotinamide group of its coenzyme NAD+ binds in a deep pocket formed by nine 
amino acid residues (Ruzheinikov et al., 2001). In MDH, which is 23% identical and 40% 
similar to glycerol dehydrogenase, this pocket is also present: of these nine amino acid residues, 
six residues are identical and three are similar. We have clear evidence from site-directed 
mutagenesis experiments that the NAD(H) cofactor binding site of MDH resembles the NAD+ 
binding site of glycerol dehydrogenase of B. stearothermophilus (Hektor et al., 2002). 
Assuming a similar positioning of the nicotinamide group of cofactor NAD(H) in MDH, only 
the ADPR moiety of the NAD(H) cofactor thus may be exposed, which is an excellent substrate 
for ACT, yielding AMP and NMN(H). 

The molecular mechanism of the stimulating effect of ACT on the reaction rate of 



The activator protein of a nicotinoprotein alcohol dehydrogenase 
 

 
49

MDH was elucidated by analysis of differences in properties of cMDH and bMDH (de Vries et 
al., 1992): Firstly, cMDH activity could not be stimulated by activator protein; secondly, its 
metal content (Zn2+ and Mg2+) was considerably lower; thirdly, cMDH lacked bound cofactor 
NAD(H). The results presented in this paper demonstrate that all three differences disappeared 
when adding MgSO4 to the growth medium of the MDH expressing E. coli host. Metal- and 
cofactor analyses of cMDH protein purified from E. coli cells grown on LB medium with 
varying concentrations of MgSO4, showed a positive correlation between the amount of MgSO4 
present in the growth medium and the Mg2+ and NAD(H) cofactor composition of cMDH. It is 
likely that Mg2+ has a profound effect on NAD(H) cofactor binding by MDH, and consequently 
on the ability of ACT protein to stimulate MDH activity. bMDH displays a Ping-Pong type of 
reaction mechanism, with the cofactor functioning as temporary electron sink (this paper) 
(Arfman et al., 1997). cMDH, purified from cells grown under conditions in which NAD(H) 
cofactor binding is poor, displays a ternary complex reaction mechanism (Wong, 1975;Dixon 
and Webb, 1979). 

MDH cofactor analysis studies subsequently provided conclusive evidence that ACT 
hydrolyses the MDH-bound NAD+ cofactor, yielding AMP (and NMN+). This resulted in a 50% 
decrease in extractable NAD(H) cofactor, and also showed that AMP is present in activated 
MDH protein fractions (Fig. 5). Hydrolysis of MDH cofactor NAD+ resulted in a switch from a 
Ping-Pong type of reaction mechanism to a ternary complex mechanism, as observed in co-
substrate inhibition patterns (Fig. 6). Activated MDH thus catalyses a cofactor independent 
reaction, with direct transfer of electrons from the methanol substrate to coenzyme NAD+. 
Conceivably, a conformational change occurs in MDH protein to position the NAD+ coenzyme 
binding site closer to the methanol binding site, allowing such a direct electron transfer. If a 
conformational change occurs, it may be triggered by hydrolysis of the NAD(H) cofactor, 
yielding an activated MDH molecule. The bound AMP may serve as a stabilizing ligand for the 
activated state. Image analysis experiments with MDH protein indeed revealed two distinct 
projections, indicating two conformational states (Vonck et al., 1991). 

The data obtained so far allow us to propose a model for the ACT-MDH interaction 
(Fig. 7). In this model an activated and a non-activated state of MDH are distinguished: MDH in 
the non-activated state displays a Ping-Pong type of reaction mechanism in which the redox-
active cofactor functions as a temporary electron deposit. MDH in the activated state catalyses a 
cofactor independent reaction, displaying a ternary complex reaction mechanism, due to the 
absence of the NMN(H) moiety of the NAD(H) cofactor, which has been hydrolytically 
removed by ACT. MDH activation is a reversible process (Arfman et al., 1991): MDH can 
change from the activated state to the cofactor dependent state and vice versa by either binding 
of NADH to available cofactor binding sites or, conversely, removal of the cofactor NMN(H) 
moiety by the action of ACT. 

Activated MDH has a higher affinity and Vmax for methanol (140 mM and 12 
µmol.min-1.mg-1), compared to the catalytic constants of non-activated MDH (Vmax and Km for 
methanol: 1.3 µmol.min-1.mg-1 and 230 mM, respectively) (Arfman et al., 1991). ACT thus 
stimulates the methanol turnover rate, and thus the catalytic efficiency of MDH. A high 
methanol turnover rate without proper feedback control might be detrimental for B. 
methanolicus, resulting in accumulation of toxic intracellular levels of formaldehyde. Free 
NADH may serve as an inhibitor of ACT activity (hydrolysis of MDH-bound NAD(H)): ACT 
strongly (but noncovalently) binds free NADH (1 mol/mol ACT subunits) (Arfman et al., 1997), 
but it very poorly hydrolyses this substrate (Table 2). ACT activity may be controlled by the 
cellular NADH/NAD+ ratio.  

B. methanolicus employs a highly sophisticated catalytic mechanism for methanol 
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oxidation, suggesting that this organism is very well adapted towards growth at varying 
methanol concentrations in its natural habitat (in soil) (Arfman et al., 1992b;Dijkhuizen et al., 
1988). Under conditions in which methanol is scarce the great majority of MDH protein will be 
in the activated state, allowing a high catalytic efficiency because of a high methanol affinity 
and a high Vmax. Under these conditions the rate-limiting step most likely is the binding of 
methanol to MDH rather than the reoxidation of NADH cofactor. Growth under carbon 
limitation may result in a low intracellular NADH/NAD+ ratio. Therefore, activated MDH will 
not readily return to the de-activated state.  
 
 
 
 

 
 

Figure 7. Model of the effects of 
ACT on the MDH reaction cycles. 
In this model two types of 
reaction mechanisms are 
distinguished: in the upper, non 
activated reaction cycle the 
NAD(H) cofactor functions as a 
temporary electron deposit and 
the reaction thus proceeds via a 
Ping-Pong reaction mechanism. 
On cleavage of the NAD(H) 
cofactor by the action of ACT, 
the NMN(H) moiety diffuses out 
of the cofactor binding site and 
MDH enters the activated 
reaction cycle characterized by a 
ternary complex mechanism. 
Conversely, an activated MDH 
molecule can reenter the non-
activated reaction cycle by 
binding NADH in the cofactor 
binding site. Return of activated 
MDH to the de-activated state 
may be stimulated by increasing 
cellular concentrations of NADH 
(or increased NADH/NAD+ 
ratios). 
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ACT is a member of the mutT proteins or Nudix hydrolases. All members of this 
family characterized so far are able to hydrolyse a pyrophosphate bond in different 
(di)nucleotides. This protein family has been referred to as a family of "housecleaning" enzymes 
(Bessman et al., 1996). More recently Nudix hydrolase proteins were studied exhibiting a clear 
regulatory function (Moreno-Bruna et al., 2001;Perraud et al., 2001). The latter description is 
more appropriate for ACT. ACT is the first Nudix hydrolase family member that hydrolyzes a 
Nudix substrate bound to another enzyme and thereby regulates its catalytic activity. This 
represents a novel mechanism for alcohol dehydrogenase activity regulation. 
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The Bacillus methanolicus methanol dehydrogenase (MDH) is a decameric nicotinoprotein 
alcohol dehydrogenase (Family III) with one Zn2+-ion, 1-2 Mg2+-ions and a tightly bound 
cofactor NAD(H) per subunit. The Mg2+-ions are essential for binding of cofactor NAD(H) 
in MDH. A B. methanolicus activator protein strongly stimulates the relatively low 
coenzyme NAD+-dependent MDH activity, involving hydrolytic removal of the NMN(H)-
moiety of cofactor NAD(H) (Kloosterman et al., 2002). 

Members of Family III of NAD(P)-dependent ADHs contain three unique, conserved 
sequence motifs (domains A, B and C). Domain C is thought to be involved in metal-
binding, while the functions of domains A and B are still unknown. This paper provides 
evidence that domain A constitutes (part of) a new magnesium-dependent NAD(P)(H) 
binding domain. Site-directed mutants D100N and K103R lacked (most of the) bound 
cofactor NAD(H) and had lost all coenzyme NAD+-dependent MDH activity. Also mutants 
G95A and S97G were both impaired in cofactor NAD(H) binding, but retained coenzyme 
NAD+-dependent MDH activity. Mutant G95A displayed a rather low MDH activity, 
whereas mutant S97G was insensitive to activator protein but displayed “fully activated” 
MDH reaction rates. The various roles of these amino acid residues in coenzyme and/or 
cofactor NAD(H) binding in MDH are discussed. 
 
 
Introduction 
Methanol dehydrogenase (MDH) of Bacillus methanolicus belongs to Family III of NAD(P)-
dependent alcohol dehydrogenases (ADHs) (de Vries et al., 1992;Vonck et al., 1991), distinct 
from the zinc-containing medium-chain dehydrogenases/reductases (Family I) and the zinc-
lacking short-chain ADHs (Family II) (Jornvall et al., 1987;Reid and Fewson, 1994). The initial 
members of Family III all were iron-dependent ADHs. In time, with an increasing number of 
member proteins characterized, it became clear that not all members were iron-dependent. 
Where investigated, other metals like zinc and magnesium also were found instead of iron (Reid 
and Fewson, 1994). B. methanolicus MDH contains 1 Zn2+ and 1-2 Mg2+ ions per subunit 
(Vonck et al., 1991). Identification of members of Family III ADHs increasingly became based 
on overall sequence similarity. Three unique, conserved amino acid sequence motifs have been 
defined for this family, aiding in ADH classification (Bairoch, 1992;de Vries et al., 1992) 
(Table 1). Over 100 fully sequenced members of Family III ADHs are now found in databases. 
Many of these are putative proteins, with no biochemical data available. 
 
 
Table 1. Conserved amino acid sequence motifs for Family III NAD(P)-dependent ADHs (de Vries et al., 
1992;Bairoch, 1992)(http://us.expasy.org/prosite). Positions correspond to the MDH sequence.   
 
Motif Position Sequence 

A 94-103 G-G-G-S-X2-D-X2-K 

B 171-199 [STALIV]-[LIVF]-X-[DE]-X6,7-P-X4-[ALIV]-X-[GST]-X2-D-
[TAIVM]-[LIVMF]-X4-E 

C 258-278 [GSW]-X-[LIVTSACD]-[GH]-X2-[GSAE]-[GSHYQ]-X-[LIVTP]-
[GAST]-[GAS]-X3- [LIVMT]-X-[HNS]-[GA]-X-[GTAC] 

XN indicates an N number of non-discriminating position(s). 
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The genes encoding MDH of B. methanolicus, methanol:NDMA oxidoreductase (MNO) of 
Amycolatopsis methanolica, MNO of Mycobacterium gastri MB19, ADH of Desulfovibrio 
gigas and ADH of Desulfovibrio HDv enzymes of B. methanolicus, Amycolatopsis methanolica, 
Desulfovibrio gigas and Desulfovibrio HDv, have been cloned and characterized by us (de Vries 
et al., 1992) (unpublished results). Classification of the Mycobacterium gastri enzyme was 
based on N-terminal amino acid sequence analysis (Fig. 1A). Characterization of the 5 purified 
enzymes revealed that each of the proteins possesses a decameric quaternary structure (Arfman 
et al., 1989;Bystrykh et al., 1993c;Hensgens et al., 1993;Hensgens et al., 1995). The first three 
are nicotinoproteins, containing a tightly but non-covalently bound NAD(P)(H) per subunit 
(Bystrykh et al., 1993c;Arfman et al., 1997). It is unknown whether other members of Family 
III are nicotinoproteins as well. The bound NAD(P)(H) species of MDH and A. methanolica 
MNO act as cofactors; they become reduced when the enzymes oxidize primary alcohols to the 
respective aldehydes (Bystrykh et al., 1993c;Arfman et al., 1997). B. methanolicus MDH 
requires a second, exogenous NAD+ for methanol oxidation, serving as a coenzyme and 
resulting in re-oxidation of the NADH cofactor (Arfman et al., 1997). These two NAD(H) 
molecules are not exchanged during the reaction (Arfman et al., 1997). In vitro, the relatively 
low coenzyme NAD+-dependent MDH activity is strongly stimulated by a Mr 50 000 activator 
protein from the same organism, resulting in a 40-fold increase in MDH turnover rate (Arfman 
et al., 1991;Arfman et al., 1997).  

Activator protein mediated activation of MDH is characterized by hydrolytic removal of the 
NMN(H)-moiety of cofactor NAD(H) and converts the Ping-Pong type of reaction mechanism 
of MDH to a ternary complex mechanism, implying direct transfer of electrons from methanol 
to coenzyme NAD+ (Kloosterman et al., 2002). This raises important questions about the 
binding and proximity of the coenzyme and cofactor NAD(H) species in MDH. 

The unique, conserved sequence motifs in MDH and other family III proteins may represent 
protein domains with important functions in substrate- or metal-binding, or catalysis. Domain C 
(position 258 - 290) contains several His residues and is thought to be involved in metal-binding 
(de Vries et al., 1992;Cabiscol et al., 1994;Bairoch et al., 1996;Tamarit et al., 1997). This 
remains to be confirmed experimentally, however. The functions of the other conserved regions 
have remained unknown. The characteristic fingerprint of an NAD(P) binding Rossmann fold, 
GXGXXG/A (Wierenga et al., 1986) (Fig. 1A), is absent in MDH and virtually all other Family 
III enzymes (de Vries et al., 1992). This dinucleotide-binding consensus motif in the primary 
structure results in a βαβ-fold in the secondary structure (Wierenga et al., 1986). The three Gly 
residues involved allow a tight bending between the α-helices and β-sheets. This enables the 
dinucleotide to position closely, in the correct conformation, to the protein framework. The 
coenzyme interacts usually with a D or E residue, forming a hydrogen bond with the 2'-OH of 
the adenosine ribose moiety. In MDH of B. methanolicus, and in most other Family III ADHs, 
only an imperfect fingerprint (G13XG15) is found in the N-terminal part of the protein (Fig. 1A). 
Obviously, these enzymes contain strongly modified or novel NAD(P)(H)-binding domains, 
allowing binding of NAD+ coenzyme in MDH and tight binding of NAD(P)(H) cofactors in 
MDH and MNO.  

The conserved motif A (GGGSX2DX2K; position 94-103) in Family III ADHs (Table 1; Fig. 
1B) displays similarity with FAD-binding domains, e.g. in alcohol oxidase of Hansenula 
polymorpha (DIIVVGGGSX22 E) (Wierenga et al., 1983;de Hoop et al., 1991). FAD also 
functions as a cofactor and remains bound during catalysis, similar to the NAD(P)(H) cofactors 
in MDH and MNO enzymes. 

Using site-directed mutagenesis, we have modified several amino acid residues in motif A of 
MDH. The biochemical properties of the purified mutant MDHs provide clear evidence that 
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residues Gly95, Ser97, Asp100 and Lys103 of MDH have important roles in binding of NAD(H) 
coenzyme and/or cofactor. Surprisingly, mutant S97G lacked bound cofactor NAD(H), was 
insensitive to activator protein, but displayed “fully activated” methanol dehydrogenase reaction 
rates. 

 
 
 

 
 
 
Figure 1. Partial alignment of Family III ADHs. A) Optimal alignment with the coenzyme NAD+-binding 
consensus sequence proposed by Wierenga et al. (Wierenga et al., 1986). B) Alignment with motif A (Table 
1). Abbreviations: AEHBDH, Hydroxybutyrate dehydrogenase of Alcaligenes eutrophus (Valentin et al., 
1995); AETDLI, Trans-dienelactoneisomerase of A. eutrophus (Perkins et al., 1990); AMMNO, MNO of A. 
methanolica [Hektor et al., 2000]; BCMAR, Maleylacetate reductase of Burkholderia cepacia (Daubaras et 
al., 1995); BMMDH, MDH of B. methanolicus (de Vries et al., 1992); CAADH, ADHI of Clostridium sp. 
NCP262 (Youngleson et al., 1989); CAADHEC, Aldehyde/alcohol dehydrogenase of Clostridium 
acetobutylicum (Nair et al., 1994); CABDHI, Butanol dehydrogenase I of C. acetobutylicum (Walter et al., 
1992); CABDHII, Butanol dehydrogenase II of C. acetobutylicum (Walter et al., 1992); CFDHAT, 1,3-
propanediol dehydrogenase of Citrobacter freundii (Daniel et al., 1995); CKHBDH, Hydroxybutyrate 
dehydrogenase of Clostridium kluyveri (Sohling and Gottschalk, 1996); DGADH, ADH of Desulfovibrio gigas 
(Hensgens et al., 1993); HDvADH, ADH of Desulfovibrio HDv (Hensgens et al., 1995); EC387, gene product 
382 of Escherichia coli (Accession number U28377); ECADHC, Alcohol/acetaldehyde dehydrogenase of E. 
coli (Goodlove et al., 1989); ECPOR, 1,3-propanediol dehydrogenase of E. coli (Chen et al., 1989); ECYIAY, 
putative gene-product of E. coli (Sofia et al., 1994); EHADH, ADH of Entamoeba histolytica (Accession 
number S41377); EHPADH, gene product of E. histolytica (Yang et al., 1994); KPPOR, 1,3-propanediol 
dehydrogenase of Klebsiella pneumoniae (Accession number U30903); MGMNO, MNO of Mycobacterium 
gastri MB19 (Bystrykh et al., 1993c); PSTDLI, Trans-dienelactoneisomerase of Pseudomonas sp. strain P51 
(Van der Meer et al., 1991); RHTHCE, thcE gene product of Rhodococcus NI86/21 (Nagy et al., 1995); 
SCADH4, ADH IV of Saccharomyces cerevisiae (Williamson and Paquin, 1987); SPADH, ADH of 
Schizosaccharomyces pombe (Accession number Q09669); STEUP, Ethanolamine utilization protein of 
Salmonella typhimurium (Stojiljkovic et al., 1995); THERMADH, ADH of Thermococcus strain AN1 (Li and 
Stevenson, 1997); ZMADHII, ADH II of Zymomonas mobilis (Conway et al., 1987). 
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Materials and methods 
Bacterial strains and growth conditions 
E. coli strain DH5α, serving as host for genetic modifications and heterologous gene 
expression, was grown on LB medium (Sambrook et al., 1989); when appropriate ampicillin 
(100 mg.l-1) was added. Plasmid pMDH was constructed using pBlueScript KS- and the B. 
methanolicus MDH encoding gene, expressed from its own promoter (de Vries et al., 1992).  
Expression of MDH (mutant) proteins in E. coli DH5α  (cMDH) grown on LB medium (LB) or 
LB medium supplemented with 20 mM MgSO4 (LB+Mg), was performed overnight. Addition 
of MgSO4 to the growth medium was previously shown to be essential for Mg2+ and cofactor 
NAD(H) binding in MDH protein expressed in E. coli, also determining the sensitivity of MDH 
to the stimulatory effect of activator protein, resulting in hydrolytic removal of the NMN(H)-
moiety of cofactor NAD(H) (Kloosterman et al., 2002). 
 
Secondary structure prediction 
The secondary structure of MDH was predicted with the Profile prediction program provided by 
EMBL Heidelberg (Sander and Schneider, 1991). 
 
Site-directed mutagenesis 
Mutations were introduced with PCR using VENT-DNA polymerase (New-England Biolabs). 
With plasmid pMDH serving as template DNA, a first PCR was performed with a mutagenesis 
sense primer and antisense primer R (Fig. 2). The PCR product obtained was used as primer in a 
second PCR, together with primer L1 (in the case of D88N, G95A, S97G, S97T, D100N and 
K103R) or L2 (in the case of G13A and G15A) (Fig. 2). The product of the final PCR was 
digested with NsiI and exchanged with the original NsiI fragment of pMDH, resulting in a 
plasmid encoding a mutant MDH. Construction of mutants G13A and G15A involved exchange 
of the SwaI - NdeI fragment (Fig. 2). 

The desired mutants were constructed using the mutagenesis primers listed in Fig. 2. Also 
depicted in this figure are the new restriction sites introduced by silent mutations, which were 
used for rapid screening of potential mutants. All mutations were confirmed by determining the 
full nucleotide sequences of the mutant genes. 

 
DNA sequencing. 
Nucleotide sequencing was done using dye-primers in the cycle sequencing method (Murray, 
1989) with the thermosequenase kit RPN 2538 from Amersham Pharmacia Biotech AB. The 
samples were run on the A.L.F-Express sequencing robot. Analysis of nucleotide sequence was 
done using CloneManager version 4.01. 
 
Enzyme assays 
All assays were performed at 50oC, using prewarmed buffer solutions. The oxidation or 
reduction of NAD(H) was followed at 340 nm. The MDH assay contained enzyme, 100 mM 
Glycine/KOH, pH 9.5, 5 mM MgSO4, 5 mM β-mercaptoethanol and 1 mM NAD+; after 3 min 
pre-incubation the reaction was started with 500 mM methanol (Arfman et al., 1989). Saturating 
amounts of purified B. methanolicus activator protein (Kloosterman et al., 2002) were added to 
analyze its stimulating effect on MDH activity. The low coenzyme NAD+-dependent activity of 
MDH with C1 - C4 primary alcohols is strongly stimulated by activator protein, provided MDH 
contains NAD(H) cofactor and Mg2+-ions are present in the assay mixture (Arfman et al., 1991) 
(Kloosterman et al., 2002). The formaldehyde reductase (FoRed) assay contained enzyme, 50 
mM potassium phosphate, pH 6.7, and 0.15 mM NADH; after 3 min pre-incubation the reaction 
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was started with 10 mM formaldehyde (Arfman et al., 1989). 
 
 

 
 
 
Protein purification 
Wild type and mutant MDHs were purified as described (de Vries et al., 1992), with some 
modifications (Table 2). Overnight cultures of E. coli (pMDH) were grown on LB medium or 
LB medium supplemented with 20 mM MgSO4 (LB+Mg) (Kloosterman et al., 2002), were 
harvested by centrifugation; cells were disrupted by two passages through a French Pressure cell 
at 140 MPa. Crude extracts were prepared by centrifugation for 30 min at 40 000 x g. Proteins 
were partially precipitated by adding ammonium sulphate to 30% saturation followed by 
incubation on ice for 10 min. After centrifugation (10 min at 25 000 x g) the supernatant was 
applied on a phenyl Superose (hydrophobic interaction) column equilibrated with 20 % (w/v) 
(NH4)2SO4 in buffer A (50 mM Tris/HCl, 5 mM MgSO4, 5 mM β-mercaptoethanol, pH 7.5). 
Proteins were eluted with a gradient of 20 - 0 % (w/v) (NH4)2SO4. Active fractions were pooled, 
desalted on PD-10 columns (Sephadex G-25 M; Pharmacia-Biotech), and applied on a Mono Q 
(anion exchange) column; proteins were eluted with a 1 - 0 M KCl gradient in buffer A. 

Figure 2. (A) Outline of site-
directed mutagenesis 
strategy of the MDH gene of 
B. methanolicus. A detailed 
description is given in 
Materials and Methods. (B) 
Sequences of PCR primers 
used for site-directed 
mutagenesis of MDH. The 
mutated nucleotides and 
amino acids are printed in 
bold and the resulting 
restriction sites are 
underlined.
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Table 2. Purification of wild type MDH expressed in E. coli cells grown on LB+Mg medium. 
 
Sample Protein 

purification 
(mg) 

Specific 
activity 

(mU/mg) 

Total 
activity 
(mU) 

Yield 
 

 (%) 

Fold 

Crude extract 22.8 165 3760 100 1.0 
AS*-precipitation 17.3 235 4050 107 1.4 
Phenyl Superose 6.7 332 2240 60 2.0 
PD-10 8.4 294 2460 65 1.8 
Mono Q 3.4 413 1380 37 2.5 
        *: ammonium sulphate 
 
 Inactive mutants were purified in the same way; fractions were pooled at the same 
concentration of the salt gradients as wild type MDH. 
 
Protein determination 
Protein concentrations were determined with a Bio-Rad protein determination kit using bovine 
serum albumine as a standard (Bradford, 1976). SDS-PAGE was performed as described by 
Laemmli and Favre (Laemmli and Favre, 1973). The gel was stained with Coomassie brilliant 
blue R250. 
 
Kinetic studies 
Enzyme kinetics were studied using standard assay conditions and varying substrate 
concentrations. Data were fitted with Sigma Plot for Windows 4.0 (Jandell Scientific Software) 
according to the Michaelis-Menten equation. The effect of the activator protein was determined 
by adding 5 µg purified protein (Kloosterman et al., 2002). 
 
Presence of cofactor NADH 
The presence of NADH cofactor in (mutant) MDH proteins purified from E. coli was analyzed 
by cofactor extraction. Purified MDH protein (1-2 mg) was denatured by boiling for 2 min in 
the presence of 6 M urea (Arfman et al., 1997), and subsequently denatured protein was 
separated from NADH on a Pharmacia PD-10 column, equilibrated with 10 mM Tris/HCl, pH 
8.0, containing 6 M urea (buffer B). The first ml of the salt-fraction (containing NADH), 
supplemented with 2 ml of buffer B to decrease salinity, was applied on a Mono Q column 
equilibrated with buffer B, and eluted in a gradient of 0 - 1 M KCl in buffer B. A solution of 10 
nmol NADH was treated in the same way and served as standard. 
 
Molecular modelling 
Molecular modelling of known protein 3D structures was performed with the Swiss-PdbViewer 
program, version 3.6b3, Glaxo Wellcome Experimental Research. 
 
 
Results 
Selection of MDH mutants 
Analysis of the secondary structure of MDH, using Profile network prediction Heidelberg 
(Sander and Schneider, 1991), revealed a repetition of α-helices and β-sheets in the first 140 N-
terminal amino acids. The C-terminal part of MDH consists mainly of α-helices and lacks β-
sheets. The imperfect NAD+-binding fingerprint around G13 and G15 present in the N-terminus 
of MDH and in many other Family III ADHs (Fig. 1A) does show a βαβ type of fold. Also the 
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domain with the conserved motif A shows a similar succession of α-helices and β-sheets; this is 
not the case for the conserved B and C motifs.  

The G13A and G15A mutants were constructed to analyze the possible role of the 
imperfect NAD+-binding fingerprint (GXG). A number of amino acids constituting motif A 
were selected as targets for mutagenesis, based on the predicted functions for these residues in 
known binding motifs. Thus, D88 or D100 may have a direct interaction with the 2'-OH of the 
adenosine ribose moiety of NAD+. G95 may be essential for a proper arrangement of the α-helix 
and β-sheets, which enables a close approach of the cofactor/coenzyme to the protein 
framework and catalytic residues. K103 and S97 were chosen because of their high degree of 
conservation within members of Family III (Fig. 1B). To avoid drastic conformational changes, 
amino acids were replaced by residues of almost the same size, except for the Gly mutations 
where spherical hindrance was intended. This resulted in the following mutants: G13A, G15A, 
D88N, G95A, S97G, S97T, D100N and K103R. The genes encoding these mutant MDHs were 
completely sequenced, confirming that only the intended, single amino acid substitutions had 
occurred. Any differences in MDH properties therefore could be attributed to primary or 
secondary effects of the single amino acid modifications. 
 
Purification of (mutant) MDH proteins 
Mutant MDH proteins were expressed in E. coli, grown on LB and LB+Mg medium, to study 
the effect of Mg2+ on the kinetics of the (mutant) proteins, since it was previously shown that 
Mg2+ has a profound effect on MDH cofactor NAD(H) binding. Purified MDH expressed in E. 
coli (cMDH), in the absence of additional Mg2+ in growth medium, lacks cofactor NAD(H), 
while addition of 20 mM MgSO4 yields MDH protein containing NAD(H) cofactor, similar to 
MDH expressed in B. methanolicus (bMDH) (Kloosterman et al., 2002). 
 SDS-PAGE analysis of crude extracts revealed the dominant MDH band at 43 kDa in 
all samples. MDH proteins were purified in three steps. For every mutant the purification fold 
was about three times, while the yield was approximately 35%. The purity of all purified 
enzymes, estimated by SDS-PAA gel electrophoresis, ranged from 98% to near electrophoretic 
homogeneity. The purification of wild type MDH from E. coli provides a representative 
example (Table 2). 
 
Characterization of mutant MDH enzymes 
The MDH and the FoRed activities of purified (mutant) MDH proteins were kinetically 
characterized (Table 3). Mutants G15A and D88N showed minor differences with wild type 
MDH (not shown). These residues thus do not play an important role in MDH or FoRed 
activities. G13A displayed clearly reduced MDH and FoRed activities, most likely due to 
reduced protein stability. Mutants D100N and K103R completely lacked MDH and FoRed 
activities, both in crude extracts and in purified preparations. These proteins were purified 
following the elution profiles of active enzymes; purification was confirmed by SDS-PAGE. 
Analysis of crude extracts of both inactive mutants on SDS-PAGE showed a normal level of 
expression, comparable to other mutants and wild type protein. 

Compared to bMDH and cMDH, mutant G95A, expressed in E. coli cells grown on 
LB+Mg, displayed substantially (10-fold) decreased affinity for coenzyme NAD+ and NADH 
and a strongly reduced Vmax for both MDH and FoRed. Expression of mutant G95A in E. coli 
cells grown on LB medium resulted in an even more reduced substrate affinity. When 
increasing the assay NAD+ concentration, the very low MDH activity of G95A continued to 
increase almost proportionally. Kinetic parameters could therefore not be estimated properly in 
this case. The same was true for the FoRed reaction: increasing amounts of NADH resulted in a 
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linear increase of activity (not shown) and failure to calculate kinetic parameters.  
Compared with cMDH, mutant S97G displayed drastically increased MDH activity. 

While the Vmax increased more than 10 times, the affinity for coenzyme NAD+ decreased more 
than 30 fold (Table 3). Absence of Mg2+ in the growth medium of E. coli cells producing mutant 
S97G protein resulted in reduced Vmax and coenzyme NAD(H) affinity values for both MDH 
and FoRed. With respect to the effect of Mg2+, basically the same observations were made with 
the S97T mutation, although the changes were less extreme than in mutant S97G. This mutant 
displayed similar Vmax values as cMDH, while its affinity constants for coenzyme NADH were 
intermediate to those of cMDH and S97G. 

The activator protein strongly stimulates MDH (but not FoRed) activity of the B. 
methanolicus bMDH protein (Arfman et al., 1991). Activity of cMDH (when purified from E. 
coli cells grown on LB+Mg medium), also was stimulated about 8-fold when adding saturating 
amounts of activator protein. cMDH purified from E. coli cells grown on LB medium was only 
slightly stimulated in activity by activator protein (Table 3). Regardless of the addition of Mg2+ 
ions, mutants G95A and S97G were completely insensitive to the stimulating effect of the 
activator protein on MDH activity. Mutant S97G, although insensitive to activator protein, 
displayed “fully activated” MDH reaction rates, albeit with a clearly reduced NAD+ affinity. 
The inactive mutants D100N and K103R remained inactive after addition of activator protein. In 
contrast, the activity of mutant S97T, purified from E. coli cells grown on LB+Mg medium, was 
stimulated again by activator protein (by a factor 5.5). All other MDH mutants (G13A, G15A 
and D88N) responded to activator protein as cMDH (Table 3; data not shown). 
 
Table 3. Kinetic characteristics and cofactor NADH content of wild type B. methanolica (bMDH), wild type 
(cMDH) and mutant MDH enzymes expressed in E. coli. Calculations are based on Michaelis-Menten 
kinetics. 
 

ND = not determined. NA = not applicable. 
1 Stimulating effect of activator protein: factor by which MDH activity is changed as a result of addition of activator 
protein; -: no effect. 
2 MDH and FoRed activities of G95A (- Mg2+) increased almost linearly with increasing substrate concentrations; the 
values given are with 2.5 M methanol and 0.1 M formaldehyde. 
3 Affinity of bMDH for coenzyme NAD+ decreased to 190 µM in the presence of activator protein (Arfman et al., 1991). 

  Vmax (mU/mg) Km (mM NAD(H))  Cofactor 
 

Mutant 
Growth 
medium 

 
MDH 

 
FoRed 

 
NAD+ 

 
NADH 

Activation 
factor 1 

Content 
 (%) 

        
bMDH NA 1310 5950 0.023 0.009 8.5 100 
cMDH - Mg 390 2100 0.04 0.010 1.9 ND 

 + Mg 910 4750 0.03 0.011 8.1 100 
S97G - Mg 7780 3000 2.5 0.04 1.1 ND 

 + Mg 10400 11730 0.99 0.026 1.3 4 
G95A - Mg 2202 23002 ND ND 0.7 ND 

 + Mg 100 920 0.51 0.11 0.6 7 
S97T - Mg 730 2100 0.2 0.02 1.6 ND 

 + Mg 750 4170 0.04 0.017 5.5 71 
D100N - Mg 0 0 ND ND - ND 

 + Mg 0 0 ND ND - 41 
K103R - Mg 0 0 ND ND - ND 

 + Mg 0 0 ND ND - 1 
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Presence of cofactor in (mutant) MDH proteins 
To establish the presence of cofactor NAD(H) in (mutant) MDHs, urea extracts of MDH 
proteins purified from E. coli cells grown on LB and LB+Mg medium were analysed, using 
Mono Q anion exchange chromatography (Fig. 3). No, or very little, A260 absorption was 
detected with wild type and mutant MDH proteins purified from cells grown on LB medium; as 
previously shown the presence of Mg2+ ions in the medium is essential for binding of cofactor 
NAD(H) in MDH (Kloosterman et al., 2002). Using proteins purified from LB+Mg grown cells, 
the elution profiles of the cofactor fractions of wild type MDH (2 mg) and mutant S97T (1.6 
mg) clearly showed absorbance peaks at 260 nm, corresponding to NADH. A similar amount of 
S97G protein (1.5 mg) was used for urea treatment, but in this case an A260 absorption peak 
was nearly absent in the elution profile. The elution profiles of G95A, D100N and K103R (the 
amounts of protein used were 1.2, 1.0, and 1.1 mg, respectively) revealed a strongly reduced 
(mutant D100N) or virtually absent A260 absorption (mutants G95A and K103R). The data thus 
clearly indicate that only S97T and D100N still bind cofactor NADH, while mutants G95A, 
S97G, and K103R lack bound NADH, or contain only minor amounts. Cofactor NADH was 
quantified by peak integration (Table 3).  
 
 

 
 
Steady-state kinetics of cMDH-WT and cMDH-S97G 
MDH purified from B. methanolicus (bMDH) obeys a Ping-Pong type of reaction mechanism, 
in which the NAD(H) cofactor is used as a temporary electron sink (Arfman et al., 1997). Ping-
Pong mechanisms are characterized by alternate binding of substrate and release of product. 
cMDH expressed under conditions in which cofactor NADH binding is poor displays a ternary 

Figure 3. Elution profiles of MDH wild type and 
mutant cofactor NAD(H) fractions on a Mono Q anion 
exchange column. Amount of protein used for 
denaturation: MDH (2 mg), G95A (1.2 mg), S97G (1.5 
mg), S97T (1.6 mg), D100N (1 mg) and K103R (1.1 
mg). The elution profile of NADH (10 nmol) is used as 
reference. The dotted line represents the KCl 
concentration in the buffer. 
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complex type of reaction mechanism (Kloosterman et al., 2002). In the absence of a temporary 
electron sink (cofactor NADH), the reaction will proceed only when both substrates (methanol 
and coenzyme NAD+) are bound to the enzyme. The kinetics of MDH mutants lacking the 
capacity to bind NAD(H) cofactor was further analyzed. 

Steady-state MDH reaction rates with varying NAD+ concentrations at different 
methanol concentrations were determined for cMDH and mutant S97G. Hanes plots of cMDH 
expressed in E. coli grown on LB+Mg medium, clearly revealed lines intercepting the vertical 
axis, indicating uncompetitive cosubstrate inhibition, which is typical for a Ping-Pong type of 
reaction mechanism. Mutant S97G, however, revealed a mixed-noncompetitive cosubstrate 
inhibition, indicating either a ternary complex or a Theorell-Chance reaction mechanism 
(Wong, 1975;Dixon and Webb, 1979). Absence of cofactor NAD(H) binding thus leads to a 
ternary complex reaction mechanism in mutant S97G. 
 
 
Discussion 
The data show that G13 and G15 in the N-terminal part of the protein, containing the imperfect 
NAD+-binding fingerprint, are not involved in binding of cofactor or coenzyme NADH. These 
mutant enzymes showed normal characteristics, albeit that mutant G13A displayed decreased 
Vmax values for MDH and FoRed, most likely due to reduced protein stability. Also mutant 
D88N displayed no significant differences with wild type MDH. 

Mutants D100N and K103R had completely lost MDH and FoRed activities, both in 
crude extracts and in purified protein preparations. These proteins displayed a normal mobility 
on SDS-PAGE with no indications for reduced protein stability. Mutant K103R had completely 
lost cofactor NADH, while in mutant D100N about 40% of the cofactor binding sites were 
occupied (Fig. 3; Table 3). However, the cofactor bound to D100N is apparently not functional. 
In other enzymes with the GXGXXG fingerprint motif, an Asp residue is directly involved in 
binding of NAD(P)(H) (Wierenga et al., 1986;Branden and Tooze, 1991). Also Lys is a 
common conserved residue in these NAD(P)(H) binding sites (Branden and Tooze, 1991), but 
its role is unknown. Our data provide evidence that D100 and K103 are essential residues for 
MDH cofactor NAD(H) binding.  

Mutants G95A and S97G contained no or very little cofactor NADH, indicating that 
also the G95 and S97 residues are very important for cofactor NAD(H) binding. Speculatively, 
the hydroxyl group of S97 may form a hydrogen bond with cofactor NAD(H). Mutant S97T, 
only slightly affected in binding of cofactor NADH (Table 3), apparently is still able to form the 
same hydrogen bond, whereas mutant S97G, lacking this hydroxyl group, has completely lost 
this hydrogen bonding ability, thus lacking in cofactor NADH binding. A Ser residue is also 
essential in the (unrelated) cofactor NADP(H) binding site of glucose:fructose oxidoreductase 
(GFOR) of Zymomonas mobilis. GFOR mutant protein S116D was shown to lack tightly bound 
NADP(H) cofactor. (Kanagasundaram and Scopes, 1992;Wiegert et al., 1997). Determination of 
the 3-dimensional structure of GFOR revealed that S116 (S64 in the mature protein) is involved 
in hydrogen-bonding with the 2'-phosphate group of the NADP(H) cofactor (Kingston et al., 
1996). These results clearly demonstrate that mutational loss of one specific residue, amongst 
the several residues involved in cofactor binding, already may result in complete loss of 
cofactor NAD(H).  

Coenzyme NAD+ affinity was drastically decreased in mutant S97G. Loss of cofactor 
NAD(H) thus also strongly affects coenzyme NAD+ binding in mutant S97G. The same 
phenomenon was observed in mutant S97T, purified from E. coli cells grown in the absence of 
Mg2+. However, expression of mutant S97T in E. coli grown on LB+Mg medium restored 
cofactor NAD(H) binding and sensitivity to activator protein; this protein displayed a similar 
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coenzyme NAD+ affinity as the cMDH and bMDH proteins (Table 3). In conclusion, (1) the 
presence of Mg2+ ions in the growth medium (and in MDH protein) is crucial for cofactor 
NAD(H) binding; this involves a new magnesium-dependent NAD(H) binding domain with the 
G95, S97, D100 and K103 amino acid residues. (2) The stimulatory effect of activator protein 
on MDH activity is dependent on the presence of cofactor NAD(H). (3) The cofactor NAD(H) 
binding site is (only mildly) affected by mutation S97T, but not the coenzyme NAD+ binding 
site; mutants G95A and S97G have entirely lost cofactor NAD(H) binding and display reduced 
affinity for coenzyme NAD+ (Table 3). These data are taken to indicate that in wild type MDH, 
cofactor NAD(H) and coenzyme NAD+ bind in close proximity, and that mutations strongly 
reducing cofactor NAD(H) binding also affect coenzyme NAD+ binding (mutants G95A and 
S97G). Conceivably, in MDH mutants G95A and S97G, the cofactor NAD(H) binding site still 
has (a decreased) affinity for NAD(H), and now functions as a coenzyme NAD+ binding site. 
With the cofactor NAD(H) binding site positioned ideally towards the active site, reducing 
equivalents may be rapidly transferred to coenzyme NAD+, now present in the cofactor 
NAD(H) binding site. This results in a low MDH activity in mutant G95A, with a very low 
affinity for coenzyme NAD+ (Table 3). In contrast, a much higher MDH reaction velocity is 
observed for mutant S97G (Table 3), most likely due to proper binding of coenzyme NAD+ in 
the cofactor NAD(H) binding site and because no transfer of reducing equivalents from cofactor 
NAD(H) to coenzyme NAD+ is necessary, previously shown to be the rate limiting step in the 
overall MDH reaction cycle (Arfman et al., 1997).  

The hypothesis that in mutants devoid of tightly bound cofactor NAD(H), coenzyme 
NAD+-dependent MDH activity proceeds via coenzyme NAD+ binding in the cofactor NAD(H) 
binding site, is supported by several further observations: Firstly, the results show that Mg2+ has 
a profound effect on cofactor binding of cMDH and mutant S97T, emphasizing its function in 
the cofactor NAD(H) binding site. In mutants S97G and G95A the presence of Mg2+ leads to an 
increased coenzyme NAD+ affinity (Table 3), indicating that coenzyme NAD+ is bound in the 
Mg2+-dependent cofactor NAD(H) binding site. Secondly, (mutant) proteins equipped with 
cofactor (cMDH and S97T expressed in LB+Mg, and bMDH) share equivalent coenzyme 
NAD+ affinities, indicating that the coenzyme site is unaffected by the S97T mutation. Residue 
S97 thus is not part of the coenzyme-binding site. In mutant enzymes devoid of cofactor 
NAD(H) the coenzyme NAD+ affinity has become reduced by at least one order of magnitude, 
which indicates that an alternative binding site is employed. Thirdly, it is more plausible to 
assume that mutants D100N and K103R are unable to bind coenzyme NAD+ in the cofactor 
NAD(H) binding site, yielding inactive and (partly) cofactor NAD(H) deficient mutants, than to 
speculate that in both mutants a single amino acid change leads to binding deficiency in both 
cofactor and coenzyme binding sites. 

Wild type MDH displays a Ping-Pong type of reaction mechanism, with the cofactor 
functioning as temporary electron sink. MDH expressed in LB medium and MDH mutants 
lacking the capacity to bind cofactor NAD(H) thus are expected to change from a Ping-Pong 
type of reaction mechanism to a ternary complex reaction mechanism. This is clearly confirmed 
by the cosubstrate inhibition patterns of cMDH containing cofactor NAD(H) and mutant S97G 
lacking cofactor NAD(H), the first displaying uncompetitive cosubstrate inhibition typical for a 
Ping-Pong type reaction mechanism, the latter showing mixed-noncompetitive cosubstrate 
inhibition, indicating either ternary complex or a Theorell-Chance reaction mechanism (Wong, 
1975;Dixon and Webb, 1979). 

The results presented above combined with our studies on the mechanism of activator 
protein mediated activation of MDH (Kloosterman et al., 2002) enabled us to develop a model 
of the cofactor NAD(H) binding domain of MDH (Fig. 4). Basically, a MDH molecule can 
occur in two states: the non-activated state and the activated state. Non-activated MDH exhibits 
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a Ping-Pong type of reaction mechanism, in which reducing equivalents are transferred from 
methanol via cofactor NAD(H) to coenzyme NAD+, requiring both sites to be in close proximity 
of each other. Activator protein mediated activation of MDH is characterized by hydrolytic 
removal of the NMN(H)-moiety of cofactor NAD(H) and converts the reaction mechanism of 
MDH to a ternary complex mechanism, implying direct transfer of electrons from methanol to 
coenzyme NAD+ (Kloosterman et al., 2002). In this situation the NMN+-moiety of coenzyme 
NAD+, being in close proximity of the cofactor NAD(H) binding site, moves into the partially 
vacant cofactor NAD(H) binding site. Activator protein belongs to the family of Nudix 
(Nucleotide diphosphate linked to some other moiety X) hydrolases (Bessman et al., 1996). One 
member of this protein family -MutT of E. coli- requires two divalent cations for catalysis, both 
positioned toward the pyrophosphate moiety of its substrate (8-oxo-)dGTP (Frick et al., 1994). 
The action of activator protein on cofactor NAD(H) most likely proceeds via an analogous 
mechanism, requiring two Mg2+-ions positioned towards the pyrophosphate group of cofactor 
NAD(H): the first being the MDH-bound Mg2+-ion (Fig. 4), and the second an external Mg2+-
ion, since MDH activation by activator protein requires external Mg2+-ions. 

 
 

 
 
 
Figure 4. Model of the coenzyme NAD+ and cofactor NAD(H) binding site of MDH. 
 
 

Due to the loss of high affinity NAD(H) binding in the cofactor binding site of mutant 
S97G, it may now function as a coenzyme NAD+ binding site. Although binding of coenzyme 
NAD+ in mutant S97G is different from that in activated MDH (Fig. 4), the (ternary complex) 
reaction mechanism is similar, also leading to a “fully activated” MDH, with a very high 
coenzyme NAD+-dependent MDH activity. Although mutant G95A is also cofactor deficient 
and is characterized by the same reaction mechanism, the additional methyl group may 
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introduce sterical hindrance, thereby preventing the coenzyme to position well in the cofactor 
binding site, leading to a decrease in Vmax of the NAD+-dependent MDH activity. 

The inactivity of cofactor deficient mutants D100N and K103R could indicate that 
residues D100 and K103 are involved in binding of the important redox active NMN(H)-group 
of cofactor NAD(H), or in case of MDH in the activated state, with the NMN(H) moiety of the 
coenzyme NAD+ (Fig. 4).  

Recently, the crystal structure of coenzyme NAD+-dependent glycerol dehydrogenase 
(GlyDH) of Bacillus stearothermophilus was solved (Ruzheinikov et al., 2001). This protein, 
which is 23% identical and 40% similar to MDH, partly contains the conserved motif A of 
Family III ADHs, but with a Lys residue at the position of the S97 residue of MDH. In GlyDH 
it was shown that the three Gly residues interact with the pyrophosphate moiety of coenzyme 
NAD+. K97 of GlyDH interacts with the nicotinamide ribose, while D100, together with 8 other 
residues, forms a deep binding pocket for the nicotinamide ring. D100 forms hydrogen bonds 
with the carboxyamide nitrogen atom of the nicotinamide ring of NAD(H) (see Fig. 4).  

It thus appears that the cofactor NAD(H) binding site of MDH, described in this study 
is similar to the coenzyme NAD+ binding site of GlyDH, adding further support for our 
suggestion that mutant S97G uses the cofactor NAD(H) binding site as a coenzyme NAD+ 
binding site. The structure of GlyDH also provided an explanation for the deleterious effect of 
the K103R mutation: modelling of the K103R in the GlyDH structure, showed that R103 causes 
steric hindrance for the D100 residue, interfering with binding of D100 to the nicotinamide 
group.  

 The availability of E. coli - B. methanolicus shuttle vectors and a suitable 
transformation system for B. methanolicus strains (Cue et al., 1997), yields interesting 
opportunities for further in vivo analysis of mutant MDHs lacking cofactor NAD(H).  

Several residues of the conserved motif in domain A of Family III ADHs thus are 
indeed involved in binding of cofactor/coenzyme NAD(H). It remains to be studied whether 
tight binding of NAD(P)(H) cofactors is a lot more widespread in Family III ADHs.  
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Conjugative transfer of the Amycolatopsis methanolica integrative plasmid pMEA300 
results in the typical actinomycete plasmid pock formation phenotype (growth inhibition 
zones surrounding plasmid recipient cells). Evidence is presented that the pMEA300 
orf192 and stf genes have crucial regulatory roles. Deletion of orf192 yielded pMEA300 
derivatives displaying super pock formation and decreased ability to replicate 
autonomously. Furthermore, the presence of a genomic copy of orf192 blocked the ability 
of A. methanolica to act as a pMEA300 recipient strain. This plasmid immunity phenotype 
was shown to function at the level of plasmid replication. The data show that Orf192 
exerts its effect via the pMEA300 Stf function, by negatively controlling stf gene expression 
and/or by inhibiting Stf protein activity. Biochemical characterisation of Orf192 revealed 
that this Nudix hydrolase protein hydrolyses ADP-ribose. We postulate that ADP-ribose 
stimulates the Stf function. Nudix hydrolases occur widespread in nature, but only a few 
of those proteins have been studied in detail. The results of our studies demonstrate that 
some Nudix hydrolases are involved in controlling specific cellular protein functions.  
The results obtained are important for our understanding of the regulation of integrative 
actinomycete plasmids, and for development of improved plasmid vectors, needed for 
construction of better performing antibiotic-producing industrial actinomycete strains.  

 

Introduction 
Actinomycetes are Gram-positive, mycelium-forming soil bacteria. They differ from other 
bacterial groups by the high CG-content of their DNA, and by their complex life cycle. 
Especially representatives of the genera Streptomyces, Saccharopolyspora and Amycolatopsis 
are abundant producers of antibiotics and other secondary metabolites (Lazzarini et al., 2000). 
Genetic studies have provided evidence that self-transmissible plasmids are widespread in these 
organisms. Such plasmids may be present as linear or as covalently closed circular (ccc) DNA 
molecules. Some of the latter are capable of site-specific integration into the genome (Brown et 
al., 1988;Madon et al., 1987;Cohen et al., 1985;Raynal et al., 2002). Only a single phenotype 
appears to be associated with conjugative transfer of these plasmids: the (temporary) 
development of inhibition zones (also referred to as pock formation) when plasmid-carrying 
donor cells grow in a confluent lawn of plasmid-lacking potential recipient cells (Bibb et al., 
1977). In contrast, plasmids from other (non-actinomycete) bacteria encode a much larger 
variety of functions. Such plasmids frequently carry genes conferring antibiotic resistance, or 
enzymes for catabolic pathways (Jacoby and Shapiro, 1977). Aims of our studies are to gain 
fundamental insights in the physiological functions of these actinomycete plasmids and to 
develop suitable plasmid vectors for construction of better performing industrial actinomycete 
strains. 

The actinomycete Amycolatopsis methanolica harbours a 13.3 kb plasmid, pMEA300 
(Fig. 1) (Vrijbloed et al., 1995a). Previously, it has been sequenced completely, revealing a total 
of at least 17 ORFs (Vrijbloed et al., 1995c). Only int and xis (integration and excision), korA 
(member of the GntR family of transcriptional repressor proteins) and orf192 (member of the 
Nudix hydrolase family) display clear similarity with proteins that have been functionally 
characterized from other sources (see below). Characterisation of deletion derivatives 
subsequently has confirmed that int and xis are required for site-specific integration/excision of 
pMEA300, involving plasmid (attP) and chromosomal sequences (attB) (Vrijbloed et al., 1994). 
This approach also has resulted in identification of the tra genes as essential for conjugative 
transfer (Vrijbloed et al., 1995b), and the rep gene and orfA sequences as essential for 
autonomous replication (Chapter 6). The physiological function of pMEA300 in A. methanolica 
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has remained unknown. Only the pock formation phenotype has been reported for pMEA300 
(Vrijbloed et al., 1995b). There are no noticeable phenotypical differences between A. 
methanolica wild type and strain WV1, lacking all pMEA300 sequences (Vrijbloed et al., 
1995b). In wild type A. methanolica, one copy of pMEA300 remains integrated in the 
chromosomal attB site (contained within an isoleucine-tRNA gene) under all growth conditions 
tested. Several growth media, especially with autoclaved sucrose, yielded cells with a strongly 
enhanced copy number of autonomously replicating pMEA300 DNA (Vrijbloed, 1996). 
Environmental signals thus stimulate pMEA300 excision and autonomous replication, 
conceivably also stimulating conjugational spread of pMEA300 in the population of A. 
methanolica cells. 

 
 

 
 
Figure 1. Plasmid pMEA300 of A. methanolica  

 
 
Limited knowledge is available about the regulation of pMEA300-encoded functions. 

Evidence is accumulating that a total of four regulatory proteins are involved, encoded by the 
pMEA300 orfA, korA, stf and orf192 genes (Fig. 1). The orfA sequences are essential for 
autonomous replication of pMEA300 (Chapter 6). Disruption of the ORF of orfA, located 
upstream of the replication initiator encoding rep gene, affected plasmid replication, resulting in 
an increased copy number of free pMEA300 DNA in A. methanolica. The other three proteins 
are encoded by genes that are clustered and located upstream of the conjugative transfer (tra) 
genes. The gene encoding KorA is part of a kil-kor system present on pMEA300 (Vrijbloed et 
al., 1995a). Such systems are associated with conjugative transfer and have been identified for 
all Streptomyces plasmids conferring the pock-formation phenotype (Sezonov et al., 2000). The 
Kil proteins are usually encoded by tra (conjugative transfer) genes (Kendall and Cohen, 
1987;Kendall and Cohen, 1988;Hagege et al., 1993b;Kataoka et al., 1991), and they can only be 
maintained if a suitable kor (kil-over-ride) gene is present on these plasmids. With pMEA300, 
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the TraA and TraB proteins were shown to be responsible for pock formation specifically 
(Vrijbloed et al., 1995c). KorA of pMEA300 is a GntR-type transcriptional repressor protein 
(Vrijbloed et al., 1995c), similar to other plasmid-encoded Kor proteins (Hagege et al., 1993b). 
KorA was shown to bind to the overlapping traA/korA promoters, suggesting autoregulation of 
its own expression and (negative) regulation of expression of the tra gene cluster (Vrijbloed et 
al., 1995c). A second regulatory gene, stf, stimulates transformation frequency: Disruption or 
deletion of this gene was shown to strongly reduce transformation frequency of pMEA300 
(derivatives) most likely by affecting the replication function (Vrijbloed et al., 1995b). Finally, 
a Nudix hydrolase encoding gene is present on pMEA300 (orf192). Nudix hydrolase family 
proteins hydrolyse the pyrophosphate bond of Nudix (Nucleotide diphosphate linked to some 
other moiety X) compounds (Bessman et al., 1996). The indigenous plasmid pSAM2 of 
Streptomyces ambofaciens also encodes a Nudix hydrolase protein. Integration of this gene (pif, 
pSAM2 immunity factor) in the genome conferred plasmid immunity to its host, blocking its 
function as a plasmid recipient strain (Possoz et al., 2003). Questions about the precise targets 
for these pMEA300 encoded regulatory proteins (at the DNA level, e.g. promoter or operator 
sequences; at the protein level, e.g. modifying other proteins; or cellular metabolites, e.g. 
modifying concentrations of signal molecules), their possible hierarchical interactions, and the 
environmental signal molecules involved, remain to be answered.  
  In this paper we report functional characteristics of the orf192 encoded Nudix 
hydrolase protein of pMEA300. Biochemical characterisation of the purified protein revealed 
that it hydrolyses ADP-ribose. Here we show that Orf192 functions as a regulatory protein, 
negatively controlling stf gene expression and/or inhibiting Stf protein activity, most likely 
exerted by affecting intracellular ADP-ribose levels. Previously, we reported that the ACT 
Nudix hydrolase protein of Bacillus methanolicus regulates activity of a methanol 
dehydrogenase protein (Kloosterman et al., 2002). This is the second example of a Nudix 
hydrolase regulating the function of another protein. The results obtained are important for our 
understanding of regulation of integrative actinomycete plasmids, and for development of 
improved plasmid vectors, needed for construction of better performing antibiotic-producing 
industrial actinomycete strains. 
 
Methods 
Bacterial strains, plasmids and growth conditions 
E. coli strain DH5α served as a host for genetic modification. E. coli strain BL21(DE3) was 
used for heterologous gene expression. Expression of the orf192 gene was achieved by its 
cloning downstream of the T7 promoter in the pET3b vector (pHK300). Both E. coli strains 
were grown on LB medium and when appropriate ampicillin (100 mg.l-1) was added. 
Derivatives of pMEA300 were transformed to the plasmid deficient strain WV1 of A. 
methanolica (Vrijbloed et al., 1995b).  
 
Expression and purification of Orf192 
The gene encoding Orf192 was amplified from pMEA300 plasmid DNA, using the following 
primer pairs: 5'-GCGCATATGACCCCACACAGCG-CTAGAGCG-3' and 5'-
CGCGGATCCCTACTTGCCGCCTAGCGCGAG-3'. PCR reactions were carried out using 
Vent DNA polymerase (Biolabs, New-England) as described by the supplier. The orf192 sense 
primer introduced an NdeI restriction site (CATATG, underlined) and the antisense primer a 
BamHI restriction site (GGATCC, underlined) into the PCR fragment. Restriction-digested PCR 
fragments were cloned into digested pET3B, yielding the construct pHK300; its sequence 
analysis showed that no amplification errors had been introduced. 
Overnight cultures of E. coli (pHK300) were harvested by centrifugation; cells were 
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resuspended in Buffer A (50 mM Tris-HCl pH 7.5, 5 mM MgSO4) and disrupted by two 
passages through a French Pressure cell at 140 MPa. Crude extracts were prepared by 
centrifugation for 30 min at 40 000 x g. The cell extract was incubated for 20 min at 50oC and 
denatured proteins were removed by centrifugation to 30% saturation. The supernatant was 
loaded on a Q-sepharose FF column, equilibrated with buffer B (50 mM Tris-HCl pH 7.5, 5 mM 
MgSO4, 5 mM β-mercaptoethanol) at a flow rate of 2 ml/min. Protein was eluted with a linear 
gradient of 40 ml 0 to 1 M KCl in buffer B. Orf192 peak fractions, detected with PAA gel 
electrophoresis, were pooled and (NH4)2SO4 was added to 25% saturation. Precipitated protein 
was removed by centrifugation and the supernatant was applied onto a Phenyl Superose 5/5 HR 
column (Pharmacia-Biotech) equilibrated with buffer B containing 20% saturated (NH4)2SO4 at 
a flow rate of 0.5 ml/min. Protein elution was performed by a linear gradient of 20-0% 
(NH4)2SO4 saturation in buffer B. Orf192 peak fractions were pooled, applied on a Superdex 
200 HiLoad gel filtration column (Pharmacia-Biotech), equilibrated with buffer B, operating at 
a flow rate of 2 ml/min. Orf192 containing fractions were pooled and concentrated on a Mono-
Q anion exchange column (Pharmacia-Biotech), equilibrated with buffer B and by applying a 
linear gradient of 0-1 M KCl in buffer B at a flow rate of 1 ml/min. 
 
Enzyme assays  
Nudix activity assays were performed at 37oC, using prewarmed buffer solutions. The reaction 
buffer contained 50 mM Tris-HCl pH 9.0 and 5 mM MgSO4 and purified Orf192 protein. 
Reactions were started by adding the (di-)nucleotide substrate to a total volume of 100 µl, and 
terminated after 10 min of incubation by cooling on ice. 
(Di-)nucleotide substrates and products were analyzed and quantified (peak integration) by 
HPLC, using an Adsorbosphere Nucleotide-Nucleoside column (particle size 7 u, Alltech) 
operated with a flow rate of 1 ml.min-1 at 40oC. A linear gradient of 5-50% mobile phase B was 
applied (mobile phase A: 60 mM NH4H2PO4 (pH 5.0), 5 mM tetrabutylammonium phosphate 
(TBAP); mobile phase B: Methanol, 5 mM TBAP) in 20 min. (Di-) nucleotides were detected at 
260 nm. 
 
Transformation of A. methanolica 
Media used for growth have been described previously (Madon and Hutter, 1991). A modified 
version of the method previously described (Vrijbloed et al., 1995b) was used to transform A. 
methanolica WV1 (Chapter 6).  
Protocol for PEG-mediated transformation with selection for kanamycin resistance. 
Competent cells were obtained from an 25 ml A. methanolica WV1 culture grown overnight on 
Tryptic Soy Broth (TSB) medium. Following centrifugation (5 min at 3,600 g), cells were 
washed in 25 ml T10E1 and resuspended in T10E1 to an OD430 of 160.  
Transformation of A. methanolica WV1 was performed by adding 10 µl 0.2 M MgCl2, 60 µl 
4.17 M CsCl2 and target DNA (dissolved in 20 µl T10E1) to 100 µl cell suspension. After mixing 
these additions and the cell suspension by pipetting, 200 µl 65% (w/v) PEG-1000 (Koch Light) 
was added and again gently mixed by pipetting. The transformation mixture was incubated for 
40 min at 37oC. Following incubation, 1 ml of T27M (3% (wt/vol) trypticase soy broth (BBL), 
7.3% (wt/vol) mannitol) (37oC) was added, gently mixed and centrifuged (1 min at 10,000 x g). 
After a second wash step with 1 ml T27M, cells were resuspended in 500 µl T27M and 
incubated for 5-7 h at 37oC on a shaking incubator. Finally, an appropriate amount of cell 
suspension was transferred to T27M agar plates containing the antibiotic kanamycin (20 µg 
/ml). Transformants appeared after approx. 3 days of incubation at 37oC.  
Protocol for selection based on pock formation (selection on the basis of this phenotype can 
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only be performed with plasmids carrying the tra gene cluster) 
For preparation of competent cells and preparation of the transformation mixture, the same 
procedure was used as described above. Following incubation of the transformation mixture (40 
min at 37oC), 1 ml of S27M (5 g/l Pepton (difco), 3 g/l yeast-extract, 73 g/l Mannitol) (37oC) 
was added, gently mixed and centrifuged (1 min at 10,000 x g). After a second wash with 1 ml 
S27M, cells were resuspended in 400 µl S27M. This cell suspension was then added to 3 ml 
R2L soft agar (see below; liquid at 420C) and used to overlay S27M agar plates. Transformants 
appeared after approx. 3 days of incubation at 37oC.  
R2L-soft agar: 73.2 g/l mannitol, 0.25 g/l K2SO4, 10.0 g/l MgCl2.6H2O, 10.0 g/l glucose, 0.1 
g/l Casamino acids, 5.0 g/l Yeast-extract, 7.0 g/l LMP agarose, 5.73 g/l TES pH 7.2, 6 mg/l 
KH2PO, 0.46 g/l CaCl2.2H2O, 1% (vol/vol) Vishniac spore element solution, 0.2 g/l asparagine 
and 5 mM NaOH.  
 
Results 
The orf192 and stf gene products positively control pMEA300 replication 
The A. methanolica-E. coli shuttle vector pWV129 lacks attP and the int gene, and is only able 
to replicate autonomously (Table 1; Fig. 2). Derivatives of pWV129 with deletions or 
disruptions in the orf192 and stf genes were constructed to study possible regulatory effects of 
these genes on the pMEA300 replication function. Compared to plasmid pWV129, pWV375 
with a disrupted stf ORF (Fig. 2) showed a 100-fold reduced frequency of PEG-mediated 
transformation (from 104 to 102 transformants/µg plasmid DNA). Disruption or deletion of 
orf192 (pWV374/pNAT102, respectively, Fig. 2) resulted in the same phenotype, as did 
simultaneous deletion of both the orf192/stf genes (pWV113, Fig. 2). The pMEA300-encoded 
stf and orf192 gene products (separately or in combination) apparently positively affect plasmid 
replication, most likely by influencing rep/orfA gene expression and/or Rep/OrfA protein 
functioning (directly or indirectly).  
 
 

 

Figure 2. Plasmid pWV129 and 
derived constructs. Fragments 
deleted in constructs pHK315, 
pWV113 and pNAT102 are 
indicated by lines. Arrows point 
to restriction sites used to 
create ORF dis-ruptions in 
constructs pWV374 and 
pWV375. Details of plasmid 
construction are described in 
Table 1. 
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Table 1. Plasmids used in this study. 
 

 
Plasmid 

 
Description 

 
E. coli vectors/ plasmids  
 
pBlueScript II KS E. coli cloning vector (Stratagene) 
pHSS6 E. coli cloning vector conferring kanamycin resistance (Seifert et al., 

1986) 
pET3b E. coli expression vector with T7-promoter (Novagen) 
pET15b E. coli expression vector with T7-promoter, introducing an N-terminal 

histag (Novagen) 
pHK300 PCR product of orf192 cloned in the NdeI-BamHI sites of pET3b 
 
 

 

pMEA300-derived autonomously replicating plasmids 
 
pWV129 E. coli-A. methanolica shuttle vector (Vrijbloed et al., 1995a;Vrijbloed 

et al., 1995a), containing the 11.9 kb BamHI-ApaI fragment, cloned into 
the BamHI-EcoRI sites of the E. coli cloning vector pHSS6 (Fig.1 and 
2) 

pHK315 ClaI-ScaI deletion construct of pWV129 (Fig.2) 
pNAT102 BstXI-EcoRI deletion construct of pWV129 (Fig.2) 
pWV374 Disruption of BstXI-site in pWV129 by removal of 3' protruding ends 

by T4-DNA-polymerase 
pWV375 Disruption of HindIII-site in pWV129 by digestion and subsequent 

Klenow DNA polymerase fill-in reaction (Fig. 2)  
pWV113 EcoRI-PvuII deletion construct of pWV129 (Fig.2) 
pWV136 pWV129 derivative, with a SalI-Asp718 deletion of the region involved 

in conjugative transfer (Fig. 2) 
pWV136-∆korA HincII-ScaI deletion construct of pWV136 (Fig. 2)  
 
 
pMEA300 –derived integrative plasmids 
  
pID109 BclI fragment (1.1 kb, containing the thiostrepton resistance gene-tsr) of 

pIJ702 (Kieser et al., 2000) cloned in BamHI of pBlueScript II KS, 
followed by cloning of the Asp718 (blunt) - XhoI (blunt) fragment of 
pMEA300 in the EcoRV site of this construct (Fig. 4) 

pID109-∆H Deletion of the 1526 bp HindIII fragment of pID109 (Fig. 4) 
pID109-∆HB Deletion of the 2885 bp HindIII-Bsu36I fragment of pID109 (Fig. 4) 
pID109-∆stf Cloning of the 190 bp SphI-BamHI (blunt) fragment of pHK300 in the 

SphI- HindIII (blunt) sites of pID109 (Fig. 4) 
pIntAttPR PCR product of int starting at the putative start codon, which overlaps 

with the xis stop codon (as previously annotated (Vrijbloed et al., 
1994)) and ending 10 bp downstream of the attP site, cloned in XbaI-
SmaI sites of E. coli cloning vector pHSS6, with int in the reverse 
orientation as KanR.  
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The orf192 gene product controls the pMEA300-encoded kil function via the stf gene 
function           
Plasmid pWV129 carries the normal set of tra genes for conjugational plasmid transfer. 
Colonies of A. methanolica strain WV1 cells transformed with plasmid pWV129 form pocks 
with an average diameter of 2.5 mm (growth inhibition zone 72 h after transformation). 
Derivatives of pWV129 with a disrupted/deleted orf192 function (pWV374/pNAT102) caused 
an anomalous pock formation phenotype, referred to as super pocks. Diameters of super pocks 
were up to 5 mm (on average 4 mm) in size, with a strongly inhibited growth and development 
of the transformant colony, and a much wider and clearer surrounding growth inhibition zone 
(Fig. 3). This effect of orf192 deletion suggests that the Orf192 Nudix hydrolase protein 
controls the pMEA300 kil function. Orf192 thus may affect the KorA controlled repression of 
the traA and traB genes (specifically responsible for the pock formation phenotype; Vrijbloed et 
al. 1995c). Alternatively, Orf192 may exert its controlling effect indirectly, e.g. via the stf gene 
function. Strain WV1 transformants with pWV375 (disruption of stf) yielded normal pocks, as 
did transformants with both stf and orf192 deleted (pWV113). Compared to pWV129, the 
frequencies of pock formation were low with all three constructs. This is in accordance with the 
low transformation frequencies observed with these constructs when selecting for kanamycin 
resistance in PEG-mediated transformation of strain WV1 (see above). The observation that 
transformation of strain WV1 with pWV113 did not result in super pock formation confirms 
that the Orf192 protein exerts its effect via stf, either by negatively controlling stf gene 
expression or by inhibiting Stf protein activity. We postulate that the Stf function counteracts 
KorA repression of traA (and traB) gene expression. 

 
 
 
Figure 3. Stereo microscopic image of pock formation following transformation of A. methanolica strain WV1 
with plasmids pWV129, pNAT102/pWV374, 72 hours after transformation. The average super pock diameter 
was 4 mm, while the normal (wild type) pocks diameter on average was 2.5 mm.  
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The stf gene product blocks site-specific integration of pMEA300 (derivatives) 
The regulatory effects of orf192, stf and korA on the pMEA300 integration/excision functions 
were studied using the pMEA300 derivative pID109 (Fig. 4). Plasmid pID109 can not replicate 
autonomously (lacking orfA and part of the rep gene) and was shown to stably integrate via attP 
into the A. methanolica chromosomal attachment site (attB) specifically (Vrijbloed et al., 
1995a). Transformation of strain WV1 with pID109 yielded 60 transformants/µg plasmid DNA 
on average. Deletion construct pID109-∆H, with the korA gene and the start of the stf gene 
deleted (Fig. 4), did not yield any strain WV1 transformants. To our surprise we observed 
relatively high transformation frequencies of strain WV1 with construct pID109-∆HB, with a 
completely deleted stf gene and partly deleted orf192 gene (Fig. 4; frequencies up to 2*103 
transformants/µg plasmid DNA). The stf Orf features several putative start codons and RBS 
sequences, and the size of the pMEA300 stf gene product has not been determined properly yet. 
Thus, the question arose whether the stf gene function in fact had been properly knocked out in 
the pID109-∆H construct. Complete deletion of the stf gene, leaving an intact orf192 gene, 
subsequently was achieved in the pID109-∆Hstf construct (Fig. 4). As pID109-∆HB, this 
construct could be transformed to WV1 at relatively high transformation frequencies (2*103 
transformants/µg plasmid DNA). The combined data thus indicate that the stf gene (but not the 
orf192) product blocks site-specific integration of pMEA300 (derivatives). The data also show 
that the stf gene product is functional in pID109-∆H, resulting in failure to get transformants 
(see Discussion). In view of the different results obtained in transformations of strain WV1 with 
pID109 and pID109-∆H, we also conclude that KorA negatively controls stf gene expression. 
Conceivably, deletion of the korA gene results in a relatively strong stf gene expression and a 
high Stf activity, with Stf-mediated repression of int gene expression resulting in complete loss 
of the int gene function on pID109-∆H. 
 
 

 
 

Figure 4. Plasmid pID109 and 
derived deletion constructs. 
Deleted frag-ments are 
indicated by lines. 
Construction details of those 
plasmids are presented in 
Table 1.
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We previously suggested that the replication genes (orfA, rep), excisionase (xis) and 
integrase (int) gene form one operon structure, because in all cases the putative start codon 
overlaps with the stop codon of the upstream gene (Vrijbloed et al., 1994). In this situation, 
transcription of int in construct pID109 and derivatives would be stimulated by the thiostrepton 
promoter, because the common orfA/rep promoter is absent in these constructs (Fig. 4). The 
present study, however, shows that Stf has opposing regulatory effects on plasmid excision and 
replication on the one hand and site-specific plasmid integration on the other hand. An operon 
structure of all four genes therefore is unlikely. To investigate whether a separate promoter is 
present immediately upstream of int, which as a consequence would shorten the ORF of int, we 
amplified the complete ORF of int as it was previously annotated (Vrijbloed et al., 1994) and its 
downstream region, including the attP site with PCR. This PCR fragment was subsequently 
cloned into the E. coli cloning vector pHSS6, in the reverse orientation of the kanamycin 
resistance gene to exclude the possibility of a polar effect of the promoter of this gene, yielding 
construct pIntAttPR (Table 1). Surprisingly, transformation of pIntAttPR to strain WV1 gave 
relatively high transformation frequencies, matching those of pID109-∆HB and pID109-∆HStf 
(2.8*103 transformants/µg plasmid DNA). This indeed shows that int is not part of the orfA, rep, 
xis operon, but is transcribed from its own promoter. Two alternative int start codons exist either 
160 or 254 bp downstream of xis.  
 
The orf192 gene product confers pMEA300 immunity to A. methanolica 
Strains WVI-pID109-∆HB (lacking orf192) and WVI-pID109-∆Hstf (with a functional orf192) 
were transformed with pWV129 and pHK315 (a deletion derivative of pWV129, lacking all 
genes involved in conjugative transfer; Table 1; Fig. 2). Both plasmids transformed readily to 
the WVI-pID109-∆HB recipient strain, with similar (PEG-mediated) transformation frequencies 
as to WVI. The presence of orf192 in the genome of recipient strain WVI-pID109-∆Hstf, 
however, resulted in a strongly decreased frequency of transformation (Table 2). The orf192 
thus encodes a plasmid immunity factor function (pif) for pMEA300 in A. methanolica, similar 
to orf131 in pSAM2 of S. ambofaciens (Possoz et al., 2003). We conclude that the Orf192 
immunity factor blocks autonomous plasmid replication. This provides further evidence that 
Orf192 prevents the stimulatory effect of the Stf function on orfA/rep gene expression and/or 
OrfA/Rep protein functioning (see above).  
 
Table 2. Transformation frequencies of pMEA300-derivatives in WV1- pID109-∆HB and WV1-pID109-∆Hstf. 
 

Transformation frequency (transformants/µg plasmid DNA)  
Plasmid WV1- pID109-∆HB WV1-pID109-∆Hstf 
pWV129 6.103 11 
pHK315 6.103 24 
pWV113 28 26 
pNAT102 14 30 
pVW374 15 40 
pWV375 25 23 

 
The orf192 gene function is complemented in trans (pock formation phenotype) 
Transformation of the pWV374/pNAT102 plasmids to WV1-pID109-∆Hstf as recipient strain, 
selecting for pock formation, revealed normal size pocks. Transformation of 
pWV374/pNAT102 to WV1-pID109-∆HB resulted in super pock formation (as observed with 
strain WV1; see above). The genomic copy of orf192 in WV1-pID109-∆Hstf thus is 
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functionally expressed and complements for the disrupted/deleted plasmid copy of the orf192 
gene. Conceivably, expression of the genomic copy of orf192 during cellular growth of WV1-
pID109-∆Hstf results in degradation of an important metabolite that stimulates Stf activity. 
Upon degradation of this metabolite (in recipient strain WV1-pID109-∆Hstf) the Stf protein 
fails to stimulate expression of the tra-associated kil function (in line with observations made 
above), resulting in normal pocks. In the absence of a functional copy of orf192 (in recipient 
strain WV1-pID109-∆HB) the activated Stf protein stimulates the tra-associated kil function, 
resulting in super pock formation. 
 
Trans complementation of the orf192 gene function fails (transformation frequency) 
Transformation of the WVI-pID109-∆Hstf and -∆HB recipient strains with pWV129-derivatives 
(pWV375, pWV374/ pNAT102 and pWV113, with either stf, orf192 or both genes 
deleted/disrupted) in all cases resulted in low transformation frequencies, both when selecting 
for kanamycin resistance (Table 2) and when selecting for pock formation. We conclude that the 
presence of a genomic copy of orf192 in recipient strain WVI-pID109-∆Hstf fails to 
complement for the deleted/disrupted copy of the orf192 gene on pNAT102/pWV374. The 
resulting low transformation frequency is probably due to a low expression of the rep gene. As 
argued above, expression of the resident Orf192 activity in the WVI-pID109-∆Hstf recipient 
strain may result in degradation of an important metabolite that stimulates Stf activity. As a 
consequence, rep/orfA expression remains low, resulting in a low transformation frequency. 
 
Expression of the pMEA300 Nudix hydrolase  
The gene product of orf192 carries the Nudix hydrolase motif. To identify the Nudix substrate 
hydrolyzed by Orf192 (possible stimulatory signal molecule for Stf protein), orf192 expression 
was attempted in E. coli. The pMEA300 Nudix hydrolase encoding gene contains two possible 
start codons: one ATG start codon yielding an ORF putatively encoding a protein of 179 amino 
acids (Orf179), and a GTG start codon, which yields an ORF encoding a 192 amino acid protein 
(Orf192). Because the start codon of orf192 is preceded by an GGAGG Shine-Dalgarno 
sequence similar to those found upstream of the tra genes of pMEA300 (Vrijbloed et al., 
1995c), the sequence of orf192 was chosen to be cloned into pET3b expression vector yielding 
plasmid pHK300. Transformants of BL21(DE3) with pHK300 showed high expression levels of 
Orf192. Expression of Orf192 could be further stimulated when the E. coli host strain was 
grown at 30oC, reaching expression levels up to 40% of the total soluble protein fraction, as 
judged on SDS-PAGE gels stained by Coomassie Brilliant Blue. Induction of orf192 expression 
by IPTG, however, severely decreased the amount of soluble Orf192 protein, while insoluble 
Orf192 protein could be found in the pellet fractions of centrifuged cell extracts.  
 
Purification of Orf192 and characterization of substrate specificity 
The primary structure of ORF192 showed significant sequence similarity (27% identical and 
50% similar) with the ACT protein of B. methanolicus. This well characterized Nudix hydrolase 
was shown to hydrolyze both NAD and ADP-ribose (ADPR) and is rather thermostable 
(Kloosterman et al., 2002). Preliminary experiments with Orf192-containing E. coli cell extracts 
showed that Orf192 can also hydrolyze these Nudix substrates and that incubation of extracts 
for 30 min at 50oC did not significantly affect Nudix hydrolase activity, while many E. coli 
proteins did denature under these conditions. Heat treatment was therefore used as a first step in 
protein purification, followed by Q-sepharose anion exchange chromatography and hydrophobic 
interaction chromatography, using a phenyl superose 5/5 HR column. Fractions containing 
Orf192 were subsequently applied on a superdex 200 HiLoad gel filtration column. Orf192 
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eluted at 102 ml on the gel filtration column, similar to a reference protein of 44 kDa eluting at 
98 ml (Fig. 5). The calculated Mr of a monomeric Orf192 protein is 21.6 kDa, which indicates 
that Orf192 is a dimeric protein. 

Several (di-)nucleotides (NAD, NADH, NADP, NADPH, ADPR, Ap4A Ap5A, FAD, 
dNTPs, ATP, ADP and GTP) were incubated with purified Orf192 protein to analyze its 
substrate specificity. A clear, Mg++- dependent Nudix hydrolase activity was observed with 
ADPR (Table 3). Apart from ADPR, Orf192 could hydrolyze NAD and FAD albeit with a very 
low kcat. No activity could be determined with the other Nudix substrates analyzed.  

 

 
 
Table 3. Kinetic parameters of Orf192. 
 

Substrate kcat  
(s-1) 

Km  
(mM) 

kcat/Km  
(s-1. M-1) 

ADPR 30.3 9.8 3.1 *103 
NAD 0.18 2.4 75 
FAD 0.03 n.d. n.d. 

 
 
Discussion 
The data presented in this paper show that korA, orf192 and stf have important regulatory roles 
on pMEA300. Previously, we have shown that korA encodes a transcriptional repressor of the 
tra genes (Vrijbloed et al., 1995c). Here we provide experimental evidence that KorA also 
negatively controls stf gene expression. Stf stimulates expression of the tra genes and orfA/rep 
genes, and represses int gene expression. Orf192 counteracts the Stf function, most likely by 
degrading a signal metabolite, the intracellular level of which controls the activated state of Stf 
(Fig. 6). 

The molecular mechanisms involved in regulation of pMEA300-encoded functions are 
summarized in Fig. 6. The formation of super pocks, observed when transforming strain WV1 
with pWV129 derivatives lacking a functional orf192, depends on the presence of a functional 
Stf protein. In the absence of a functional orf192 product, Stf is activated by the ADP-ribose 

Figure 5. Superdex-200 gel 
filtration with purified Orf192, 
eluting at 102 ml (∆). The gel 
filtration standard proteins (o), 
670, 158, 44 and 17 kDa in size, 
peaked at 65, 84, 98 and 113 ml, 
respectively.
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signal molecule and stimulates overexpression of tra genes responsible for conjugative transfer, 
known to be involved in the pock formation phenotype (Vrijbloed et al., 1995c). 
Overexpression of the tra gene cluster encoded kil-function causes formation of super pocks, 
resulting in a strong inhibition of surrounding confluently growing recipient cells, and in a 
strongly retarded transformant colony development. These results indicate that Stf neutralizes or 
overrules the korA transcriptional repressor of the tra genes (Vrijbloed et al., 1995c).  

 

 
 
Figure 6. Model of the regulation of pMEA300 encoded functions. Open boxes indicate promoter regions. 
Arrows pointing towards promoter regions indicate transcriptional activation (normal) or repression (dashed). 
Arrows pointing towards gene names indicate stimulatory (normal) or inhibitory (dashed) effect on its derived 
protein activity.  

 
 
The orf192 and stf genes thus encode proteins with opposing regulatory roles. Deletion 

of either of the genes or both genes simultaneously, strongly reduced the transformation 
frequencies of those pWV129 derivative plasmids. Although the effect of either gene deletion 
with respect to transformation frequency may be the same, the molecular mechanisms involved 
are different. Previously it has been shown that disruption of the ORF of orfA, located upstream 
of the replication initiator encoding rep gene, resulted in an increased copy number of free 
pMEA300 DNA in A. methanolica (Chapter 6). OrfA thus negatively affects autonomous 
plasmid replication, most likely by affecting the Rep function (Fig. 6). Strains carrying 
pWV129-derivatives with an orf192 deletion thus may be characterized by a strong Stf-
mediated transcriptional activation of the orfA/rep genes. The resulting high OrfA 
concentrations will reduce autonomous plasmid replication, again by affecting the Rep function. 
On the other hand, derivatives of pWV129 featuring an stf deletion will replicate poorly because 
of insufficient Stf-mediated activation of the orfA/rep promoter. The in vivo role of this 
Stf/OrfA regulatory system for pMEA300 replication may be in strictly controlling plasmid 
copy number, even reducing the number of free plasmid copies down to zero, with only a 
chromosomally integrated copy present in cells harvested under most growth conditions 
(Vrijbloed, 1996). Previously we have shown that growth of A. methanolica in media containing 
autoclaved sucrose stimulates the copy number of autonomously replicating pMEA300. The 
copy number of pWV129 in strain WV1 is -for unknown reasons- already high in the absence of 
autoclaved sucrose (6.103 transformants/µg plasmid DNA). Strain WV1-pWV129 could not be 
cultivated in media containing autoclaved sucrose, possibly due to a further stimulation of its 
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copy number and consequently accumulation of Kil protein (Vrijbloed, 1996) 
The Nudix hydrolase motif containing Orf192 protein was shown to hydrolyze ADP-

ribose, a well-known signaling molecule (Ziegler, 2000). We speculate that intracellular ADP-
ribose serves to activate Stf. Our data are consistent with activated Stf being a transcriptional 
activator of the conjugation (tra cluster) and replication (orfA/rep) functions. Orf192 thus may 
counteract Stf activation by hydrolyzing its activator, ADP-ribose.  

The presence of an integrated copy of orf192 in the A. methanolica-pID109-∆Hstf 
recipient strain yielded pMEA300(-derivative) plasmid immunity, similar to the pif gene of 
pSAM2 (Possoz et al., 2003). This phenotype is based on the presence of the Nudix hydrolase 
gene orf192 (and not because of the occupation of the attB site of the recipient strain): use of 
WVI-pID109-∆HB as recipient strain, with half of the orf192 gene deleted, does not show the 
plasmid immunity phenotype. Plasmid immunity resulted in an approximately 3 orders of 
magnitude reduction of transformation frequencies of strain WVI-pID109-∆Hstf with pHK315 
and pWV129. Since the plasmid immunity phenotype is observed in pHK315 -lacking all tra 
genes- plasmid immunity thus functions at the level of plasmid replication and not at the level of 
conjugation. No further reduction of the transformation frequency was observed with deletion 
constructs of pMEA300 with already low transformation frequencies (pWV113, pWV374, 
pWV375 and pNAT102) when orf192 is present in the recipient strain (WVI-pID109-∆Hstf), 
compared to WVI-pID109-∆HB (Table 2). Apparently, the plasmid immunity phenotype 
functions through the same pMEA300 encoded mechanism that increases transformation 
frequency via stimulation of autonomous plasmid replication. When this mechanism is not 
functional, e.g. by deletion of stf, Orf192 can no longer regulate this mechanism.  

Transformation of constructs lacking a functional orf192 gene (pWV374 or pNAT102) 
to a recipient strain containing a functional copy of this orf192 gene (WV1- pID109-∆Hstf) did 
not result in the super pock phenotype. Orf192 expressed in the recipient strain thus can 
complement pWV374 and pNAT102 with respect to super pock formation in WV1-pID109-
∆Hstf in trans, but not with respect to transformation frequency. This may indicate that upon 
transformation of pMEA300 (-derivatives) to a recipient strain, Stf is expressed first, followed 
by expression of Orf192. In recipient strain WV1, Orf192 is absent, while in recipient strain 
WV1- pID109-∆Hstf, Orf192 has already been expressed, resulting in ADP-ribose hydrolysis. 
Due to these low ADP-ribose levels, Stf is not activated, yielding low transformation 
frequencies and failure to activate expression of the tra gene cluster, thus preventing super pock 
formation. Transformation of constructs with a deleted orf192 gene (pNAT102/pWV374) to 
strain WV1 results in uncontrolled expression of Stf, resulting in stimulation of tra gene cluster 
and thus kil gene expression, and as a consequence in super pock formation. Transformation of 
pMEA300 (-derivatives) with functional stf and orf192 genes yields high transformation 
frequencies as a result of Stf activation. But due to proper feedback control of Stf by Orf192 
(ADP-ribose hydrolysis), the tra gene cluster, including the kil genes, will remain repressed, 
resulting in normal pock formation. 

Apart from activating tra-encoded functions, Stf also blocks site-specific integration of 
pMEA300 (-derivatives). The ORF of stf must be shorter than 1119 bp (putatively encoding a 
protein of 373 aa, Stf-373): plasmid pID109-∆H (with a deleted stf promoter and 5’ fragment of 
stf), could not be transformed to WV1, while construct pID109-∆Hstf, (with all stf sequences 
deleted), could be transformed with relatively high frequencies to WV1. These results also 
suggest that KorA, deleted in pID109-∆H, is a transcriptional repressor of stf, since pID109 can 
be transformed to WV1, while pID109-∆H can not. In construct pID109-∆H, Stf is synthesized 
to a concentration that blocks site-specific integration altogether (or at least reduces it below the 
detection level). Stf thus functions as a transcriptional activator of the tra genes and the genes 
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involved in replication (orfA and rep), and as a transcriptional repressor of int, which was 
shown to be expressed from its own promoter. A shorter ORF of stf would also imply that the 
coding sequence of stf has not been disrupted in construct pWV375. The decreased 
transformation frequency of pWV375 indicates that this HindIII disruption (Fig. 2) negatively 
affected Stf expression, either resulting from decreased promoter activity (HindIII may 
constitute part of the stf promoter) or an increase in KorA binding (HindIII may constitute part 
of the KorA binding site). The effect of KorA on expression of Stf remains to be studied.  

The results obtained enabled us to create a model of the regulation of pMEA300-
encoded functions (Fig. 6). Stf functions as a transcriptional activator for the transfer genes, the 
main replication initiator gene (rep) and the excisionase (xis) gene, which is part of the orfA/rep 
operon and thus is co-transcribed. Enhanced expression of stf -due to decreased KorA activity- 
or increased Stf activity -due to decreased Orf192 activity or increased concentrations of ADP 
ribose- thus lead to excision of the chromosomally integrated copy of pMEA300, autonomous 
replication and stimulation of conjugative transfer. Plasmid integration activity is arrested -due 
to transcriptional repression of int- to prevent that the excised copy of pMEA300 reintegrates. 
Either Orf192 or KorA may function as main inhibitor of the conjugative transfer process, but 
this remains to be studied in more detail. Intracellular concentrations of ADP-ribose may 
determine whether pMEA300 is present only as a single integrated copy or (via Stf mediated 
activation of the orfA-rep-xis operon) also occurs in the excised state and autonomously 
replicating. Orf192 and KorA modulate these states by hydrolysis of ADP-ribose, or by 
transcriptional repression of the stf and tra genes, respectively. We currently study the 
mechanism of ADP-ribose activation of Stf and the effect of Orf192 on intracellular ADP-ribose 
metabolite concentrations.  
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Limited information is available on the mechanism of plasmid replication in 
actinomycetes, especially in the genus Amycolatopsis. Plasmid pMEA300 of Amycolatopsis 
methanolica site-specifically integrates into its genome but also can replicate 
autonomously. The complete nucleotide sequence of the plasmid has been determined 
previously. Functional characterisation of deletion derivatives of pMEA300 resulted in 
identification of its minimal replicon, constituted by orfB (rep) and (part of the) orfA 
genes. The pMEA300 Rep and OrfA proteins show no similarity with any other Rep 
protein in databases, but Rep shows significant similarity to a putative protein encoded by 
orf1 of the Saccharopolyspora erythraea plasmid pSE211. Purified pMEA300 Rep protein 
binds specifically to the 3’ end region of the rep gene, containing a stem loop structure 
with a DNA sequence motif (also present in orf1 of pSE211 of S. erythraea) with similarity 
to the nicking site of the Double Strand Origin (DSO) of the pC194 family of rolling circle 
replication (RCR) plasmids. However, the functional organisation of pMEA300, with the 
putative DSO located within the rep gene, differs from that of the pC194 RCR plasmid 
family. The data suggest that pMEA300 rep (and orf1 of pSE211 of S. erythraea) constitute 
the first examples of rep genes belonging to a new family of RCR plasmids. 

The pMEA300 minimal replicon (devoid of regulatory features), with only the rep 
(plus DSO) and (part of the) orfA genes, but not pMEA300 itself, also replicated in 
Rhodococcus erythropolis SQ1, but not in Streptomyces lividans. This is the first report of 
an Amycolatopsis plasmid derivative that also can replicate in a Rhodococcus species. 
 
Introduction 
Actinomycetes are Gram-positive, mycelium-forming, soil bacteria that play an important role 
in mineralisation processes in nature and are abundant producers of antibiotics and other 
secondary metabolites. Genetic studies, which have focussed on Streptomyces, 
Saccharopolyspora and Amycolatopsis (Nocardia) species, provided evidence that self-
transmissible plasmids are widespread in these organisms. These plasmids may be present as 
covalently closed circular (ccc), or as linear DNA molecules, and some of them are capable of 
site-specific integration into the genome (Brown et al., 1988;Vrijbloed et al., 1994;Vrijbloed et 
al., 1994). So far, only a single phenotype was found to be associated with transfer of these 
plasmids: i.e. the development of inhibition zones (also referred to as pock formation) when 
plasmid-carrying donor cells grow in a confluent lawn of plasmid-lacking potential recipient 
cells (Bibb et al., 1977). In contrast, plasmids from other bacteria may encode a large variety of 
other functions. They frequently have been shown to carry genes conferring antibiotic 
resistance, or proteins for catabolic pathways (Jacoby and Shapiro, 1977).  

Where studied, actinomycete plasmids (pSAM2, pSG5, pAP1, pSN22, and pNG2) 
were found to replicate via the rolling circle replication (RCR) mechanism (Hagege et al., 
1993a) and, because of their sequence similarity, this is also assumed to be the case for pJV1, 
pIJ101, pSR1 and pGA1 (Servin-Gonzalez, 1993;Suzuki et al., 1997;Archer and Sinskey, 
1993;Nesvera et al., 1997). RCR is initiated when the replication initiator (Rep) protein nicks 
the plus strand of the Double Strand Origin (DSO). The Rep protein is covalently attached to the 
5’ phosphate at the nick site, as leading strand replication is initiated from the 3’ OH end. After 
the leading strand has been fully displaced, the Rep protein cleaves the displaced ssDNA at the 
regenerated nick site. After a series of cleavage/joining reactions one double stranded plasmid 
and one circular, single stranded form is generated. The latter one is converted into dsDNA 
using the single stranded origin (SSO) and the host replication machinery. Based on Rep 
sequence alignments and DSO nicking site similarities, RCR plasmids can be categorised into 
four main families: pT181, pC194, pMV158 and pSN2 (del Solar et al., 1998). All characterised 
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actinomycete cccDNA plasmids belong either to the pC194 plasmid family (Seery et al., 
1993;Muth et al., 1995;Hagege et al., 1993a;Servin-Gonzalez, 1993;Billington et al., 
1998;Suzuki et al., 1997), which is widely distributed in Gram-positive and Gram-negative 
bacteria, or to a recently recognized fifth family of RCR replicons (Venkova-Canova et al., 
2003), with only Corynebacterium plasmids, pGA1, pSR1 and pNG2 (Nesvera et al., 
1997;Archer and Sinskey, 1993;Zhang et al., 1994). 

The actinomycete Amycolatopsis methanolica (Vrijbloed et al., 1995b) harbours a 13.3 
kb plasmid, pMEA300. The complete sequence of pMEA300 has been determined previously 
(GenBank database accession number L36679), revealing the presence of 20 putative ORFs. 
Construction and characterisation of deletion derivatives allowed the identification of genes 
required for conjugation (Vrijbloed et al., 1995c), regulation and integration (Vrijbloed et al., 
1994). The region of pMEA300 required for autonomous replication was previously minimised 
to two unlinked DNA fragments, encoding OrfA and OrfB, and KorA (Fig. 1) (Vrijbloed et al., 
1995a), a putative transcriptional regulator of the genes involved in conjugative transfer. Like 
other plasmid-encoded Kor proteins (Hagege et al., 1993b), KorA is similar to GntR-type 
transcriptional regulators (Vrijbloed et al., 1995c). 
  In this paper we report a further reduction of the minimal replicon size of pMEA300 to 
(part of) orfA and orfB (rep). Interestingly, the amino acid sequence of the identified replication 
protein (Rep) does not share any significant homology with Rep proteins of the pC194 plasmid 
family, nor with any (Rep) protein identified so far. Furthermore, Rep of pMEA300 does not 
contain any of the conserved motifs found in pC194 or in the 3 other families of RCR plasmids 
(del Solar et al., 1998). The Rep protein binds specifically, however, to a pMEA300 fragment 
containing a DNA sequence motif with similarity to the pC194 nicking site region (del Solar et 
al., 1998). 
 
Material and Methods 
Microorganisms and cultivation.  
Amycolatopsis methanolica wild-type (NCIB 11946) (De Boer L. et al., 1990a) and the plasmid 
pMEA300 deficient strain WV1 (Vrijbloed et al., 1994;Vrijbloed et al., 1995b) were used. The 
procedures followed for cultivation in batch cultures, harvesting of cells, and growth 
measurements have all been described previously (De Boer et al., 1988).  
E. coli strains DH5α (recA) and BL21(DE3) were grown in Luria-Bertani (LB) medium at 37oC 
and 30oC, respectively. When necessary, the following supplements were added: 100µg/ml 
ampicillin/chloramphenicol; 0.4 mM IPTG. Agar was added for solid media (1.2 % (wt/vol)).  
Rhodococcus erythropolis SQ1 (Quan and Dabbs, 1993) was cultivated at 30oC in liquid LBP-
medium containing 1% (wt/vol) Bacto Peptone (Difco, Detroit, Mich.), 0.5% (wt/vol) yeast 
extract and 1% (wt/vol) NaCl. Streptomyces lividans 1326 was cultivated at 30oC on R5-
medium (Kieser et al., 2000). 
 
DNA manipulations.  
Plasmid DNA from E. coli and R. erythropolis SQ1 was isolated using commercially available 
spin-prep kits (Sigma), which are based on the alkaline lysis method (Birnboim and Doly, 
1979). Prior to plasmid DNA isolation from R. erythropolis SQ1, cultures were incubated with 
ampicillin (600 µg/ml) for 2 h, to improve cell lysis. Transformation of R. erythropolis SQ1 was 
performed as described previously (van der Geize et al., 2000). S. lividans protoplast 
preparation and transformation were performed as described (Kieser et al., 2000). DNA-
modifying enzymes were obtained from commercial sources and used as recommended by the 
manufacturer. All other DNA manipulations were done according to standard protocols 
(Sambrook et al., 1989). 
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DNA sequencing.  
Nucleotide sequencing was done using dye-primers in the cycle sequencing method (Murray, 
1989) with the thermosequenase kit RPN 2538 from Amersham Pharmacia Biotech AB. The 
samples were run on the A.L.F-Express sequencing robot. Analysis of nucleotide sequence was 
done using CloneManager version 6.00. 
 
Transformation of A. methanolica WV1.  
Media used for growth have been described previously (Madon and Hutter, 1991). A simplified 
version of the method previously described (Vrijbloed et al., 1995b) was used to transform A. 
methanolica WV1. This improved method, omitting the (soft agar) overlay steps, is much less 
laborious and yields similar transformation frequencies as reported previously (3-5.104 
transformants, using saturating concentrations >1.0 µg of plasmid DNA) (Vrijbloed et al., 
1995b). Additionally, with the new procedure background growth on agar plates became 
significantly reduced. 
Preparation of competent cells: Overnight cultures of A. methanolica WV1 on Tryptic Soy 
Broth (TSB) medium (25 ml, grown to an OD430 of 5.0) were centrifuged (5 min, at 3,600 g), 
washed in 25 ml T10E1 and resuspended in T10E1 to an OD430 of 160.  
Transformation of A. methanolica WV1: to 100 µl cell suspension, 10 µl 0.2 M MgCl2, 60 µl 
4.17 M CsCl2, target DNA and T10E1 to a total volume of 20 µl was added and mixed by 
pipetting. Then 200 µl 65% (w/v) PEG-1000 (Koch Light) was added and gently mixed by 
pipetting. The transformation mixture was incubated for 40 min at 37oC. Following incubation, 
1 ml of T27M (3% (wt/vol) trypticase soy broth (BBL), 7.3% (wt/vol) mannitol) (37oC) was 
added, gently mixed and centrifuged (1 min, 10,000 x g). After a second wash step with 1 ml 
T27M, cells were resuspended in 500 µl T27M and incubated for 5-7 h at 37oC on a shaking 
incubator. Finally, an appropriate amount of cell suspension was transferred on T27M agar 
plates containing the antibiotics kanamycin (20 µg /ml). Transformants appeared after approx. 3 
days of incubation at 37oC.  
 
Analysis of autonomous replication.  
Autonomous replication of the pMEA300 derivatives in A. methanolica WV1 was checked by 
Southern hybridisation. Total DNA was isolated from transformants grown overnight in 2 ml of 
TSB supplemented with 20 µg/ml kanamycin. After DNA digestion with appropriate restriction 
enzymes, Southern hybridisation was performed with a DIG DNA Labeling and Detection Kit 
(Roche) using the orfB (rep) gene of pMEA300 as probe. Replication of pMEA300 constructs 
also was checked by isolation of total DNA of A. methanolica WV1 followed by transformation 
to E. coli DH5α and subsequent restriction analysis of plasmid DNA of E. coli transformants.  
Autonomous replication of pMEA300 derivatives in R. erythropolis SQ1 was checked by 
isolation of plasmid DNA from R. erythropolis SQ1 transformants, its transformation to E. coli 
DH5α, followed by restriction analysis of plasmid DNA of E. coli transformants obtained. 
 
Construction of Rep expression plasmids.  
The rep gene (orfB) and orfA were PCR-amplified from pMEA300 plasmid DNA using the 
following primer pairs: for rep: 5’-GCGCATATGACCGCCAACCCCGGAGC-3’ and 5’-CGC 
GGATCCTCAGGCGTTGTTGCCGACGAC-3’ and for orfA: 5'-GCGCATATGCCTACCGCC 
ACAGCG-3' and 5'-CGCGGATCCTCAGGCGGCCACCTCCAGGT-3'. In both cases the first 
primer introduces a NdeI-restriction site (underlined) at the start codon, and the second a BamHI 
site (underlined) at the termination codon. Reactions were performed with Vent DNA 
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polymerase (Biolabs, New-England). Restriction-digested PCR fragments were cloned into the 
NdeI-BamHI sites of pET15B (Novagen), introducing an N-terminal His6-tag in both proteins, 
yielding the expression plasmids pHisRep and pHisOrfA. Sequencing of the pHisRep construct 
showed that no amplification errors had been introduced. 
 
Rep and OrfA protein purification.  
A. methanolica pMEA300 Rep and OrfA proteins were overproduced in E. coli BL21(DE3)-
pHisRep or E. coli BL21(DE3)-pHisOrfA, respectively. Cells were grown at 30ºC in 50 ml LB 
medium containing 50 µg/ml ampicillin. Protein expression was induced by addition of 0.5 mM 
IPTG at an OD660 of 0.3 and subsequent incubation at room temperature for 24 h. Cells were 
harvested by centrifugation and resuspended in 1 ml of 25 mM Tris-HCl pH 8.5. Cell free 
extracts were obtained by passage over a French pressure cell operating at 1.4*105 kN.m-2 and 
subsequent centrifugation (1 min, 10,000 x g). His-tagged Rep and OrfA protein were purified 
with nickel nitrilotriacetic acid (Ni-NTA) resin (Qiagen), using the protocol of the 
manufacturer. 
 
Gel retardation assays.  
Purified His-tagged Rep or His-tagged OrfA protein (0.13 µg and 0.25 µg, respectively) were 
incubated with 0.5 µg restriction-digested pHK315 plasmid DNA (unless stated otherwise) for 
30 min at 37ºC in 15 µl of reaction buffer (10 mM Tris-HCl pH 8; 5 mM MgCl2; 100 mM NaCl, 
1 mM 2-mercaptoethanol; 5 mM DTT; 50 µg/ml BSA). Binding of plasmid DNA by Rep or 
OrfA was studied by analysing DNA mobility in 1.2 % agarose gels. Following electrophoresis, 
gels were stained with ethidium bromide and photographed under UV illumination.  
 
Database accession number.  
The nucleotide sequence of pMEA300 presented in this paper has been deposited in the 
GenBank database under the accession number L36679. 
 
Results and Discussion 
We previously reduced the A. methanolica indigenous plasmid pMEA300 to two unlinked DNA 
fragments (fragments A and B in Fig. 1) that appeared essential for plasmid replication. Firstly, 
a ClaI -NarI fragment of 774 bp, which contains the complete korA gene, and the korA-traA 
intergenic region (putatively with overlapping promoters), and secondly, a 2.6 kb NspHI-AatII 
fragment, containing orfA and orfB encoding (putative) proteins of 170 and 416 amino acids, 
respectively (Fig. 1) (Vrijbloed et al., 1995a).  
 

 

Figure 1. Restriction map of pMEA300. 
The plasmid regions indicated by A and B 
were previously identified as essential for 
replication (Vrijbloed et al., 1995a). 
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The pMEA300 NspHI-AatII fragment carries all genes essential for plasmid replication 
To further identify the region involved in pMEA300 replication, deletion derivatives were 
constructed from the E. coli-A. methanolica shuttle vector pWV136 (Table 1, Fig. 2) (Vrijbloed 
et al., 1995a). Firstly, the remaining parts of the transfer genes were removed via a ClaI-ScaI 
deletion in pWV136, yielding pHK315 (Table 1, Fig. 2). As anticipated, this construct was still 
capable of autonomous replication in A. methanolica WV1, which was demonstrated using the 
standard tests, i.e. by Southern hybridisation on total DNA of A. methanolica WV1-pHK315 
and by transforming E. coli cells with total DNA extracted from A. methanolica WV1-pHK315 
cells, followed by E. coli plasmid DNA analysis. Subsequent deletion of the SacI-BstEII(2) 
fragment of pWV136 (pHK314, Fig. 2, Table 1), completely abolished replication in A. 
methanolica WV1, since no transformants could be acquired when the strain was transformed 
with pHK314. This indicates that the ScaI-BstEII(2) fragment is essential for replication. 
Disruption of the ORF of orfA (pHK313, Fig. 2, Table 1) did not result in loss of autonomous 
replication. Thus, (part of) the ScaI-BstEII(2) fragment is essential for pMEA300 replication, 
but a functional OrfA protein is not required. Interestingly, Southern hybridisation on total DNA 
of A. methanolica WV1-pHK313 revealed a much stronger hybridisation signal compared to the 
hybridisation signal obtained with A. methanolica WV1-pHK315 total DNA, indicating that the 
copy number of pHK313 is much higher than that of pHK315. OrfA thus may down-regulate 
pMEA300 copy number, e.g. via inhibition of Rep protein activity.   
 

 
 
 
Figure 2. Linear representation of (deletion) derivatives of the pMEA300-derived shuttle vector pWV136. 
Dotted lines indicate deletions made in the various constructs. Vertical arrows indicate disruption of the ORF 
of orfA by digestion and subsequent Klenow DNA polymerase fill-in of the BstEII(2) site in orfA. 
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Table 1. Deletion constructs and subclones of pWV136. 

 
Plasmid 

 
Description 
 

 
pWV136 

 
E. coli-A. methanolica shuttle vector (Vrijbloed et al., 1995a), containing the 
11.9 kb BamHI-ApaI fragment, with a SalI-Asp718 deletion of the region 
involved in conjugative transfer, of pMEA300 (Fig. 1), cloned into the 
BamHI-EcoRI sites of the E. coli cloning vector pHSS6 (Seifert et al., 1986). 
 

pHK315 ClaI-ScaI deletion construct of pWV136 (Fig. 2). 
 

pHK314 SacI-BstEII(2) deletion construct of pWV136 (Fig. 2). 
 

pHK313 SacI-ScaI deletion construct of pWV136, containing a disruption of the ORF 
of orfA by digestion and subsequent Klenow DNA polymerase fill-in of the 
BstEII(2) site in orfA. The frameshift starts at amino acid residue 66. Total 
length of OrfA: 170 amino acid residues (Fig. 2). 
 

pHK313E Deletion construct of pHK313 in which the EcoR1-ScaI fragment has been 
deleted (Fig. 2). 
 

pHK317 ScaI-BamHI DNA fragment of pWV136 cloned into the BamHI-SmaI site of 
pHSS6, followed by deletion of the SalI-BstEII(1) fragment (Fig. 2). 
 

pHK317R PCR fragment stretching from the ScaI site to the stop codon of orfB cloned 
into the SmaI site of pHSS6, with orfA and orfB positioned in the reverse 
orientation in pHSS6 as pHK317 (Fig. 2). 
 

pHK319 Constructed by joining two PCR products, one flanked by the ScaI-site and 
the start codon of orfA, and the other starting 20 bp upstream of orfB 
(including the ribosome binding site of orfB) and ending at the stop codon of 
orfB, and subsequent cloning in the BamHI and EcoRI sites of the pHSS6 
cloning vector (Fig. 2). 
 

 
 

No transformants were obtained when attempting to transform A. methanolica WV1 
cells with pHK317, which only contains the (orfA and orfB) genes located on the NspHI-AatII 
fragment of pMEA300 (Fig. 2, Table 1). However, plasmid pHK317R, in which orfA and orfB 
are positioned in the reverse orientation in pHSS6 (Table 1, Fig. 2), could be transformed to A. 
methanolica WV1 and replicated autonomously. This data thus showed that all pMEA300 genes 
necessary for replication, and its origin of replication, are located on the pMEA300 segment 
flanked by ScaI and the stop codon of orfB. KorA and the korA-traA intergenic region, 
putatively with overlapping promoters, are not essential for replication. The dispensability of the 
traA promoter also indicated that the promoter of the replication gene orfB (and of orfA) must 
be located on the region flanked by ScaI and the start codon of orfA.  
The differences between pHK317 and pHK317R may be explained by a polar effect of the 
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kanamycin promoter. In case of pHK317 this would stimulate expression of the orfA and orfB 
genes. Because no replication is observed with pHK317, this may suggest that OrfA negatively 
regulates replication, e.g. via inhibition of Rep protein activity.   
 
orfA sequences are essential for pMEA300 replication 
As shown for pHK313, disruption of the pMEA300 orfA gene did not affect replication. This 
was also shown with construct pHK313E (Fig. 2, Table 1), a deletion construct of pHK313 in 
which the EcoR1-ScaI fragment had been deleted. Like pHK317R, pHK313E could replicate in 
A. methanolica WV1. Complete deletion of orfA abolished replication of pMEA300 
(derivatives), however. This was shown with pHK319, which completely lacks orfA sequences 
(Fig. 2, Table 1). With disruption of orfA (pHK313E) not affecting plasmid replication, we 
conclude that the OrfA protein is not required for replication. However, the inability of pHK319 
to replicate suggests that orfA contains DNA sequences that are essential for replication, e.g. a 
Single Strand Origin (SSO). Protein database searches, using the Blast search tool (Altschul et 
al., 1990), did not reveal any protein with significant homology to OrfA. 
 To confirm whether orfA indeed encodes a protein, this gene was cloned into the 
expression vector pET15b and transformed to E. coli BL21(DE3). Cell extracts from E. coli 
transformed with pHisOrfA showed an additional protein band of approx. 20 kDa on SDS-PAA 
gels compared to an extract of E. coli BL21(DE3) transformed with the pET15b expression 
vector, which is in agreement with the expected size of OrfA (18.4 kDa). OrfA protein was 
purified from E. coli cell extracts using Ni-NTA column chromatography. To determine 
whether OrfA functions as a transcriptional regulator, purified OrfA preparations were 
incubated with pHK315, either as cccDNA or fragmented with various restriction enzymes. No 
DNA binding activity of OrfA could be demonstrated in gel retardation experiments. A putative 
regulatory role of OrfA as a DNA binding protein cannot completely be ruled out yet, however, 
and possibly requires presence of specific (low molecular weight) effector molecules. 
 
orfB encodes the pMEA300 replication protein 
Previously, we have shown that orfB is required for autonomous replication: construct pWV365, 
derived from pWV136 by deleting part of orfB (the XhoI-BamHI fragment, Fig. 2), was 
incapable of autonomous replication (Vrijbloed et al., 1995a). The total data set thus allows us 
to conclude that orfB encodes the replication protein of pMEA300. Its minimal replicon thus 
consists of only one complete gene, namely orfB, and (part of) the sequence of orfA. From here 
on, the OrfB protein will be referred to as Rep. Interestingly, Rep of pMEA300 shows no 
similarity to any other Rep protein found. Extensive sequence similarity (52%), however, exists 
between Rep and the putative protein encoded by the orf1 gene (with unknown function) of 
Saccharopolyspora erythraea plasmid pSE211 (Fig. 4). This high similarity suggests that orf1 
may be the replication gene of pSE211. 
 
Rep binds to the 3' end of its own coding sequence 
Initiation of plasmid replication involves binding of a plasmid-encoded Rep initiator protein to a 
specific sequence (origin of replication; ori) of the plasmid. To determine whether Rep is able to 
bind pMEA300 DNA, gel retardation experiments were performed with purified Rep protein. 
To obtain Rep protein, the rep gene was cloned into the expression vector pET15b and 
transformed to E. coli BL21(DE3). Cell extracts from E. coli transformed with pHisRep showed 
an additional band of approx. 48 kDa on SDS-PAA gels compared to an extract of E. coli 
BL21(DE3) transformed with the pET15b expression vector, which is in agreement with the 
expected size of Rep (45.3 kDa). Rep was purified from E. coli cell extracts using Ni-NTA 
column chromatography. Plasmid pHK315 DNA was used in the gel retardation assays.  
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Figure 3. Gel retardation experiments carried out with (+) or without (-) 0.13 µg of purified His6Rep protein 
and a AvaI (1) and a BssHII (2) digest of pHK315 (0.5 µg), and with 0.02 µg of the PCR product of rep (3). 
The positions of the retarded DNA restriction fragments (A, B) or PCR product (C) on pHK315 are indicated 
by bars. M: SmartLadder (Eurogentec) DNA molecular weight marker (10,000, 8000, 6000, 5000, 4000, 
3000, 2500, 2000, 1500, 1000, 800, 600, 400, 200 bp). 
 
Specific binding of Rep was shown to the pMEA300 moiety of the shuttle plasmid pHK315, 
while no binding was observed with the pHSS6 part of pHK315. Addition of purified OrfA to 
the reaction mix did not affect the DNA binding (and DNA nicking) activity of Rep. To locate 
the region of pMEA300 to which Rep binds, gel shift assays were performed with purified Rep 
protein and restriction fragments of pHK315. Rep specifically binds a 374 bp AvaI-BssHII 
fragment of pHK315, whereas the negative controls - E. coli BL21(DE3)-pET15b and a reaction 
mixture without Rep – did not show any binding (Fig. 3). Rep-bound DNA did not migrate into 
the agarose gel and remained in the slots of the gels, evident from DNA (ethidium bromide) 
staining and protein (Coomassie Brilliant Blue) staining (not visible in Fig. 3). Furthermore, 
Rep was shown to bind to a PCR product of rep. The binding region of Rep was thus narrowed 
down to 237 bp (Fig. 3). Gel shift assays were also performed with restriction fragments of 
other constructs covering the entire pMEA300-sequence, but Rep was only shown to bind to the 
237 bp rep gene fragment flanked by the BssHII site and the rep stop codon (data not shown). 
The binding region in rep contains a strong stem loop structure (Fig. 4), which is often found in 
the bind region of the DSO (del Solar et al., 1998). This stem loop structure (138 bp) produced 
by a 23 bp inverted repeat shows high similarity (56% identity) to a 174 bp stem loop structure 
within orf1 of plasmid pSE211 of S. erythraea (Fig. 4). The loop of this putative stem loop 
structure carries two DNA sequence motifs with clear similarity to the nicking site (5'-
CTTGATA-3') of the pC194 RCR family. One motif was found on the sense strand and the 
other on the anti-sense strand; the same observation was made for orf1 of pSE211 (Fig. 4). 



The minimal replicon of A. methanolica plasmid pMEA300 
 

 
95

 
 
 
 

 
 
 
Figure 4. (A) Stem loop structure present in the DSO in the rep gene of pMEA300 and its similarity with a 
stem loop structure present at the same position in orf1 of pSE211. The putative pC194 type nicking sites 
present on the sense (s) and antisense (as) strands are underlined. (B) Alignment of pC194 type nicking 
sites found in actinomycete plasmids. The nicking position is indicated by an arrow.  
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Further biochemical analysis is needed to determine whether one of these sites is indeed nicked 
by Rep. However, besides similarity to the pC194 family nicking site, the Rep amino acid 
sequence does not share any significant homology with the pC194 family of Rep proteins, nor 
with any Rep protein identified so far. We were also unable to detect any of the consensus 
sequences characteristic for RCR Rep proteins (Ilyina and Koonin, 1992;del Solar et al., 1998). 
Furthermore, the DSO of pMEA300 appears to be located within the rep gene. This functional 
organisation differs from the one found on plasmids belonging to the pC194 family, in which 
the DSO is located upstream of the rep gene. This atypical location of the pMEA300 DSO at the 
distal end of the rep gene was also found on plasmid pGA1 of the actinomycete 
Corynebacterium glutamicum. This plasmid is suggested to belong to a new family of RCR 
plasmids (Abrhamova et al., 2002). The Rep proteins of pGA1 and pMEA300 do not show any 
significant sequence similarity, however. These results suggest that the pMEA300 rep and 
pSE211 orf1 replication genes are the first examples of a new family of RCR plasmids. 
 
Replication of pMEA300 (derivatives) in Rhodococcus erythropolis 
Attemps to transform other actinomycetes (S. lividans and R. erythropolis SQ1) with pMEA301, 
a pMEA300 derivative carrying the thiostrepton resistance gene (Vrijbloed et al., 1995b), 
always failed. Apparently, the host range specificity of pMEA300 is high, limited to its original 
host. To determine whether a pMEA300 derivative plasmid only containing the minimal 
replicon (pHK313E) could replicate in S. lividans and R. erythropolis SQ1, this construct was 
transformed to both strains. We were unable to transform S. lividans, but transformation of R. 
erythropolis SQ1 was successful. To determine whether pHK313E replicated autonomously in 
its new host, plasmid DNA was extracted from R. erythropolis-pHK313E cells and used to 
transform E. coli cells. Restriction enzyme analysis of plasmid DNA isolated from E. coli 
transformants confirmed the presence of the pHK313E plasmid. Similarly, pHK317 was shown 
to replicate autonomously in R. erythropolis SQ1. The presence of a functional orfA gene did 
not significantly affect transformation frequencies. Surprisingly, we could not demonstrate the 
presence of pHK317R as an autonomously replicating plasmid in R. erythropolis SQ1. Plasmids 
pHK317(R) thus provide strongly different results in A. methanolica and R. erythropolis SQ1 as 
hosts (Fig. 2), which may be due to different levels of expression of OrfA and Rep, as a result of 
the positioning of the kanamycin promoter.  

The regulatory mechanism of OrfA in autonomous replication of pMEA300 remains 
unclear at this point. The results obtained from our experiments with A. methanolica indicate 
that OrfA functions as a regulatory protein, negatively affecting the orfB encoded replication 
function. No evidence was obtained, however, that OrfA protein binds to the promoter region of 
orfA/rep. Furthermore, OrfA did not affect the DSO binding activity of Rep (data not shown). 
Possibly, OrfA interferes in cleavage or joining reactions of Rep. The precise role of the 
regulatory mechanism of OrfA will be a subject of future studies.  

This is the first report of a plasmid replicating in both Rhodococcus and Amycolatopsis 
host strains. In future studies we aim to elucidate what pMEA300-based factor(s) prevents 
replication of pMEA300 itself in R. erythropolis SQ1, and thus determines host range 
specificity. Possibly, the presence of a kil-kor system on pMEA300 (Vrijbloed et al., 1995a) is 
involved in host range specificity. An unbalanced expression of genes involved in this 
phenotype may be detrimental for its host.  
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Prephenate dehydratase (PDT), chorismate mutase (CM) and 3-deoxy-D-arabino-7-
heptulosonate 7-phosphate (DAHP) synthase are key regulatory enzymes in aromatic 
amino acid biosynthesis in the actinomycete Amycolatopsis methanolica. Deregulated, 
feedback control resistant mutants were isolated by incubation of A. methanolica on 
glucose mineral agar containing the toxic analogue para-fluoro-DL-phenylalanine 
(pFPhe). Several of these mutants had completely lost PDT sensitivity to Phe inhibition 
and Tyr activation. Mutant characterization yielded new information about PDT amino 
acid residues involved in Phe and Tyr effector binding sites.   

A. methanolica wild type cells grown on glucose mineral medium normally possess 
a bi-functional CM/DAHP-synthase protein complex (with DS1, a plant type DAHP-
synthase). The CM activity of this protein complex is feedback inhibited by Tyr and Phe, 
while DS1 activity is mainly inhibited by Trp. Isolation of pFPhe resistant mutants yielded 
two feedback inhibition resistant CM mutants. These were characterized as regulatory 
mutants, de-repressed in (a) synthesis of CM, now occurring as an abundant, feedback 
inhibition resistant, separate protein, and (b) synthesis of an alternative DAHP-synthase 
(DS2, an E. coli type DAHP-synthase), only inhibited by Tyr and Trp. DS1 and DS2 thus 
are well integrated in A. methanolica primary metabolism: DS1 and CM form a protein 
complex, which stimulates CM activity and renders it sensitive to feedback inhibition by 
Phe and Tyr. Synthesis of CM and DS2 proteins appears to be controlled co-ordinately, 
sensitive to Phe mediated feedback repression. 
 
Introduction 
In microorganisms and plants the biosynthesis of aromatic compounds proceeds via the 
common seven-step aromatic or shikimate pathway to the branch point intermediate chorismate. 
This intermediate is subsequently converted to the three aromatic amino acids via specific 
terminal pathways (Fig. 1). Many other (aromatic) compounds are derived either partially or 
entirely from chorismate or from other pathway intermediates or end products, e.g. 
pyrroloquinoline quinone, lignin, ubiquinone, plastiquinone, enterochelin, vitamin K and 3-
amino-5-hydroxybenzoic acid, the precursor of the mC7N units found in mitomycin and 
ansamycin antibiotics (Bentley, 1990;Knaggs, 1999;Arakawa et al., 2002). Aromatic amino acid 
biosynthesis in bacteria is strictly regulated via feedback control mechanisms. Limited 
information is available about these enzymes or their regulation in actinomycetes, Gram-
positive bacteria that are well-known producers of numerous antibiotics derived from aromatic 
amino acids or their pathway intermediates (Hodgson, 2000). Antibiotic biosynthesis may 
require specific metabolic adaptations, e.g. expression of isoenzymes that serve to avoid 
feedback regulation by aromatic amino acids. 

We are interested in the enzymology and regulation of aromatic amino acid 
biosynthesis in the nocardioform actinomycete Amycolatopsis methanolica. This bacterium is 
closely related to Amycolatopsis mediterranei, producing the antibiotic rifamycin via 3-amino-
5-hydroxybenzoic acid (Kim et al., 1996a;Kim et al., 1996b), and to Amycolatopsis orientalis, 
producing the glycopeptide antibiotics chloroeremomycin and vancomycin, containing for 
instance Tyr (van Wageningen AM et al., 1998). Previous studies of aromatic amino acid 
biosynthesis in A. methanolica have resulted in the isolation of a large number of auxotrophic 
mutants and the biochemical and molecular characterization of several key regulatory enzymes 
(Euverink et al., 1995a;Euverink et al., 1995b;Vrijbloed et al., 1995d;Euverink et al., 1996). 
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The shikimate pathway and the Phe specific pathway are controlled by three regulatory 

enzymes: 3-Deoxy-D-arabino-heptulosonate-7-phosphate (DAHP)-synthase, chorismate mutase 
(CM) and prephenate dehydratase (PDT). DAHP-synthase, the first enzyme of the shikimate 
pathway, is responsible for the condensation of the pentose phosphate pathway intermediate D-
erythrose-4-phosphate (E4P) and the glycolytic pathway intermediate phosphoenolpyruvate 
(PEP) to DAHP. Carbon flow through the shikimate pathway, where tested in other microbes, is 
generally controlled by feedback inhibition of DAHP-synthase activity and/or repression of 
DAHP-synthase synthesis. DAHP-synthase enzymes are present either as a monofunctional di- 
or tetrameric protein, e.g. in E. coli (Ray and Bauerle, 1991;McCandliss et al., 1978;Schoner 
and Herrmann, 1976), or as a bifunctional protein exhibiting both DAHP-synthase and CM 
activities, e.g. in Brevibacterium flavum (Sugimoto and Shiio, 1980) and in A. methanolica 
(Euverink et al., 1995a). Several organisms contain 2 or 3 isoenzymes of DAHP-synthase, each 
displaying a specific feedback inhibition pattern.  

Based on their highly divergent primary structures, two DAHP-synthase families are 
distinguished. E. coli type DAHP-synthase enzymes have only been found in microorganisms. 
Plant type DAHP-synthase proteins are mainly found in plants, but an increasing number of 

Figure 1. Biosynthesis of 
aromatic amino acids via 
the common shikimate 
pathway, and the specific 
amino acid terminal path-
ways. [1] DAHP-synthase, 
[2] chorismate mutase, [3] 
prephenate dehydratase 
and [4] phenylalanine 
amino-transferase. 
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these enzymes are found in bacteria, e.g. in the aurachin producing Gram-negative bacterium 
Stigmatella aurantiaca (Silakowski et al., 2000), and in the phenazine biosynthetic gene cluster 
of Pseudomonas aureofaciens (phzF). It has been speculated that the phzF gene product serves 
to bypass feedback inhibited DAHP-synthase protein(s) in Ps. aureofaciens to ensure sufficient 
intracellular levels of chorismate for phenazine production (Pierson et al., 1995). Plant type 
DAHP-synthase enzymes are also found in actinomycetes, e.g. the Streptomyces avermitilis 
(BAC73797) (Ikeda et al., 2003) and Streptomyces coelicolor (P80574, CAB38581) (Bentley et 
al., 2002) genomes encode one and two (putative) plant type DAHP-synthase proteins, 
respectively. The Corynebacterium glutamicum genome encodes single copies of both DAHP-
synthase protein families (BAB99571, BAB98383), similar to the rifamycin producer A. 
mediterranei (AAK28148, AAC01718). The plant type DAHP-synthase encoding ORF, located 
in the rifamycin biosynthetic gene cluster, is involved in aminoDAHP synthesis (August et al., 
1998). 

Biochemical studies already have shown that two DAHP-synthase isoenzymes and 
single CM and PDT enzymes are present in A. methanolica. DAHP-synthase 1 (DS1) is a 160 
kDa enzyme associated non-covalently with a dimeric CM protein, thus forming a heteromeric 
two-enzyme complex. Both enzyme activities can be separated with Q-sepharose anion-
exchange chromatography, yielding a dimeric CM protein with a 5-fold reduced activity that no 
longer is feedback inhibited by Phe and Tyr, and a 160 kDa DAHP-synthase, that is still 
feedback inhibition sensitive to its effectors Phe, Tyr and (most strongly) Trp (Euverink et al., 
1995a). 

 Characterization of a leaky Phe auxotrophic mutant (GH141) of A. methanolica 
revealed that it had lost 90% of the Phe aminotransferase activity, resulting in Phe-limited 
growth in mineral medium. Mutant GH141 expressed an additional Tyr-sensitive DAHP-
synthase activity (DS2), accompanied by a strongly elevated CM activity. In mutant GH141 the 
CM protein was not associated with DS1 activity, but occurred as a separate dimeric protein 
(Euverink et al., 1995a). Supplementing Phe to the growth medium of GH141, restored wild 
type activity levels of both CM and DAHP-synthase. An ortho-fluoro-DL-phenylalanine 
resistant mutant (oFPhe83) subsequently was characterized that showed high levels of DS2 and 
dimeric CM activity, both in the presence and absence of Phe, suggesting a regulatory mutation 
that de-repressed the synthesis of both proteins (Euverink et al., 1995a). Thus, whereas DS1 
activity is sensitive to Phe, Tyr and (most strongly) Trp feedback inhibition, DS2 activity is 
sensitive to Tyr feedback inhibition (but not Phe) whereas its synthesis is sensitive to feedback 
repression mediated by Phe.  

Prephenate dehydratase (PDT) enzymes occur as monofunctional proteins in Gram-
positive bacteria or as bifunctional proteins (P-proteins) in Gram-negative bacteria (Bentley, 
1990). PDT enzymes are generally sensitive to feedback regulation by Phe and/or Tyr (Bentley, 
1990). PDT of A. methanolica is allosterically inhibited by Phe and activated by Tyr (De Boer et 
al., 1989;Euverink et al., 1995b). Previously, we reported characterization of the A. methanolica 
pdt gene (Vrijbloed et al., 1995d). 

Here we report the isolation and characterization of a number of spontaneous A. 
methanolica PDT mutants insensitive to Phe feedback inhibition and Tyr feedback activation, 
providing new information about amino acid residues involved in PDT allosteric control. 
Furthermore, we report the molecular and biochemical characterization of a second DAHP-
synthase in A. methanolica and molecular characterization of both DAHP-synthases of A. 
methanolica, revealing that this organism contains a single representative of both currently 
recognized families of DAHP-synthase enzymes. We believe this to be the first report of a plant 
type DAHP-synthase that forms a protein complex with a CM, thereby stimulating CM activity 
and making it sensitive to feedback inhibition. 
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Materials and methods 
Microorganisms, cultivation and DNA manipulations 
Amycolatopsis methanolica wild-type (NCIB 11946) and derived phenylalanine analogue 
resistant mutants (this study) were cultivated as described (De Boer et al., 1988). E. coli strains 
DH5α and BL21(DE3) were grown in Luria-Bertani (LB) medium (Ampicillin and 
Chloramphenicol, 100 µg/ml; IPTG, 0.5 mM) at 37oC and 30oC, respectively. Methods for 
DNA handling, modification and cloning were performed as in (Sambrook et al., 1989). 
Plasmids and cloning vectors used are listed in Table 1. 
 
 
Table 1. Plasmids and vectors used in this study. 
 

Plasmid or vector Characteristics Reference/origin 
pBlueScript II KS- Cloning vector Stratagene, La Jolla, 

Ca 
pET3b Expression vector Novagen, Madison, 

Wi 
PZErO-2.0 Cloning vector Invitrogen,Carlsbad, 

Ca 
   
pHK200 pdt cloned in pBlueScript II KS- This study 
pHK255(1-10) pdt wild type and 9 mutants in 

pET3b 
This study 

pHK276 aroF cloned in pET3b This study 
pHK276-0 aroF containing stop codon at bp 

position 907 cloned in pET3b 
This study 

pHK287 aroG cloned in pET3b This study 
 
 
Isolation of phenylalanine-analogue-resistant mutants 
A. methanolica mutants resistant to toxic pFPhe (5 mg/ml, 32.8 mM) were isolated on 10 mM 
glucose mineral agar plates with filter-sterilized analogue. Plates were inoculated with 
approximately 5 x 107 cells. After 5-7 days the spontaneously resistant colonies that had 
appeared were transferred to fresh agar plates with the same composition. 
 
Preparation of extracts and enzyme assays 
Cells were washed in buffer (50 mM Tris-HCl pH 7.5) and disrupted by three passages through 
a French Pressure cell at 140 MPa. Unbroken cells and debris were removed by centrifugation 
of the lysate at 40,000 g for 30 min at 4oC and the supernatant was used for enzyme assays. 
Unless otherwise stated enzyme assays were performed at 37oC. 

PDT (EC 4.2.1.51) activity was assayed by measuring phenylpyruvate formation. The 
reaction mixture (0.5 ml) contained 1 mM potassium prephenate, 50 mM Tris-HCl, pH 7.5 and 
protein. At appropriate time intervals 0.5 ml of 2.0 M NaOH was added and the absorbance of 
phenylpyruvate was measured at 320 nm (ε320[phenylpyruvate]= 17.5 *103 M-1.cm-1) (Patel et 
al., 1977). CM (EC 5.4.99.5) activity was assayed by measuring the amount of prephenate 
formed after its conversion to phenylpyruvate (Dopheide et al., 1972). The reaction mixture (0.1 
ml) contained 50 mM Tris-HCl, pH 7.5, 2.0 mM chorismate and protein. After 10 min, 10 µl 4.5 
M HCl was added and the reaction mixture was incubated for 15 min at 37oC. After addition of 
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NaOH (890 µl of an1.58 M solution) the phenylpyruvate formed was determined at A320. DAHP 
synthase (EC 2.5.1.54) activity was assayed as described (De Boer et al., 1989). Phe, Tyr and 
Trp inhibition/activation of PDT, CM and DAHP synthase activity was determined in the 
presence of 1 mM of each amino acid (Euverink et al., 1995a;Euverink et al., 1995b).  
 
DNA sequence analysis 
Nucleotide sequencing was done using dye-primers in the cycle sequencing method (Murray, 
1989) with the thermosequenase kit RPN 2538 from Amersham Pharmacia Biotech AB. The 
samples were run on the A.L.F-Express sequencing robot. Analysis of nucleotide sequence was 
done using CloneManager version 4.01. Protein sequence comparisons were performed using 
the facilities of the BLAST server (Altschul et al., 1990) at NCBI (Natl. Library of Medicine, 
Washington, D.C.). 
 
PCR primers used to clone aroG 
Using alignments of plant-type (putative) DAHP-synthase proteins (Fig. 4), degenerate primers 
were designed on the basis of two conserved motifs. PLDS1: 5'-GG(G/C)(A/C)G(G/C)ATCGC 
(G/C)GG(G/C)CA(G/A)-3' and PLDS2: 5'-(G/C)GTGTT(G/C)CCGTGCAT(G/C)GG-3'. PCR 
experiments with these primers, using A. methanolica DNA as template, yielded a single DNA-
fragment of approx. 730 bp with strong sequence similarity to plant type DAHP-synthase genes. 
Specific primers PLDS3 and PLDS4 were designed (Fig. 4), and used to screen an 
A.methanolica genomic library. 
 
Construction and PCR screening of genomic DNA library 
An A. methanolica genomic DNA library was constructed using partially Sau3A digested 
chromosomal DNA, sized by sucrose gradient centrifugation. Fragments of 8-12 kb were cloned 
in the BamHI site of pZErO-2.0, allowing positive selection of recombinants. Transformation of 
E. coli DH5α with ligation mixture generated a DNA library of ~5000 independent 
transformants (average insert size 7.8 kb; insert frequency 92%). 

Gene library screening for the aroG gene was performed by PCR, using primers 
PLDS3 (5'-TCGCACTTCCTGTGGAT-3') and PLDS4 (5'-TGCCAGATGACCTTGTG-3'). 
Plates with ~100 gene library transformants were replica plated. Subsequently, all cell material 
from the original plate was resuspended in 1 ml LB medium from which plasmid DNA was 
isolated and subjected to PCR analysis. Colonies originating from plates with a positive 
outcome were subjected to individual PCR analysis. This resulted in identification of a positive 
clone containing an insert of approx. 8 kb. 
 
Southern hybridization of aroF 
Digested chromosomal DNA from A. methanolica was separated on a 0.8 % (w/v) agarose gel 
and blotted onto a high-bond nylon membrane supplied by Qiagen (Basel, Switzerland), via an 
alkaline transfer method (Sambrook et al., 1989). Southern hybridization was performed at 
650C, using the entire aroF gene (for DS2) of A. methanolica as a probe. Radioactive probe 
labeling was performed with the high prime DNA labeling kit from Boehringer Mannheim. 
Following hybridization the membrane was washed at 650C with 2xSSC (1xSSC is 0.15M NaCl 
and 0.015M sodium citrate) containing 0.5% (w/v) sodium dodecyl sulphate (SDS) for 10 min, 
twice with 1xSSC containing 0.5% (w/v) SDS at room temperature and three times with 
0.3xSSC containing 0.5% (w/v) SDS at room temperature.  
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Estimation of molecular weight of native proteins 
The molecular weights of AroF and AroG were estimated by loading E. coli cell free extracts on 
a Superdex-200 column (XK 16/60) equilibrated with Tris HCl-buffer (pH 7.5). Bio-Rad gel 
filtration standard proteins (670, 158, 44 and 17 kDa proteins) (Bio-Rad, Richmond, Calif. 
USA) were used as standards. 
 
Analytical methods 
Protein concentrations were determined with the protein determination kit from Bio-Rad, using 
bovine serum albumin as standard (Richmond, CA, USA) (Bradford, 1976). 
 
Accession numbers 
The DAHP-synthase encoding nucleotide sequences of A. methanolica presented in this paper 
were entered into Genbank under accession numbers AY382157 (aroF) and AY382158 (aroG). 
The accession number of the A. methanolica PDT amino acid sequence is Q44104. 
 
 
Results 
Isolation of A. methanolica pFPhe resistant mutants 
The PDT and CM enzymes of A. methanolica are sensitive to inhibition by (pF)Phe. Growth of 
A. methanolica wild type on glucose mineral agar with pFPhe at 32.5 mM is completely 
inhibited. Previously we have shown that this is due to inhibition of Phe synthesis and can be 
overcome by adding Phe to the growth medium (De Boer L. et al., 1990b). This allowed 
straightforward selection of A. methanolica mutants with deregulated PDT/CM enzymes. 
Colonies of A. methanolica started to appear after 4 days of incubation on glucose mineral 
medium agar plates with pFPhe. The maximum number of pFPhe resistant mutants was reached 
after seven days (mutant frequency ~10-5). Transfer to fresh agar plates with the same pFPhe-
containing medium, resulted in growth of almost 80% of the pFPhe resistant colonies. Cell 
extracts of mutant strains harvested from glucose mineral medium cultures were assayed for 
PDT and CM activities and analyzed for Phe and Tyr feedback inhibition. 

A. methanolica wild type PDT activity is inhibited up to 70% by 1 mM Phe, and 
stimulated by a factor two by a similar amount of Tyr (Table 2) (Euverink et al., 1995b). Of 76 
colonies tested, 7 had (completely) lost Phe feedback inhibition sensitivity, while 5 of those 7 
mutants also had completely lost the stimulatory effect of Tyr. Similar results were obtained for 
PDT enzymes in 2 previously (Euverink et al., 1995b) isolated FPhe resistant A. methanolica 
mutants, strains pFPhe32 and oFPhe84. None of these 9 strains carrying PDT mutants were 
affected in CM sensitivity to Phe inhibition. No PDT mutants were detected that had lost the 
stimulatory effect of Tyr only. 
 A further two of the 76 mutants tested were affected in CM feedback inhibition 
activity. Both mutants (strains pFPhe4 and pFPhe25) were completely insensitive to the 
inhibitory effect of Phe (50% in wild type situation), while Tyr (1 mM) inhibition was reduced 
to 25 % (50 % in wild type situation). The presence of both Phe and Tyr (1 mM each) in the 
reaction mix yielded 35 % relative inhibition (85 % in wild type situation).  

CM only displays its feedback inhibition sensitivity when bound within the CM-
DAHP-synthase enzyme complex (with DS1; see below) (Euverink et al., 1995a). The inhibitor 
binding domain involved in this phenomenon thus may be located on the DAHP-synthase 
moiety. In this situation, two types of CM and DAHP-synthase feedback inhibition resistant 
mutants may occur: (I) a DS1 mutation resulting in loss of feedback inhibition sensitivity of 
both CM activity and DS1 activity, and (II) a regulatory mutation leading to de-repression of 
(Phe feedback inhibition insensitive) DS2 and CM synthesis, similar to mutant oFPhe83 
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(Euverink et al., 1995a). The two isolated mutant strains with deregulated CM enzymes 
therefore were tested for their DAHP-synthase activities and feedback inhibition patterns. 
Mutants pFPhe4 and pFPhe25 both possessed 9-10 fold higher DAHP-synthase activity levels. 
Similar to mutant oFPhe83, this DAHP-synthase activity was most strongly feedback inhibited 
by Tyr, indicating the presence of (de-repressed) DS2 activity (Table 3). Screening of the 
remaining 74 pFPhe resistant mutant strains did not yield a single mutant with deregulated DS1 
activity.  
 
 
Table 2. Characteristic properties of deregulated prephenate dehydratase mutant proteins in spontaneous 
pFPhe and oFPhe analogue resistant mutants of Amycolatopsis methanolica. Feedback inhibition pattern of 
PDT enzymes in A. methanolica cell extracts determined in the presence of 1 mM Phe or Tyr. 
 

Mutant 
strain 

Phe inhibitionb 
   (%) 

Tyr activationb 
(%) 

Mutation 
(nucleotide pos.) 

Mutation 
(amino acid pos.) 

PDT-Wt 30 225 - - 
pFPhe32a 89 209 C625T L209F 
oFPhe84a 81 96 C374G A125G 
pFPhe17 86 202 C625T L209F 
pFPhe54 117 110 C593T A198V 
pFPhe55 108 101 G592C A198P 
pFPhe60 98 114 A680G H227R 
pFPhe82 97 210 C600G N200K 
pFPhe114 129 117 C593T A198V 
pFPhe118 105 113 A680G H227R 

a Isolated by Euverink et al. (Euverink et al., 1995b); b Activity relative to incubation without effector  
 
 
Sequence analysis and heterologous expression of deregulated PDT mutants 
Cloning and nucleotide sequencing of the 9 mutant pdt genes revealed point mutations in 6 
different nucleotides (mutants A125G, A198P, A198V, N200K, L209F and H227R (Table 2). 
Mutants N200K and L209F were still activated by Tyr (Table 2). The A. methanolica wild type 
and mutant pdt genes were cloned into pET3b, resulting in plasmids pHK255(1-10). PDT 
activity in E. coli strain BL21(DE3)-pHK255 expressing the A. methanolica wild type pdt gene 
reached levels of 19 U.mg-1, while PDT activity in the E. coli BL21(DE3)-pET3b control strain 
was 0.009 U.mg-1. Effects of Phe and Tyr on mutant PDT proteins were similar in E. coli 
BL21(DE3)-pHK255(1-10) extracts and in A. methanolica mutant strains.  
 
PDT sequence alignments 
Sequence alignments revealed that A. methanolica PDT shares considerable similarity with 
other (monofunctional) actinomycete PDT sequences (Fig. 2). Also the PDT encoding domains 
of P-proteins aligned well with A. methanolica PDT, albeit with lower relative sequence 
similarity. 
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Aqaeol  91 -----IKVAYLGPKATFTHQAALE-----FFGFSAH----YTPCSTIRDVFVEVETKRADYGVVPVENTIEGVVNYTLD   
Psstu   95 -----LRVAYLGPEGTFSQAAALK-----HFGHSVI----SKPMAAIDEVFREVVAGAVNFGVVPVENSTEGAVNHTLD 
Myclep   1 --MSVARIAYLGPEGTFTEAALLRMTAAGLVPDTGPDGLRRWPTESTPAALDAVRGGAADYACVPIENSIDGSVAPTLD 
Myctub   1 ----MVRIAYLGPEGTFTEAALVRMVAAGLVPETGPDALQRMPVESAPAALAAVRDGGADYACVPIENSIDGSVLPTLD 
Corglu   1 MSDAPTVVAYLGPAGTFTEEALYKFADAGVFGD-GE--IEQLPAKSPQEAVDAVRHGTAQFAVVAIENFVDGPVTPTFD 
Scoel    1 ---MPASYAYLGPEGTFTEVAL-R-----TLPETAT--RELVPYVSVQSALDAVRTGEAEAAFVPIENSVEGGITTTLD 
Ameth    1 ----MSRIAYFGPVGTFTEQAA-R-----TFMAAGD---ELVAAETIPKALDAVRRGEADAACVPVENSVEGAVPATLD 
Ecoli  104 -----ARIAFLGPKGSYSHLAA-R-----QYAARHFEQFIESGCAKFADIFNQVETGQADYAVVPIENTSSGAINDVYD 
Haein  104 -----LHIAFLGKRGSYSNLAA-R-----NYAARYQKQFVELGCQSFEQVFEKVQTGEADFGVLPLENTTSGAINEVYD 
Bacsu    1 -----MKVGYLGPAATFTHLAVSS-----CFQNGAE----HVAYRTIPECIDAAVAGEVDFAFVPLENALEGSVNLTID 
Lacla    1 -----MKIAYLGPRGSFCSVVAEA-----AFKS-EE----LYSYATILDVIEAYNEGECDFALVPIENSTEGTVNMSID 
                    .::*  .::   .                             .        : . :.:**  .* :    * 
 
Aqaeol     MF-LESDVKIAGEIVIPITLHLLS-AS--DSIENVEKVYSHKMALAQCRSWLEKNLPSVQVIEVESTAKACEIALEDER 
Psstu      SF-LEHDIVICGEVELRIHHHLLVGET--TKTDRITRIYSHAQSLAQCRKWLDAHYPNVERVAVSSNADAAKRVKSEWN 
Myclep     NLAIGSPLQVFAETTLDVEFNIVVKPG--ITAADIRTLAAFPVAAAQVRQWLAAHLAGAELRPAYSNADAARQVAYGQV 
Myctub     SLAIGVRLQVFAETTLDVTFSIVVKPG--RNAADVRTLAAFPVAAAQVRQWLAAHLPAADLRPAYSNADAARQVADGLV 
Corglu     ALDQGSNVQIIAEEELDIAFSIMVRPG--TSLADVKTLATHPVGYQQVKNWMATTIPDAMYLSASSNGAGAQMVAEGTA 
Scoel      ELVAGQPLMIYREVLLSITFALLVRPG--TKLSDIKTVTAHPAAQPQVRNWIKAHLPDVAWESAASNADGARLVQEGRY 
Ameth      SLAVGEPLIGVAEALLPVHFSVLTR----DDVGEIRTVASHPHALAQVRKWLEDNLPGARVVAAGSTAAAAVAVQAGEF 
Ecoli      LL-QHTSLSIVGEMTLTIDHCLLVSGT--TDLSTINTVYSHPQPFQQCSKFLNR-YPHWKIEYTESTSAAMEKVAQAKS 
Haein      LL-QHTDLSLVGELAYPIKHCVLVNDK--TDLNQIDTLYSHPQVIQQCSQFIHS-LDRVHIEYCESSSHAMQLVASLNK 
Bacsu      YLIHEQPLPIVGEMTLPIHQHLLVHPSRENAWKELDKIYSHSHAIAQCHKFLHRHFPSVPYEYANSTGAAAKFVSDHPE 
Lacla      KIFHDSNAKVVAEFVLPISQNLLAVS----KEQKIEHIYSHPQALAQTRVYLRKFYPQAQVEITESTSAAAEFVKNNPD 
            :          *    :   ::           :  : :.     *   ::             *.. .   .      
 
Aqaeol     A--GAVASEVAAYTYHLNILARNIQDSGDNFTRFLVIAKR------D-LKPTGSDKTSILFG--VKDEPGALYKALEVF 
Psstu      S--AAIAGDMAAQLYGLSKLAEKIEDRPDNSTRFLIIGSQ------E-VPPTGDDKTSIIVS--MRNKPGALHELLMPF 
Myclep     D--AAVTSPLAATRWGLIALAAGIVDEPNARTRFVLVGMP-----GPPPARTGTDRTSAVLR--IDNAPGMLVAALAEF 
Myctub     D--AAVTSPLAAARWGLAALADGVVDESNARTRFVLVGRP-----GPPPARTGADRTSAVLR--IDNQPGALVAALAEF 
Corglu     D--AAAAPSRAAELFGLERLVDDVADVRGARTRFVAVQAQ-----AAVSEPTGHDRTSVIFS--LPNVPGSLVRALNEF 
Scoel      D--AAFAGEFAAERYGLEVLEADIHDAENAQTRFVLVGRP-----ARPAAPTGADKTSVVLWQ-RDDHPGGLRDLLGEF 
Ameth      D--AAVTAPVAVEHYPLKVLATEVADVRDARTRFLLMRRPP----VVLPEPTGADRTSIVAA--AANRTGTLAELLTEL 
Ecoli      PHVAALGSEAGGTLYGLQVLERIEANQRQNFTRFVVLARK-----AINVSDQVPAKTTLLMA--TGQQAGALVEALLVL 
Haein      PNIAALGNEDGGKLYGLSVLKTNIANQENNITRFIVVAKE-----PREVSSQIPTKTLLLMT--TSQQAGALVDALLVF 
Bacsu      LNIGVIANDMAASTYELKIVKRDIQDYRDNHTRFVILSPDENISFEVNSKLSSRPKTTLMVMLPQDDQSGALHRVLSAF 
Lacla      LPAAAVANSFAAKMYDLEFIAENIQDLAGNSTRFWLLGKEK----QSFDLNQTKDKVTLALT-LPDNLPGALHKAISVF 
              ..     .   : *  :     :     ***  :                  :.         : .* *   :  : 
 
Aqaeol     YKHGINLTKIESRPSKKKAWDYVFFVDLEGHKEE-ERVEKALKELKEKTQFLKVLGSYPKALLQE-------------- 
Psstu      HSNGIDLTRIETRPSRSGKWTYVFFIDCMGHYQD-PLIKDVLEKIDHEAVALKVLGSYPKAVL---------------- 
Myclep     GIRGIDLTRIESRPTRTELGTYLFFVDCVGHIDD-GVVAEALKALHRRCADVCYLGSWPAGLATGPTVSPPPPDEASRW 
Myctub     GIRGIDLTRIESRPTRTELGTYLFFVDCVGHIDD-EAVAEALKAVHRRCADVRYLGSWPTGPAAG--AQPPLVDEASRW 
Corglu     AIRGVDLTRIESRPTRKVFGTYRFHLDISGHIRD-IPVAEALRALHLQAEELVFVGSWPSNRAED--S-TPQTDQ---- 
Scoel      ATRGINLMLLQSRPTGAGIGNYCFCIDAEGHISD-RRVADALMGLKRTCLQVRYLGSYPRAEVTP-----ADVDALRPG 
Ameth      ATRGINLTRLDARPHKQNFGEYRFFIDFEGHVAE-PRIADALAALRRRCRDVRFLGSFARADGVA-----ATIEPAAR- 
Ecoli      RNHNLIMTRLESRPIHGNPWEEMFYLDIQANLES-AEMQKALKELGEITRSMKVLGCYPSENVVP-------VDPT--- 
Haein      KKHQINMTKLESRPIYGKPWEEMFYLEIEANIHH-PDTKQALEELKNYSNYLKILGCYPSEIVKP-------VSV---- 
Bacsu      SWRNLNLSKIESRPTKTGLGHYFFIIDIEKAFDD-VLIPGAMQELEALGCKVRLLGAYQSYQL---------------- 
Lacla      AWRDIDMTKIESRPLRTRLGQYFFIIDLENNATNSLKIPYALEELAGLGVNVRLLGNYSVYSLGEV------------- 
             . : :  :::**         * ::             .:  :      :  :* :      
 
Aqaeol     ------------------------  
Psstu      ------------------------  
Myclep     LARLRAGKPDQASE-PG--GGKL-  
Myctub     LARLRAGKPEQTLVRPDDQGAQA-  
Corglu     LAKLH--KADEWVRAASE-GRKLN  
Scoel      TSDEAFVAAADWVARCQD-GRF--  
Ameth      --NEDFTDAADWVAAVQR-GEQA-  
Ecoli      ------------------------  
Haein      ------------------------  
Bacsu      ------------------------  
Lacla      ------------------------  
 

(continued on page 107) 
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Figure 2. Amino acid sequence alignment of PDT of A. methanolica with other monofunctional (putative) 
PDT proteins or bifunctional P-proteins. The CM domain of P-proteins has been deleted to acquire an 
unbiased alignment (apparent from residue numbering). 
'*' indicates positions with a single, fully conserved residue; 
':' indicates that one of the following 'strong' groups is fully conserved: STA, NEQK, 
NHQK, NDEQ, QHRK, MILV, MILF, HY and FYW;  
'.' indicates that one of the following 'weaker' groups is fully conserved: CSA, ATV, SAG, STNK, STPA, 
SGND, SNDEQK, NDEQHK, NEQHRK, FVLIM and HFY. 
Bold face amino acid residues within the PDT sequence of A. methanolica indicate positions involved in Phe 
and Tyr binding. The conserved GALV and ESRP regions (Pohnert et al., 1999) are underlined. The 
percentage identity and similarity between A. methanolica PDT and each of the other (putative) PDT proteins 
is shown underneath. 
 
 
 
Table 3. Specific DAHP-synthase activities and feedback inhibition patterns in A. methanolica wild type and 
derived mutant strains, and in E. coli Bl21(DE3) strains expressing A.methanolica DAHP-synthase proteins, 
grown in different media. Assays were performed with cell free extracts of A. methanolica or E. coli. 
Sensitivity to feedback inhibition by either of the aromatic amino acids (1 mM final concentrations) is 
indicated by the relative residual activities. 
 

   Activity with 1 mM: 
Strain/plasmid Medium Spec. Act. 

(mU.mg prot-1)* 
Phe 
(%) 

Tyr 
(%) 

Trp 
(%) 

A. methanolica:      
Wild type Mineral medium   22 65 75 10 
oFPhe83 Mineral medium 188 100 17 61 
pFPhe4 
pFPhe25 

Mineral medium 
Mineral medium 

215 
204 

103 
95 

13 
21 

100 
91 

E. coli:      
pET3b (neg. control) LB     4 n.d.# n.d. n.d. 
pHK276 LB  363 102 16 34 
 LB+0.5 M sorbitol 3267 n.d. n.d. n.d. 
pHK276-0 LB  377 371 76 181 
pHK287 LB  274 83 91 38 
pHK287 LB+0.5 M sorbitol 1880 81 92 35 

*One U is defined as 1 µmol PEP consumed .min-1,# not determined. 

Organism Abbrev.  Accession Identity Similarity 
Amycolatopsis methanolica Ameth Q 44104 100 100 
Streptomyces coelicolor Scoel NP 628146 46 59 
Mycobacterium leprae Myclep NP 301183 44 58 
Mycobacterium tuberculosis Myctub NP 338499 45 59 
Corynebacterium glutamicum Corglu NP 602088 37 56 
Aquifex aeolicus Aqaeol NP 213648 36 51 
Pseudomonas stutzeri Psstu A 44764 36 49 
Bacillus subtilis Bacsu NP 390668 33 51 
Lactococcus lactis Lacla NP 267898 32 51 
Escherichia coli Ecoli NP 311489 30 46 
Haemophilus influenzae Haein NP 439303 26 46 
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Analysis, expression and characterization of A. methanolica AroF  
Previously (Alves et al., 1996), we reported the fortuitous cloning of an E. coli-type DAHP-
synthase gene from A. methanolica. Completion of the nucleotide sequence of this DAHP-
synthase gene revealed that it potentially encodes a protein with a subunit Mr of 37.8 kDa 
(Table 4). Alignments of this A. methanolica DAHP-synthase with other E. coli type DAHP-
synthase proteins revealed significant similarities. However, some residues within the 
AIGARTTESQ-motif, highly conserved in E. coli type proteins, are different in the A. 
methanolica and A. mediterranei DAHP-synthase proteins (Table 4; URL: 
http://www.sanger.ac.uk/Software/Pfam). 

Cloning of the A. methanolica DAHP-synthase gene in the expression vector pET3b 
(pHK276) resulted in its successful expression in E. coli strain BL21(DE3). The DAHP-
synthase activity expressed was strongly feedback inhibited by Tyr (similar to E. coli AroF, 
(Shultz et al., 1984)) and the protein was therefore referred to as AroF. It also displayed 
intermediate sensitivity toward Trp but was unaffected by the addition of Phe (Table 3). These 
characteristics resemble the feedback inhibition pattern of A. methanolica DS2 activity, as 
observed in mutant strain oFPhe 83 (Table 3). 

Expression of aroF was stimulated one order of magnitude when 0.5 M sorbitol was 
added to the LB growth medium as a compatible solute (Table 3). The amount of AroF present 
in extracts of cells grown on LB with 0.5 M sorbitol was estimated to be about 20% of total 
protein as observed on SDS-PAGE gels (data not shown).  

During PCR amplification of the aroF gene, a PCR fragment was isolated with an opal 
stop codon mutation at nucleotide position 907 of the ORF. Expression of this mutated aroF 
(pHK276-0) encoding a protein with a subunit molecular mass of 31.5 kDa instead of 37.8 kDa, 
yielded a protein insensitive to feedback inhibition. Rather, Phe and Trp now had a stimulatory 
effect on the activity of the truncated protein (Table 3). 

 
Table 4. Partial alignment of amino acid sequences of (E. coli-type DAHP-synthase) AroF of A. methanolica, 
DAHP-synthase proteins closely related to AroF and the three E. coli DAHP-synthase isozymes. The 
percentage identity and similarity between A. methanolica AroF and each of the other DAHP-synthase 
proteins is shown. Aberrant residues within the AIGARTTESQ-motif are shown in bold. 
 

Organism Protein Accession Total 
Identity/similarity 

AIGARTESQ 
motif 

Amycolatopsis methanolica AroF AY382157 100/100 SIGARTAASQ 
Amycolatopsis mediterranei  AAK28148 80/86 SIGARTAASQ 
Amycolatopsis orientalis  T17477 60/72 AIGARTVESQ 
Ralstonia solanacearum  NP518864 58/72 AIGARTTESQ 
Escherichia coli AroG NP286475 53/67 AIGARTTESQ 
Escherichia coli AroH NP288138 49/64 AIGARTTESQ 
Escherichia coli AroF NP289154 48/62 AIGARTTESQ 

 
 
Cloning and characterization of a second DAHP-synthase gene 
Attempts to clone the DS1 gene from chromosomal DNA of A. methanolica in Southern 
hybridization experiments using aroF as a probe failed (data not shown). Using PCR screening, 
we therefore searched for a plant type DAHP-synthase gene in A. methanolica.  

DNA sequence determination of 4.5 kb of the insert of the positive clone selected (see 
Methods), revealed an ORF of 1391 bp potentially encoding a 50,687 kDa protein, showing a 
high degree of sequence similarity toward other plant type DAHP-synthase proteins (Fig. 3).  
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Ameth      MNWTVDVPVDTLPELPPLPPELRARLDDALSRPAAQQPEWPDADAVGRVRHLLEAVPPITVPAEIDRLQDRLAMVARGEA 
Amedi      MNWTVDVPVDTLPELPPLPPELRTRLDKALALPAAQQPEWPDPEATRRVRGVLESVPPITVPAEIDRLKSRLAMVARGEA 
Actpre     MNWTVDVPVDTLPEL-------RSRLDDALGRPAAQQPEWPDADLARRVRAVLESVPPITVPAEIDRLRENLAAVARGEA 
Myctub     MNWTVDIPIDQLPSLPPLPTDLRTRLDAALAKPAAQQPTWP-ADQALAMRTVLESVPPVTVPSEIVRLQEQLAQVAKGEA 
Corglu     MSWTVDIPKEVLPDLPPLPEGMQQQFEDTISRDAKQQPTWD-RAQAENVRKILESVPPIVVAPEVLELKQKLADVANGKA 
Scoel      ----MTVNAKTSPSAG----------NTWRDLPAAQQPEYPDTEALRAVIADLESYPPLVFAGECDQLRARMAAVAKGEA 
Hepylo     -------MSNTTWSP-----------TSWHSFKIEQHPTYKDKQELERVKKELHSYPPLVFAGEARNLQERLAQVIDNKA 
Psfluor    -----------MEDL----------LKRVLKCEALQQPQWSEPSQLHDAQAYLRDSASLIRVEDILVLRATLARVAAGEA 
                        .                     *:* :            *.  ..:    :   *:  :* *  .:* 
 
 
Ameth      FLLQGGDCAETFESNTEPHIRANLRTLLQMAVVLTYGASLPVVKVGRIAGQYAKPRS---NSTDALGLPVYRGDIVNSLV 
Amedi      FLLQGGDCAETFESNTEPHIRANLRTLLQMAVVLTYGASLPVVKVGRIAGQYAKPRS---AATDALGLPVYRGDIINSLV 
Actpre     FMLQGGDCAETFADNTEPHIRANVRTLLQMAVVLTYGASLPVVKIGRIAGQYAKPRS---SGTDALGLPSYRGDIVNSLV 
Myctub     FLLQGGDCAETFMDNTEPHIRGNVRALLQMAVVLTYGASMPVVKVARIAGQYAKPRS---ADIDALGLRSYRGDMINGFA 
Corglu     FLLQGGDCAETFESNTEPHIRANVKTLLQMAVVLTYGASTPVIKMARIAGQYAKPRS---SDLDGNGLPNYRGDIVNGVE 
Scoel      FLLQGGDCAEAFDAVSADHIRNKLKTLLQMGAVLTYAASVPVVKVGRIAGQYSKPRSKPTETRDGVTLPTYRGDSVNGFD 
Hepylo     FLLQGGDCAESFSQFSANRIRDMFKVMMQMAIVLTFAGSIPIVKVGRIAGQFAKPRSNATEMLDNEEVLSYRGDIINGIS 
Psfluor    MIIQCGDCAEDMDESAADHVTRKAALLDMLAGTFRLVTQQPVVRVGRIAGQFAKPRSNHSERIGDVELPVYRGDMVNGRD 
           :::* ***** :   :  ::      :  :. .:    . *::::.*****::****      .   :  **** :*.   
 
 
Ameth      AKPELRVPDPGRMIRAYANSGAAMNLVRALTGAGMADLAQVHDWNKDFVRTSPAGERYEALAGEIDRGLRFMSACGVSDT 
Amedi      AKPELRVPDPGRMIRAYANAGAAMNLVRALTGAGMADLHQVHDWNKDFVSASPAAQRFEALANEIDRGLRFMSACGVTDT 
Actpre     PTPEARVADPGRMIRAYANAGAAMNLLRAMTTAGMADLHRLHDWNKDFVRTSPAGERYEALAAEIDRGLRFMSACGVNDS 
Myctub     PDAAAREHDPSRLVRAYANASAAMNLVRALTSSGLASLHLVHDWNREFVRTSPAGARYEALATEIDRGLRFMSACGVADR 
Corglu     ATPEARRHDPARMIRAYANASAAMNLVRALTSSGTADLYRLSEWNREFVANSPAGARYEALAREIDSGLRFMEACGVSDE 
Scoel      FTEAARIPDPERLKRMYHASASTLNLVRAFTTGGYADLRQVHAWNQDFVKSSPSGQRYEQLAREIDNALNFMRACGTDPA 
Hepylo     KK--EREPNPERMLKAYHQSVATLNLIRAFAQGGLADLEQVHRFNLDFVKNNDFGQKYQQIADRITQALGFMRACGVEIE 
Psfluor    AVLGHRQHDAQRLVRGYR---AAQDIMQHL---G---------WK------EPSGQ--EQLT---------------GSP 
                *  :. *: : *    :: :::: :   *         ::      .  .   : ::    
 
                                                     PLDS3 
                                                     ----->   
Ameth      S---LHSTEIFASHEALLLDYERAMLRMDNANAGNPKLYNLSSHFLWIGERTRQLDGAHIALAELLANPIGVKIGPTTTP 
Amedi      S---LQSTEIFASHEALLLDYERSMLRLDQADATNPKLYNLSSHFLWVGERTRQLDGAHIAFAELLANPIGLKIGPTTTP 
Actpre     S---LHTTEIFASHEALLLDYERALLRLDTR-GDEPKLYDLSSHFLWIGERTKQLDGAHIAFAELLANPIGLKIGPSTTP 
Myctub     N---LQTAEIYASHEALVLDYERAMLRLSDGDDGEPQLFDLSAHTVWIGERTRQIDGAHIAFAQVIANPVGVKLGPNMTP 
Corglu     S---LRAADIYCSHEALLVDYERSMLRLATDEEGNEELYDLSAHQLWIGERTRGMDDFHVNFASMISNPIGIKIGPGITP 
Scoel      E---FQTVEFFSSHEALLLDYESALTRVDSR---TGQLYDVSGHMVWIGERTRQLDHAHIEFASRIRNPIGIKLGPSTTA 
Hepylo     RTPILREVEFYTSHEALLLHYEEPLVRKDSL---TNQFYDCSAHMLWIGERTRDPKGAHVEFLRGVCNPIGVKIGPNASV 
Psfluor    A---------WTSHEMLVLDYELPQVRRDEQ----GRTFLGSTHWPWIGERTRQLTGAHVALLSEVLNPVACKVGPDITQ 
                     : *** *::.** .  *         . :  * *  *:****:     *: :   : **:. *:**  : 
 
                PLDS4 
                            <----- 
Ameth      EQAVEYVERLDPRNQPGRVTLISRMGNGKVRDVLPAIVEKVEATGHKVIWQCDPMHGNTHESSSGYKTRHFDRIIDEVQG 
Amedi      EQALEYVERLDPRSEPGRLTLIARMGNGKVREVLPAIVEKVEASGHKVIWQCDPMHGNTHESSTGYKTRHFDRIVDEVQG 
Actpre     EMAVEYVERLDPHNQPGRLTLIIRMGNGKVRDVLPAIVEKVTASGHKVIWQCDPMHGNTHESSTGYKTRHFDRIVDEVQG 
Myctub     ELAVEYVERLDPHNKPGRLTLVSRMGNHKVRDLLPPIVEKVQATGHQVIWQCDPMHGNTHESSTGFKTRHFDRIVDEVQG 
Corglu     EEAVAYADKLDPNFEPGRLTIVARMGHDKVRSVLPGVIQAVEASGHKVIWQSDPMHGNTFTASNGYKTRHFDKVIDEVQG 
Scoel      EEALQYIERLDPEREPGRLTFIVRMGADKIRDKLPELVEKVTASGATVAWITDPMHGNTYEAASGHKTRRFDDVLDEVKG 
Hepylo     SEVLELCDVLNPRNIKGRLNLIVRMGSKMIKERLPKLLQGVLEEKRHILWSIDPMHGNTVKTSLGVKTRAFDSVLDEVKS 
Psfluor    DQLLSLCERLDPRREPGRLTLIARMGAHKVADRLPPLVEAVRRAGHKIIWLSDPMHGNTIVAPCGNKTRMVQTITDEITA 
           .  :   : *:*.   **:.:: ***   : . ** ::: *      : *  *******  :. * *** .: : **: . 
 
 
Ameth      FFEVHHKLGSYPGGIHIELTGEDVTECLGGAQEISDSDLAGRYETACDPRLNTQQSLELAFLVAEMLRG----- 
Amedi      FFEVHNKLGTYPGGIHVELTGEDVTECLGGAQEISDVDLSGRYETACDPRLNTQQSLELAFLVAEMLRG----- 
Actpre     FFEVHRRLGTHPGGIHIELTGEDVTECLGGAQEISDTDLAGRYETACDPRLNTQQSLELAFLVAEMLRS----- 
Myctub     FFEVHRALGTHPGGIHVEITGENVTECLGGAQDISETDLAGRYETACDPRLNTQQSLELAFLVAEMLRD----- 
Corglu     FFEVHRALGTHPGGIHIEFTGEDVTECLGGAEDITDVDLPGRYESACDPRLNTQQSLELAFLVAEMLRN----- 
Scoel      FFEVHKSLGTHPGGIHVELTGDDVTECVGGGDEIFVDDLHQRYETACDPRLNRSQSLDLAFLVAEMYRDQ---- 
Hepylo     FFEIHRAEGSLASGVHLEMTGENVTECIGGSQAITEEGLSCHYYTQCDPRLNATQALELAFLIADMLKKQHA-- 
Psfluor    FKHAVVSAGGVAGGLHLETTPDDVSECASDAAGLG--QVGSHYKSLCDPRLNPWQAITAVMAWKACPPPSFVSL 
           * .     *  ..*:*:* * ::*:** ...  :    :  :* : ******  *::  .:          
 
 
(continued on page 110) 
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Organism Abbreviation Accession  Identity Similarity 
Amycolatopsis methanolica Ameth AY382158 100 100 
Amycolatopsis mediterranei Amedi AAF 70331 89 95 
Actinosynnema pretiosum  Actpre AAC 13561 85 91 
Mycobacterium tuberculosis Myctub NP 216694 74 86 
Corynebacterium glutamicum Corglu BAB 99571 67 81 
Streptomyces coelicolor Scoel NP 626372 60 73 
Helicobacter pylori Hepylo NP 206934 47 65 
Pseudomonas fluorescens Psfluor Q 51789 37 50 

 
Figure 3. Amino acid sequence alignment of plant-type DAHP-synthase proteins. For the meaning of 
alignment indicators, see legend Fig. 2. The percentage similarity between AroG and each of the other 
DAHP-synthase proteins is shown underneath. Bold characters refer to conserved motifs used to design 
PCR primers PLDS1 and PLDS2. The positions of primers PLDS3 and PLDS4 are indicated by arrows. 
 
 
Heterologous expression of this ORF, designated aroG, was achieved in E. coli by cloning the 
gene into the expression vector pET3b (pHK287). DAHP-synthase activity in cell extracts of E. 
coli strain BL21(DE3)/pHK287 was very sensitive to Trp feedback inhibition, as observed for 
DS1 of A. methanolica (Table 3, wild type situation). The amount of AroG present in extracts of 
cells of the heterologous host was estimated to be approx. 15 %, as observed on SDS-PAGE 
gels (data not shown).  
 
Gel filtration analysis of A. methanolica AroF and AroG 
Extracts of mutant oFPhe83 expressed DS2 DAHP-synthase protein in a monomeric form 
(Euverink et al., 1995a). The native molecular weights of both A. methanolica DAHP-synthase 
proteins expressed in E. coli were determined by gel filtration chromatography on a Superdex-
200 column. Elution times of the AroF and AroG activity peaks corresponded to Mr’s of 160 
and 200 kDa, respectively (data not shown). In view of their subunit Mr (37.8 and 50.7 kDa, 
respectively), these results indicate that both proteins are expressed as tetramers in E. coli. No 
(significant) monomeric DAHP-synthase activity could be determined in either of the extracts, 
corresponding to the DS2 activity found earlier in A. methanolica mutants GH141 and oFPhe83 
(Euverink et al., 1995a). 
  
Effects of AroG on CM activity and feedback inhibition sensitivity 
Mutant strain GH141 displayed a strongly increased level of deregulated CM activity, not 
associated with a DAHP-synthase enzyme. The dimeric CM activity of this mutant could be 
activated and its feedback control restored by addition of gel filtration fractions containing 
DAHP-synthase activity (Euverink et al., 1995a).  

Titration of Superdex-200 gel filtration fractions containing DS1 AroG (purity approx. 
60%) to cell extracts of mutant GH141 stimulated CM activity by a factor 5, also restoring its 
feedback inhibition sensitivity (Fig. 4). These effects were not observed in titration experiments 
with DS2 AroF to cell extracts of GH141.  
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Figure 4. Titration experiment of Superdex-200 gel filtration fractions containing A. methanolica AroG and 
AroF proteins to cell extracts (67 µg protein) of mutant GH141. CM activities were determined with AroG in 
the presence (open squares) or absence (open circles) of 1 mM Phe and Tyr, and with AroF in the presence 
(closed triangles) or absence (closed circles) of 1 mM Phe and Tyr. 
 
 
Discussion 
This study shows that the phenylalanine analogue pFPhe can be used efficiently to screen for 
spontaneous A. methanolica mutants carrying mutant forms of PDT that have retained full 
activity but are devoid of Phe feedback control. Similar approaches have been applied to create 
Amycolatopsis strains overproducing primary and secondary metabolites originating from 
(precursors of) Phe (data not shown). Furthermore, the data presented provides new information 
about amino acid residues directly or indirectly involved in Phe and Tyr binding by PDT. Four 
of the six mutations were found to affect both the stimulatory effects of Tyr and inhibitory 
effects of Phe, indicating that both effector molecules bind at the same effector binding site of 
PDT. In the E. coli P-protein Phe binding was shown to occur in the C-terminal domain (Zhang 
et al., 1998) and, using isothermal titration calorimetry, interactions between Phe and a 12 kDa 
C-terminal P-protein fragment (residues 286 to 386) were established (Pohnert et al., 1999). 
Alignments of A. methanolica PDT and the E. coli P-protein indicate that all PDT feedback 
inhibition resistant mutants, except for the oFPhe84 PDT mutation A125G, are located within 
this (regulatory) domain (Fig. 2). The overall primary structures of A. methanolica PDT and the 
E. coli P-protein are similar, which may suggest a similar 3D structure of both proteins. Effector 
binding sites may thus be well conserved. 

All other mutations found to affect A. methanolica PDT feedback inhibition control are 
located in the vicinity -but not within- the highly conserved GALV and ESRP regions (E. coli 
P-protein residues 309-312 and 329-332, respectively) (Fig. 2). Mutations in the hydrophobic 
GALV region, decreasing its hydrophobic nature or introducing large side chains, impaired Phe-
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binding in the E. coli P-protein (Pohnert et al., 1999). Conserved residues within the GALV and 
ESRP regions may also be important in Phe and Tyr binding in A. methanolica PDT, but 
mutations in these residues may well be detrimental for PDT activity due to incorrect protein 
folding. Obviously, such mutations will not be found, when screening for fully active, 
deregulated PDT mutants. 

The A. methanolica PDT mutant H227R is located near the ESRP region, mutants 
A198P, A198V, N200K and L209F are all located near the GALV region. A198, which is not a 
conserved residue, may be part of the hydrophobic binding pocket and the introduction of the 
more bulky Pro and Val side chains may prevent Phe and Tyr binding. The Lactococcus lactis 
and Aquifex aeolicus putative PDT proteins, however, do contain a Pro and a Val residue at their 
equivalent A198 positions, respectively. These proteins have not been characterized yet, 
however, and their sensitivity to feedback inhibition by Phe remains to be studied. It is unlikely 
that the charged N200, which is conserved in various PDT proteins, is (directly) involved in Phe 
(or Tyr) side chain binding. Also binding of the carboxyl group of the effector molecule is 
unlikely, since it is still activated by Tyr. The P-protein of E. coli contains a Gln at this position, 
which was shown to be essential for feedback regulation (Nelms et al., 1992). The well-
conserved L209 may be part of a hydrophobic pocket, involved in binding of the Phe (and Tyr) 
side chain. Why Phe feedback inhibition resistant mutant L209F is still capable of Tyr binding, 
remains unclear.  
 Only two CM and DAHP-synthase mutants were identified among the pFPhe resistant 
strains, both with de-repressed CM and DS2 activity levels. We failed to clone the A. 
methanolica gene encoding CM. Sequence analysis of the surrounding regions of the aroF and 
aroG genes revealed that the CM gene is not organized in an operon with one of these DAHP-
synthase genes. The de-repression of both activities suggests that a common (unidentified) 
transcriptional regulator of both genes has been mutated. No AroG feedback inhibition resistant 
mutants were isolated, which also would have resulted in a deregulated CM activity. Mutant 
selection was directed toward active proteins, and deregulated AroG mutants may possess no or 
only low activities. Such mutants therefore may have escaped detection in the selection 
procedure used. 
 Several plant type DAHP-synthases have been identified in actinomycetes, e.g. in 
Streptomyces species (Walker et al., 1996). This type of DAHP-synthase is often involved in the 
biosynthesis of secondary metabolites, such as the ansamycin antibiotic rifamycin in A. 
mediterranei (Yu et al., 2001), phenazine in Ps. aureofaciens (Pierson et al., 1995), aurachin in 
S. aurantiaca (Silakowski et al., 2000), chloramphenicol in Streptomyces venezuelae (He et al., 
2001) and ansatrienin and naphthomycin in Streptomyces collinus (Chen et al., 1999). In 
contrast, in Xanthomonas campestris a plant type enzyme functions as the sole DAHP-synthase 
supporting aromatic amino acid biosynthesis (Gosset et al., 2001).  

Expression of both A. methanolica DAHP-synthase proteins in E. coli was successful. 
Addition of 0.5 M sorbitol even further increased DAHP-synthase activity by a factor of 8. The 
inhibition pattern of AroG was similar to that of DS1 activity, with Trp as its main effector, and 
that of AroF was similar to DS2 activity, with Tyr showing the strongest inhibition. 

Gel filtration experiments show that AroF is expressed in E. coli as a tetramer. The 
protein responsible for DS2 activity found in mutant A. methanolica strain oFPhe83, however, 
was monomeric with a Mr of approx. 42 kDa. Possibly, AroF expressed in E. coli is assembled 
as a tetramer, while it remains a monomer in its original host. PCR fragment analysis did not 
indicate the presence of a second plant type DAHP-synthase gene, since several cloned PCR 
fragments were identical in DNA sequence. Furthermore, feedback inhibition patterns of 
DAHP-synthase activities in wild type and E. coli/pHK276 were similar (Table 3). 
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From the CM-DAHP-synthase titration experiments we conclude that AroG is 
associated with CM to form a hetero hexameric enzyme complex. AroG clearly activates CM 
activity up to a factor 5 and restores its feedback sensitivity to Phe and Tyr, as observed in the 
A. methanolica wild type strain. The close association of the AroG and CM proteins, and the 
feedback inhibition pattern of AroG, show that AroG activity supports aromatic amino acid 
biosynthesis in A. methanolica. Also AroF activity, however, potentially makes an important 
contribution, becoming de-repressed under Phe limiting conditions (this study) (Euverink et al., 
1995a). 
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In all available genomic sequences, ranging from prokaryotes to higher eukaryotes and 
also in some viral genomes, genes have been identified encoding proteins with the 
characteristic GX5EX7REX2EEXG amino acid sequence motif. These proteins have been 
designated Nudix hydrolases, because -where characterized- all these proteins were found 
to catalyze the hydrolysis of the pyrophosphate bond of a Nucleotide diphosphate 
compound linked to another moiety, X. Originally these enzymes were suggested to have a 
cell sanitizing function by hydrolyzing potentially hazardous Nudix compounds or 
preventing their unbalanced accumulation (Bessman et al., 1996). This hypothesis is most 
strongly exemplified by the first well-characterized Nudix hydrolase family member, 
MutT, which was shown to hydrolyze 8-oxo-dGTP, a highly mutagenic oxidized form of 
dGTP. Although MutT proteins have been studied extensively and its antimutagenic 
function has been well established in various organisms, knowledge of most other Nudix 
hydrolase proteins is scarce and in virtually all cases limited to the substrates hydrolyzed 
by these enzymes. More recently reports are emerging demonstrating that this family of 
proteins do not solely have a cell sanitizing function, but are also involved in regulation of 
cellular processes (chapter 1). In this thesis we describe the regulatory roles of two novel 
Nudix hydrolase enzymes in methylotrophic bacteria: Firstly, a Nudix hydrolase protein 
that strongly affects the reaction rate and -mechanism of the methanol dehydrogenase of 
Bacillus methanolicus. This is the first report of a Nudix hydrolase controlling the activity 
of another protein. Secondly, a Nudix hydrolase encoded by the indigenous plasmid 
pMEA300 of the actinomycete Amycolatopsis methanolica, with a crucial regulatory role in 
plasmid replication and conjugation. Furthermore, it yields plasmid immunity to its host, 
meaning that A. methanolica cells containing a functional copy of this Nudix hydrolase 
encoding gene can not act as pMEA300 plasmid recipients. 
Many organisms possess various Nudix hydrolase encoding genes, e.g. in the genome of the 
actinomycete Streptomyces coelicolor twenty genes were found encoding proteins with the 
Nudix hydrolase motif, and the human genome contains 19 Nudix hydrolase encoding 
genes. Studying the regulatory or sanitizing function of these protein family members will 
undoubtedly increase our understanding of metabolic or structural features of organisms 
in which Nudix hydrolases are synthesized.  
 
The NAD(H) cofactor binding site of MDH of B. methanolicus  
Mineralization of organic matter in soil results in abundant production of methanol. Some 
micro-organisms are equipped with specific metabolic pathways enabling them to utilize this 
mineralization product as a sole carbon and energy source. The Gram-positive thermotolerant B. 
methanolicus employs the Ribulose monophosphate pathway to utilize this one-carbon 
substrate. Various enzymes can be found in nature catalyzing the first step in methanol 
oxidation (Chapter 2). The initial step in the oxidation of methanol in B. methanolicus is 
catalyzed by a methanol dehydrogenase, yielding formaldehyde. This is a nicotinoprotein 
methanol dehydrogenase (bMDH) and has been identified as a member of family III of 
NAD(P)-dependent alcohol dehydrogenases (ADH) (de Vries et al., 1992;Vonck et al., 1991). 
This decameric protein contains one Zn2+-ion, 1-2 Mg2+-ions and a tightly bound NAD(H) 
cofactor per subunit. Purified MDH of B. methanolicus was shown to exhibit a ping-pong type 
of reaction mechanism with alcohols and coenzyme NAD+ as substrates, in which the tightly 
bound NAD(H) cofactor functions as a temporary electron deposit. Reoxidation of the cofactor 
occurs via an (external and free) NAD+ coenzyme (Arfman et al., 1997). bMDH thus requires 
two NAD(H) binding sites: one site for cofactor and another for coenzyme binding.  
In chapter 4 we describe the identification of a novel NAD(H) binding domain in bMDH. All 
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members of family III ADHs identified so far were found to contain a sequence motif which 
displays similarity with FAD binding domains in certain enzymes, for example the alcohol 
oxidase of Hansenula polymorpha (DIIVVGGGSX22E) (Wierenga et al., 1983;de Hoop et al., 
1991). Site-directed mutagenesis allowed identification of amino acid residues of this motif 
(GGGSX2DX2K) involved in NAD(H) cofactor binding (G95, S97, D100, K103) in MDH. Two 
mutant proteins (D100N and K103R) completely lacked NAD(H) cofactor and were completely 
devoid of MDH- and NADH-dependent formaldehyde reduction (FoRed) activity. Other 
mutants (G95A and S97G) also were NAD(H) cofactor deficient, but still showed significant 
MDH and FoRed activities, indicating that the presence of cofactor is not essential for these 
activities. Mutant protein S97G even showed a 10-fold increase in Vmax for the MDH reaction. 
Loss of a tightly bound cofactor should affect the type of reaction mechanism used, since no 
temporary electron sink is available. Mutant protein S97G indeed employs a ternary complex 
mechanism for the MDH reaction in contrast to the ping-pong mechanism used by the wild type 
enzyme (Hektor et al., 2002). 
Chapter 4 also describes studies with WT-MDH expressed in E. coli (cMDH), revealing that 
Mg2+-ions have an important role in cofactor binding. In earlier work it was observed that 
cMDH hardly contained cofactor NAD(H) and that the Mg2+-ion composition of cMDH was 
less than half of bMDH (de Vries et al., 1992). cMDH also exhibited a four times lower Vmax 
value than bMDH. We have shown that the cMDH Mg2+-ion deficiency could be overcome 
easily through addition of 10 mM MgCl2 to the LB growth medium of the E. coli host and by 
cultivation at 30oC instead of 37oC. These altered expression conditions yielded cMDH with 
comparable catalytic constants as bMDH. cMDH expressed in the absence of additional Mg2+-
ions, employs a ternary complex mechanism for the MDH reaction, as observed for the cofactor 
deficient mutant MDH proteins. 
The coenzyme NAD+-dependent MDH activity is stimulated up to a factor 8 in the presence of a 
dimeric B. methanolicus activator protein (ACT) and Mg2+-ions. ACT contains a fully 
conserved Nudix motif, indicating that it is a member of this (di-)nucleotide hydrolase protein 
family (chapter 3). MDH mutants lacking bound cofactor could not be activated by ACT. 
cMDH expressed in the absence of additional Mg2+-ions and MDH mutant S97T, which still 
binds cofactor, albeit less than wild type, are stimulated by ACT, but less strongly than wild 
type bMDH. Apparently, the capacity of the enzyme to bind cofactor correlates with the ability 
of the enzyme to be activated by ACT. MDH activity stimulation by ACT is therefore likely to 
proceed via the MDH bound cofactor. 
 
Labeling studies with 14C-NAD+  
Since a clear correlation was observed between the capacity of the enzyme to bind cofactor and 
the ability of the enzyme to be activated by ACT, experiments were initiated using radio-
actively labeled NAD+ to study the mechanism of ACT-mediated MDH activation 
(Kloosterman, unpublished). Using [14C-carbonyl-NMN]-NAD+ as a coenzyme in a MDH 
activity assay, complete MDH cofactor exchange was observed within 150 reaction cycles per 
subunit, yielding MDH protein with [14C-carbonyl-NMN]-NAD+ labeled cofactor. This 
phenomenon was only observed in catalytically active MDH, because incubation of MDH 
protein with radioactively labeled coenzyme NAD+, but without an alcohol substrate did not 
lead to cofactor labeling higher than 6%, which may represent occupation of empty cofactor 
binding sites, or alternatively the tightly bound cofactor in MDH does show a low rate of 
exchange with free NAD+.  
Surprisingly, in MDH activity assays we observed that the presence of ACT decreased MDH 
cofactor labeling by more than a factor two. This observation could indicate either an increased 
affinity of MDH for its cofactor in the presence of ACT, resulting in a lower exchange 
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frequency, or the opposite, loss of cofactor due to decreased affinity or catalytic removal of 
cofactor by the action of ACT. Both would result in a lower cofactor-labeling rate.  
Purification of MDH protein with [14C-carbonyl-NMN]-NAD+ labeled cofactor enabled us to 
study the fate of the NADH cofactor on ACT-mediated activation more clearly. MDH activity 
in the absence of ACT resulted in gradual loss of labeled MDH cofactor, due to its exchange 
with unlabeled coenzyme NAD+ used in the assay, which is basically the same process of 
incorporation of [14C-carbonyl-NMN]-NAD+ in an MDH assay using labeled NAD+ coenzyme. 
However, in the presence of ACT, an immediate decline of labeled cofactor was observed. 
Activation of MDH by ACT protein thus is accompanied with an immediate loss of NAD(H) 
cofactor. This observation also explains why MDH mutant S97G, devoid of NAD(H) cofactor, 
can no longer be activated by ACT and has strongly increased MDH activity. Mutant S97T can 
be regarded as an intermediate form between wild type MDH and MDH mutant S97G. It is 
characterized by decreased cofactor affinity and can therefore be activated less strongly than 
wild type MDH.  
 
The stimulatory effect of ACT 
In chapter 3 the heterologous expression, purification and substrate utilization of ACT are 
described. ACT showed a clear and highly specific hydrolyzing activity toward ADP-ribose in 
the presence of Mg++-ions. ACT also showed a clear hydrolyzing activity toward free NAD+, 
although with a very low substrate affinity (Km of 8.3 mM), which is obviously not 
physiologically relevant. Furthermore, hydrolysis of NAD+ would not stimulate, but rather 
reduce MDH activity, since it is one of its substrates (coenzyme). No ACT activity was 
observed with the reduced form of this dinucleotide. The observation of a strong decline of 
radioactively labeled cofactor on ACT-mediated activation of MDH, prompted us to perform 
MDH cofactor extraction experiments. Cofactor extraction from MDH preparations purified 
from assay mixtures with or without ACT showed that activated MDH preparations contained 
about half the amount of NADH cofactor compared to non-activated MDH preparations. 
Additionally, AMP could be extracted from the activated MDH fraction in approximately 
equimolar amounts to the NADH, indicating that the cofactor binding sites of activated MDH 
protein were 50% occupied by NADH and 50% by AMP. These results clearly indicate an ACT 
mediated removal of the (14C-labeled) NMN+ moiety of the MDH cofactor, resulting in a highly 
increased enzyme activity. Although ACT was shown to have a very low affinity with free 
NAD+, it must have a very high affinity for MDH bound NAD(H) cofactor, since in the typical 
MDH assays used in these studies, the ACT and MDH proteins are present in a nanomolar 
concentration range. Furthermore, activation by ACT occurs within seconds indicating a very 
high reaction rate. As was observed with mutant S97G, activated MDH protein has adopted a 
ternary complex reaction mechanism.  
It can be envisaged that the AMP moiety of the NAD(H) cofactor, which remains most likely in 
the cofactor binding site, prevents the enzyme from binding another cofactor NAD(H) molecule 
and thus keeps the enzyme in the activated state (Fig.4, chapter 4). As the MDH reaction 
proceeds, NADH will accumulate, leading to an increased occupation of the cofactor binding 
site by this molecule, because of its high affinity for NADH (the tightly bound NADH cofactor 
can not be removed in several enzyme purification steps), consequently shifting the MDH from 
the activated state to the non-activated state. Following the reaction velocity of activated and 
non-activated MDH in time indeed showed that the stimulatory effect of ACT declines in the 
course of the reaction, reaching a value of 1 as the NAD+/NADH coenzyme ratio approaches 1. 
Although MDH mutant S97G and activated wild type MDH employ the same catalytic 
mechanism, coenzyme NAD+ binding must be different. Mutant S97G most likely binds 
coenzyme NAD+ in the empty cofactor binding site, allowing rapid electron transfer because of 
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a perfect positioning toward the active site. Since the S97G mutation doesn’t allow tight 
binding, the reduced coenzyme will leave the cofactor binding site, allowing consecutive 
reactions to occur (Fig. 4, chapter 4). In activated MDH the presence of the AMP does not allow 
coenzyme NAD+ to occupy the cofactor binding site; the coenzyme thus must be bound by the 
coenzyme binding site, but in order to allow the reaction to proceed the NMN+ moiety of 
coenzyme NAD+ should move to the (empty with respect to the NMN+ moiety) cofactor binding 
site (Fig. 4, chapter 4). This also indicates that cofactor and coenzyme binding sites must be in 
close proximity. 
In chapter 4 the magnesium-dependency of the NAD(H) cofactor binding domain is described. 
However, Mg2+ ions present in the cofactor binding domain may not only play an important role 
in cofactor binding, but an interaction between Mg2+ and the pyrophosphate moiety of NAD(H) 
may even be required for the catalytic activity of ACT. In E. coli MutT protein, a Nudix 
hydrolase that catalyses the hydrolysis of (8-oxo-)dGTP, two divalent cations (Mg2+ or Mn2+) 
are required for catalytic activity, forming a quaternary MutT-M2+-GTP-M2+ complex (Frick et 
al., 1994), in which both M2+-ions bind to the triphosphate moiety of dGTP (Lin et al., 1997). 
Similarly, ACT may need two Mg2+-ions to form an enzyme-substrate complex: one exogenous 
Mg2+-ion and one present in the cofactor binding site. 
B. methanolicus employs a complicated catalytic mechanism for growth on alcohols. Here we 
postulate that the ACT-MDH interaction controls the activity of the first step in alcohol 
oxidation by balancing between a maximal MDH reaction rate and protecting the organism 
against accumulation of toxic aldehyde levels. The ACT-MDH interaction results in two levels 
of control of methanol oxidation. Firstly, accumulating levels of free coenzyme NADH -
accompanied with increasing concentrations of formaldehyde- results in a shift from the 
activated state of MDH to the inactivated state. Secondly, MDH in the inactivated state not only 
displays a reduced Vmax, but also a reduced affinity for methanol, thereby generating an 
additional safety valve. The NAD+/NADH ratio may thus be a strong determinant for the 
activated-inactivated state of MDH. Low ratios lead to a shift toward the inactivated state and 
will protect the cell against toxic aldehyde levels. On the other hand, a high NAD+/NADH ratio 
will shift the equilibrium toward activated MDH, not only leading to increased MDH activity, 
but also enabling the cell to make use of low concentrations of alcohols in its environment due 
to an increased substrate affinity combined with a high turn-over rate. 
 
Prospects for future research 
This thesis describes a detailed biochemical study of the first step of alcohol oxidation in B. 
methanolicus, catalyzed by a nicotinoprotein ADH, which was shown to be under tight 
regulatory control of a Nudix hydrolase ACT. Since a suitable transformation system for B. 
methanolicus is now available, it would be very interesting to study how an ACT gene deletion 
affects methanol metabolism in this methylotroph. The ACT-controlled MDH enzyme system is 
the first and only example of a Nudix hydrolase regulating the properties of another enzyme. 
Blast searches demonstrate that homologs of both ACT and MDH occur widespread in nature. 
For instance, the genomes of Bacillus subtilis, Bacillus anthracis and Bacillus cereus encode 
Nudix hydrolase (putative) proteins that are 85% similar to B. methanolicus ACT; they also 
encode proteins with clear similarity to MDH. Studies on the effects of ACT homolog deletions 
in those strains may yield evidence that Nudix hydrolase control of other enzymatic activities 
occurs more widespread in nature.  
Elucidation of the three dimensional structure of MDH in future work may yield detailed 
information on the structure of the NAD(H) cofactor binding domain and possibly provides 
clues about the (still unknown) location of the coenzyme- and alcohol binding domains. 
The ACT-independent FoRed reaction displays a ternary complex reaction mechanism. Whether 
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coenzyme NADH is bound in the cofactor- or coenzyme binding domain in this aldehyde 
reduction reaction is still unclear. In FoRed activity assays with radioactively labeled NADH 
cofactor an immediate sharp decline in cofactor labeling was observed (Kloosterman, 
unpublished). This indicates immediate release of the tightly bound cofactor, suggesting that the 
cofactor binding site is used as a coenzyme binding site in the FoRed reaction. Identification of 
the MDH coenzyme binding site and subsequent mutagenesis of the amino acid residues 
involved, may yield mutant enzymes defective in alcohol oxidation, but still capable of 
aldehyde reduction.   
 
Autonomous replication of plasmid pMEA300 
The physiological function of the 13.3 kb indigenous plasmid of the methylotrophic 
actinomycete A. methanolica (pMEA300) has remained unknown. No noticeable phenotypic 
differences between wild type and strain WV1, lacking pMEA300 sequences, have ever been 
observed. Plasmid pMEA300 exists either as an autonomously replicating plasmid or as a site 
specifically integrated copy in the genome of its host. Under all growth conditions tested, one 
copy of pMEA300 remains integrated in the chromosomal attachment site (attB), which is 
present in an isoleucine-tRNA gene. Cells grown on media containing autoclaved sucrose or 
fructose possess a strongly enhanced copy number of autonomously replicating pMEA300 
plasmid. Apparently, metabolic (or environmental) signals stimulate plasmid excision and 
replication, possibly also stimulating conjugative transfer of pMEA300 in the population. 
Limited information is available on the mechanism of plasmid replication in actinomycetes, 
especially in the genus Amycolatopsis. Functional characterisation of deletion derivatives of 
pMEA300 resulted in identification of its minimal replicon, constituted by rep and (part of the) 
orfA genes (Chapter 6). The rep gene encodes the replication initiator protein and shows 
significant similarity to a putative protein encoded by orf1 of the Saccharopolyspora erythraea 
plasmid pSE211. The function of OrfA remains unknown, but most likely is regulatory or 
auxiliary to replication initiation. A further functional analysis of this protein is needed, also in 
view of the absence of any homologue in protein databases. 
Purified pMEA300 Rep protein was shown to bind specifically to the 3’ end region of the rep 
gene. This region contains a stem loop structure with a DNA sequence motif -also present in 
orf1 of pSE211 of S. erythraea- with similarity to the nicking site of the Double Strand Origin 
(DSO) of the pC194 family of rolling circle replication (RCR) plasmids. The presence of the 
putative DSO located within the rep gene differs from other pC194 RCR plasmids, where the 
DSO is usually found upstream of the replication initiator protein. The data suggest that 
pMEA300 rep (and orf1 of pSE211 of S. erythraea) constitute the first examples of rep genes 
belonging to a new family of RCR plasmids. 
Replication of pMEA300 itself is limited to its original host. Even transformations to close A. 
methanolica relatives like A. mediterranei were not successful (pers. comm. R. Lal). However, 
the pMEA300 minimal replicon (devoid of all regulatory genes), with only the rep (plus DSO) 
and (part of the) orfA genes also replicated in Rhodococcus erythropolis SQ1. Apparently, the 
regulatory genes of pMEA300 contribute to host specificity.   
 
Regulation of pMEA300 encoded functions 
Apart from the above-mentioned OrfA protein, pMEA300 encodes three other proteins 
regulating plasmid-encoded functions. KorA regulates expression of the tra gene cluster 
encoding the conjugative transfer function of pMEA300. KorA belongs to the GntR family of 
transcriptional repressors and is encoded by a gene positioned upstream and in divergent 
orientation of the tra gene cluster. KorA was shown to bind to the traA-korA intergenic region 
of pMEA300, thereby most likely controlling the expression of the tra genes and its own 



Chapter 8 
 

  
122 

expression (Vrijbloed et al., 1995c). As reported for other actinomycete plasmids, the gene 
encoding KorA is part of a kil-kor system present on pMEA300. Kil proteins usually are 
encoded by tra genes, and they can only be maintained if a suitable kor (kil-over-ride) gene is 
present on these plasmids (Chapter 5 and 6).  
Two other pMEA300-encoded regulatory proteins -Stf and Orf192- share the common feature 
of stimulating plasmid (-derivative) transformation frequency. Deletion of either or both of 
these genes results in the same phenotype (reduced transformation frequency) when selecting 
for transformants based on antibiotic resistance. That the origin of this shared phenotype is 
entirely different, became clear when transformants were selected based on the tra cluster 
associated pock formation phenotype. The pock phenotype is often associated with conjugative 
transfer of actinomycete plasmids and can be observed when transformants develop in a 
confluent lawn of non-transformed recipients. Deletion of stf (or stf combined with orf192) 
resulted in a low transformation frequency and normal pock development. On the contrary, 
deletion of only orf192 resulted in unusually large sized pocks and a strongly inhibited 
development of the transformant colony (Fig. 3, Chapter 5). Apparently, Stf also strongly 
stimulates kil gene expression (encoded by one of the tra genes) yielding super pock formation. 
Since deletion of both stf and orf192 yield normally sized pocks, we concluded that Orf192 
inhibits the stimulatory effect of Stf on pock formation. Why the deletion of orf192 also results 
in a low transformation frequency remains unclear. Possibly, loss of Orf192 control of the Stf 
function results in overexpression of the replication (associated) proteins (OrfA and Rep) and 
the Kil protein, and is detrimental for autonomous plasmid replication or maintenance. Stf and 
Orf192 thus encode antagonistically acting proteins, with Stf functioning as a transcriptional 
activator, stimulating replication (observed as stimulation of transformation frequency) and 
conjugative transfer. The pMEA300-encoded excisionase gene (xis) forms one operon structure 
with orfA and rep, the replication initiator protein encoding genes. Excision of a site-specifically 
integrated copy of pMEA300 from the genome of A. methanolica thus is also likely to be 
stimulated by Stf. 
Like ACT, the primary structure of Orf192, the inhibitor of Stf activity, contains the typical 
Nudix hydrolase amino acid sequence motif. ACT and Orf192 share considerable amino acid 
sequence similarity (50% similarity and 27% identity). Characterization of heterologously 
expressed and purified Orf192 protein revealed that it could hydrolyze NAD+ and ADP-ribose, 
although the catalytic efficiency (kcat/Km) for ADP-ribose is two orders of magnitude higher 
than for NAD+, due to a much higher kcat for ADP-ribose. Possibly either of these nucleotides 
may serve to stimulate Stf activity. Hydrolysis of the nucleotide activator thus may result in 
reduction of Stf-mediated transcriptional activation.  
Plasmids encoding a Nudix hydrolase are rare. Only three have been identified so far, 
pMEA300 of A. methanolica (chapter 5), pNG2 of Corynebaterium diphtheriae (Tauch et al., 
2003) and pSAM2 of Streptomyces ambofaciens (Possoz et al., 2003). The pSAM2 Nudix 
hydrolase was shown to confer plasmid immunity to its host strain and was therefore named Pif 
(plasmid immunity factor). The presence of a single copy of pif in the recipient strain, was 
sufficient to abolish (initiation of) conjugative transfer (Possoz et al., 2003). The presence of a 
single copy of orf192 in the genome of the recipient strain revealed the same plasmid immunity 
phenotype in A. methanolica. In such a recipient strain transformation frequencies declined by a 
factor 500 to approximately 30 transformants per µg plasmid DNA. These results provided 
support for the hypothesis that a nucleotide substrate, hydrolyzed by Orf192, stimulates Stf 
activity. Expression of the integrated copy of orf192 will reduce the intracellular concentration 
of this nucleotide (NAD+ or ADP-ribose), resulting in decreased Stf-mediated transcriptional 
activation of replication and conjugative transfer genes. Plasmid pMEA300 immunity and 
reduced transformation frequency of pMEA300 derivatives devoid of stf thus are caused by the 
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same regulatory mechanism: Absence of stf on pMEA300 derivative plasmids, or absence of the 
nucleotide activator of Stf, both clearly result in strongly reduced transformation frequencies. 
Studies with deletion derivatives of pMEA300 only capable of site-specific integration (site-
specific integration constructs) revealed that Stf not only stimulates replication and conjugative 
transfer, but also inhibits site-specific integration. Deletion of stf from integration constructs 
stimulated the transformation frequency up to a factor 50. Apparently, Stf is a transcriptional 
repressor of the pMEA300 encoded site-specific integrase (int) gene. Deletion of korA without 
simultaneous deletion of stf completely blocked the integration process, suggesting 
transcriptional repression of stf by KorA.  
 
Figure 1. Model of the regulatory effects of Stf, KorA, and Orf192 on pMEA300 encoded functions. An 
integrated copy of pMEA300 can be excised from the chromosome of A. methanolica and replicate 
autonomously. Free replicating plasmids can subsequently be transferred via conjugation to a plasmid free 
recipient strain. Both excision and conjugation are stimulated by Stf, which is activated by ADP-ribose. 
Hydrolysis of this nucleotide activator of Stf by Orf192 thus inhibits excision and conjugation. Furthermore, 
Stf-mediated inhibition of integrase is reduced, allowing site-specific integration of pMEA300 into the A. 
methanolica chromosome. Positive or negative effects of a regulator on a particular function is shown with 
either + or -. The nucleotide activator of Stf, which is hydrolyzed by Orf192, is exemplified by ADP-ribose. 
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A model of the regulatory features of Stf, KorA and Orf192 on different pMEA300 encoded 
functions is presented schematically in Fig. 1. The transcriptional regulator Stf stimulates 
plasmid transfer by activation of xis and rep transcription, to increase the copy number of free 
pMEA300 plasmid. Plasmid reintegration is arrested by transcriptional repression of int by Stf. 
Furthermore, Stf activates transcription of conjugative transfer gene cluster to promote 
conjugation and transfer of plasmid to recipient cells. The stimulatory effect of Stf on 
replication and conjugation is inhibited at the level of Stf synthesis by the action of the 
transcriptional repressor of stf (KorA) and by Orf192-mediated hydrolysis of its nucleotide 
cofactor (putatively ADP-ribose). 
Stf DNA binding studies will have to confirm the transcriptional control function of this protein. 
In these studies the effect of a nucleotide activator (NAD+ or ADP-ribose) will have to be 
substantiated. Furthermore, although KorA has been shown to bind the tra/korA intergenic 
region, its putative binding to the stf promoter remains to be shown. The in vivo substrate of the 
Orf192 Nudix hydrolase remains unclear. Although it was shown to hydrolyze NAD+ and ADP-
ribose, affinity for both substrates was low. Possibly, Orf192 targets either of these nucleotide 
substrates when bound to Stf, which may occur with a high substrate affinity, analogous to the 
hydrolysis of the NAD+ cofactor of B. methanolicus MDH. This would be another example of a 
Nudix hydrolase affecting the properties of a protein carrying a nucleotide cofactor, by 
hydrolyzing the pyrophosphate bond of the bound nucleotide. The presence of a (tightly) bound 
nucleotide cofactor in Stf protein remains to be studied. 
The frequency at which this type of Nudix hydrolase-mediated protein activity control occurs in 
nature remains to be established. The physiologically functions of the vast majority of Nudix 
hydrolase proteins encoded in various genomes is still unknown. Potentially this could be a very 
important type of protein/enzyme activity regulation.    
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De familie van Nudix hydrolase enzymen omvat een groep verwante eiwitten die een 
specifieke chemische omzetting in nucleotieden kunnen faciliteren. In dit proefschrift 
worden twee leden van deze eiwit familie beschreven met een regulerende functie. De 
kennis over de functies van Nudix hydrolase enzymen is in veel gevallen beperkt tot het 
substraat dat door leden van deze eiwit familie wordt omgezet. In deze studie worden twee 
Nudix hydrolase enzymen beschreven, waarvan niet alleen het nucleotiede dat wordt 
omgezet is vastgesteld, maar er is ook gepoogd een antwoord te vinden op de vraag wat het 
nut van deze omzetting is voor het organisme waarvan zij deel uitmaken: In de eerste 
plaats is dit het activator eiwit van een methanol dehydrogenase enzym uit de bacterie 
Bacillus methanolicus, en in de tweede plaats de Nudix hydrolase welke gecodeerd wordt 
door het pMEA300 plasmiede van de bacterie Amycolatopsis methanolica.  
 
 
De structuur en functies van nucleotieden. 
Nucleotieden zijn essentiële moleculen voor alle levende organismen, die een belangrijke rol 
vervullen bij verschillende cellulaire processen. Ze zijn opgebouwd uit drie basis onderdelen: 
een stikstof base, een suiker en één of meerdere fosfaatgroepen (Fig. 1A). De stikstof base is het 
meest functie en structuur bepalende deel van de nucleotiede; hiervan worden er ruim tien in de 
natuur onderscheiden. De suikereenheid is óf ribose óf deoxyribose, terwijl het aantal 
fosfaatgroepen varieert van één tot drie. De in figuur 1A afgebeelde nucleotieden zijn allemaal 
trifosfaten; ze hebben allemaal drie fosfaatgroepen (b.v. dATP is de (engelse) afkorting van 
deoxyadenosine triphosphate; naast deze trifosfaat vorm bestaat er ook een di- en een 
monofosfaat vorm: dADP en dAMP, resp.). Hoe groter het aantal fosfaatgroepen, hoe hoger het 
energiegehalte van de nucleotiede.  

Naast deze zogenaamde mononucleotieden bestaan er ook dinucleotieden; twee mono 
nucleotieden, die via de fosfaatgroepen gefuseerd zijn. De meest bekende dinucleotide is NAD+, 
een fusie tussen de twee mononucleotieden adenosine monofosfaat en nicotinamide mono 
fosfaat. 

De functies van nucleotieden zijn zeer divers, maar kunnen globaal in drie functionele 
hoofdcategorieën worden ingedeeld: structurele eenheden van DNA en RNA, energiedrager, en 
signaalmolecuul. De vier mononucleotieden afgebeeld in figuur 1A vormen gezamenlijk de 
structuur van de drager van de genetische code, DNA. RNA -het molecuul dat de tussenschakel 
vormt tussen DNA en eiwit- wordt samengesteld uit een gewijzigde vorm van dezelfde vier 
nucleotieden: de suiker eenheid is in dit geval niet deoxyribose, maar ribose. Verder is de 
stikstofbase van dTTP anders van structuur. De dinucleotieden en de mononucleotiede ATP 
hebben over het algemeen de functie van energiedrager. Ze spelen een belangrijke rol bij de 
overdracht van energie die vrijkomt bij de oxidatie (afbraak) van voedingsstoffen (b.v. suikers), 
zodat het ten goede komt aan het organisme waarin deze oxidatie plaatsvindt. De nucleotieden 
die een signaal functie vervullen zijn zeer divers in chemische structuur. Zowel mono- als 
dinucleotieden kunnen deze functie vervullen. 
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Figuur 1. A. Chemische structuur van de vier nucleotieden (dATP, dCTP, dGTP en dTTP) die gezamenlijk 
de structuur van DNA bepalen B. Structuur van 8-oxo-dGTP (geoxideerde vorm van dGTP) welke aanleiding 
kan geven tot mutaties in de genetische code vastgelegd op het DNA van een organisme. C. Structuur van 
de energiedrager NAD+ (nicotinamide adenine dinucleotiede). 
 
Nudix hydrolases 
Dit is een familie van enzymen die op een specifieke plaats mono- en dinucleotieden kunnen 
afbreken. Dit doen ze m.b.v. een watermolecuul en daarom worden ze Nudix hydrolases 
genoemd. Deze enzymen kunnen nucleotieden hydrolyseren tussen twee fosfaatgroepen. Het is 
dus een vereiste dat het substraat (de stof die door een enzym wordt omgezet) twee 
fosfaatgroepen heeft. Dit verklaart tevens het acroniem Nudix hydrolase: een hydrolase van een 
Nucleotiede difosfaat, waaraan nog een generieke groep X zit gekoppeld. Deze X kan een 
waterstof atoom (H) zijn (het substraat is dan een dinucleotiede), een derde fosfaat groep (het 
substraat is dan een trinucleotiede) of nog een mononucleotiede (in dit geval is het substraat een 
dinucleotiede). 
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 De eerste Nudix hydrolase waar veel onderzoek naar is verricht is het MutT eiwit. Dit 
eiwit, dat in vrijwel alle organismen -van bacterie tot mens- voorkomt, is in staat 8-oxo-dGTP af 
te breken (Figuur 1B). Dit is een geoxideerde vorm van dGTP, één van de vier nucleotieden van 
waaruit DNA wordt samengesteld. Bij de samenstelling van DNA worden er steeds 
mononucleotieden aan elkaar gekoppeld, waardoor er een lange keten (een polymeer) 
deoxyribonucleotieden ontstaat. Zoals voor elke samenstelling is ook voor deze reactie energie 
nodig. Deze wordt geleverd door de afsplitsing van twee fosfaatgroepen van de nucleotiede 
trifosfaat door het eiwit dat het DNA synthetiseert (DNA-polymerase). Het DNA-polymerase 
benut de vrijgekomen energie om het ontstane mononucleotiede aan het groeiende DNA 
polymeer te koppelen. Soms raken de nucleotiede trifosfaten beschadigd, bijvoorbeeld t.g.v. 
UV-straling: er ontstaat een geoxideerde vorm, zoals 8-oxo-dGTP (Figuur 1B). Deze 
nucleotiede is sterk mutageen (het kan aanleiding geven tot verandering van de genetische 
code), omdat 8-oxo-dGTP door DNA-polymerase zowel kan worden herkend als een dGTP en 
als een dTTP. Om dit te voorkomen hydrolyseert de Nudix hydrolase MutT 8-oxo-dGTP tot 8-
oxo-dGMP, door er twee fosfaatgroepen vanaf te splitsen. Het kan nu niet langer in DNA 
worden ingebouwd, omdat de benodigde energie hiervoor ontbreekt. 
 Het genoom van de muis bevat twee genen die coderen voor een MutT eiwit. Gebleken 
is dat na uitschakeling van één van deze genen, de spontane tumorontwikkeling bij deze muizen 
verdubbeld. Evenals de muis, bevat ook het menselijk genoom twee MutT coderende genen. Het 
is aannemelijk dat door introductie van mutaties in het menselijk DNA t.g.v. deficiënte MutT 
eiwitten er -evenals bij de muis- bepaalde tumoren kunnen ontstaan. 
 
Het activator eiwit van Bacillus methanolicus methanol dehydrogenase 
De bodem bacterie Bacillus methanolicus heeft de specifieke eigenschap tot groei op methanol, 
een voor de mens giftig alcohol wat bij consumptie aanleiding kan geven tot blindheid en 
uiteindelijk zelfs de dood tot gevolg kan hebben. Net zoals suikers en andere voedingsstoffen in 
de mens en in bacteriën in enkele tientallen stappen worden omgezet in uiteindelijk water en 
koolzuurgas, wordt ook methanol in deze bacterie in een serie stappen omgezet tot dezelfde 
eindproducten. In de eerste omzetting wordt methanol omgezet in formaldehyde, een stof die in 
het verleden veel werd toegepast als ontsmettingsmiddel. Deze eerste stap in de afbraak van 
methanol wordt in Bacillus methanolicus gekatalyseerd door het enzym methanol 
dehydrogenase (MDH). De energie die vrijkomt bij deze eerste oxidatie- of afbraakstap wordt 
door het enzym overgedragen op NAD+ (figuur 1C), dat vervolgens weer bij energie vragende 
reacties kan worden benut. NAD+ functioneert in deze stap als coenzym (spreek uit als co-
enzym).  
 MDH kan vrij gemakkelijk uit een hoeveelheid cellen van Bacillus methanolicus 
worden geïsoleerd, omdat het in een hoge concentratie aanwezig is. Met gezuiverd MDH 
kunnen de eigenschappen van dit enzym goed in kaart worden gebracht. Al snel bleek echter dat 
de reactiesnelheid van het enzym laag was en dat de snelle groei van Bacillus methanolicus 
hierdoor niet verklaard kon worden. Verder onderzoek leidde tot de isolatie van een tweede 
eiwit betrokken bij de MDH reactie, nl. een MDH activator eiwit, welke op grond van zijn 
structuur behoort tot de familie van de Nudix hydrolases (hoofdstuk 3). Activator eiwit bleek 
een sterk stimulerende invloed te hebben op de reactiesnelheid van MDH, maar het 
onderliggende mechanisme bleef onduidelijk. 
 Uit verdere karakterisatie van MDH bleek dat dit enzym naast een coenzym NAD+, 
nog gebruik maakt van een NAD+ cofactor. NAD+ coenzymen zijn alleen tijdens de reactie aan 
het enzym gebonden, zodat er energieoverdracht kan plaatsvinden. Een cofactor daarentegen zit 
permanent gebonden aan het enzym. MDH gebruikt deze cofactor NAD+ als tijdelijke energie 
opslag en geeft de energie uiteindelijk weer door aan het coenzym NAD+. Identificatie en 
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modificatie van een specifieke regio van het MDH enzym dat verantwoordelijk bleek voor de 
binding van de cofactor leidde tot de isolatie van een gewijzigd MDH eiwit (mutant eiwit) dat 
niet langer een gebonden cofactor NAD+ bezat. Verrassend genoeg bleek deze wijziging in 
MDH structuur tevens aanleiding te geven tot een sterk verhoogde reactiesnelheid, die overeen 
kwam met door activator eiwit geactiveerd MDH (hoofdstuk 4). Onderzoek naar het effect van 
activator eiwit op de cofactor van MDH resulteerde vervolgens in de ontdekking dat het 
mechanisme van activatie van MDH door activator eiwit bestaat uit de hydrolyse van de NAD+ 
cofactor van MDH (hoofdstuk 3). Net als het mutante MDH welke geen NAD+ cofactor meer 
bezit, bevat geactiveerd MDH geen functionele cofactor meer. De MDH reactie verloopt nu 
cofactor onafhankelijk. De energie die vrijkomt bij de eerste oxidatiestap van methanol wordt 
nu direct overgedragen op het coenzym NAD+. Zonder de interferentie van de cofactor verloopt 
de reactie bijna 10 maal zo snel. Maar ook dit voordeel heeft een nadeel: In het geval dat het 
milieu waarin B. methanolicus groeit veel methanol bevat, kan de omzettingssnelheid van 
methanol naar formaldehyde zó hoog worden dat formaldehyde ophoping in de cel plaatsvindt. 
Een te hoge concentratie van deze bij desinfectie toegepaste uiterst toxische stof leidt snel tot de 
dood van de bacterie cel. De cel beschikt echter over een terugkoppelingsmechanisme: NAD+ 
dat reactie-energie heeft opgenomen gaat over in een andere structuur, welke NADH wordt 
genoemd. Dit NADH kan wel door activator eiwit worden gebonden, maar niet worden 
gehydrolyseerd. Bij een hoge methanol omzettingssnelheid wordt er dus veel NADH 
geproduceerd, wat door een toenemend aantal activator eiwit moleculen wordt gebonden en het 
vervolgens blokkeert in activiteit. MDH kan nu minder worden geactiveerd en neemt nu 
langzaam gas terug door het opnemen van cofactor. Dit mechanisme stelt B. methanolicus in 
staat tot optimale groei op methanol, zonder dat het organisme aan een te hoge concentratie 
formaldehyde te gronde gaat. Met de ontdekking dat activator eiwit in staat is de dinucleotide 
cofactor van MDH te hydrolyseren en daarmee de reactiesnelheid van het enzym kan wijzigen, 
is een geheel nieuwe functie voor Nudix hydrolase eiwitten gevonden: regulering van de 
activiteit van andere eiwitten.  
 
Het plasmide pMEA300 van de actinomyceet Amycolatopsis methanolica 
Net als B. methanolicus is Amycolatopsis methanolica een bacterie die uit de grond kan worden 
geïsoleerd. Dit organisme behoort echter wel tot een totaal andere bacterie familie: de 
actinomyceten. Qua groeiwijze gelijken deze organismen op schimmels, maar de opbouw van 
de cel is echter duidelijk bacterieel. Deze familie van bacteriën is van groot medisch en 
economisch belang voor de mens, omdat zij verantwoordelijk zijn voor de productie van vele 
antibiotica, die bij mens en dier worden toegepast. Van nature zijn de hoeveelheden antibiotica 
die worden geproduceerd laag en dienen zeer waarschijnlijk om de competitie met andere 
bacteriën die in de bodem leven aan te kunnen. Een middel waarmee deze productie kan worden 
verhoogd is genetische modificatie. Hiervoor zijn echter gereedschappen noodzakelijk. Eén 
hiervan is de toepassing van plasmiden; dit zijn genetische elementen, stukjes circulair DNA, 
die onafhankelijk van het bacteriële chromosoom opereren.  

Ook de actinomyceet Amycolatopsis methanolica bezit zo’n plasmide: pMEA300 
genaamd. Het bestaat uit ruim 13 duizend nucleotieden, coderend voor een 20-tal genen, die de 
eigenschappen van het pMEA300 plasmide bepalen. Zo kan het, net als alle andere plasmiden, 
autonoom repliceren, d.w.z. het kan zich onafhankelijk van het chromosoom vermenigvuldigen, 
met als gevolg dat er soms maar één kopie en soms meer dan honderd kopieën in de cel 
aanwezig zijn, afhankelijk van de groeiomstandigheden. Naast autonome replicatie kan het 
plasmiede echter ook integreren in het chromosoom van de bacterie cel. Dit proces gebeurt in 
het geval van pMEA300 altijd op een specifieke plaats in het chromosoom en wordt 
gekatalyseerd door het integrase eiwit, dat gecodeerd wordt door één van de genen van 
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pMEA300. Na integratie kan het plasmiede ook weer uit het chromosoom vertrekken. Dit 
proces wordt gekatalyseerd door het excisionase eiwit, eveneens gecodeerd door een gen van 
pMEA300. Tot slot kan nog een derde eigenschap van pMEA300 worden genoemd: conjugatie. 
Dit is een proces waarbij het plasmide kan worden overgedragen van ene bacterie cel naar de 
andere. Bij dit proces zijn tien pMEA300 genen betrokken. Overgang van het plasmide van de 
ene bacterie cel naar de andere geeft bij actinomyceten vaak een speciale verschijningsvorm: 
pock formatie (hoofdstuk 5) . Na overdracht van het plasmide produceert de ontvangende 
bacteriecel een stof die de groei van omringende cellen sterk vertraagt. Op een groeimedium is 
een dergelijke ontwikkelende bacterie kolonie waar te nemen door de heldere zone rondom deze 
kolonie, doordat andere bacteriën die geen plasmide ontvangen hebben zich niet kunnen 
ontwikkelen (figuur 3, hoofdstuk 5).  
 De overige genen die aanwezig zijn op pMEA300 coderen voor eiwitten die een 
regulerende invloed hebben op de verschillende pMEA300 gecodeerde functies. Eén van die 
genen codeert voor een Nudix hydrolase eiwit. 
 
De functie van de Nudix hydrolase van pMEA300 
Een drietal genen van pMEA300 coderen voor eiwitten die de bovengenoemde eigenschappen 
van het plasmide reguleren. De functionaliteit van deze eiwitten -KorA, Stf en de Nudix 
hydrolase Orf192- is onderzocht door de genen die voor deze eiwitten coderen uit te schakelen. 
Dit kan worden gedaan door de volgorde van de nucleotiede sequentie waarop het betreffende 
gen ligt te verstoren of volledig te verwijderen. Deze regulatie van activiteiten kan globaal op 
twee manieren plaatsvinden: op DNA niveau of op eiwit niveau. In het eerste geval wordt één of 
meerdere genen tot zwijgen gebracht waardoor er van deze genen geen RNA meer kan worden 
gemaakt, met als gevolg dat de door betrokken genen gecodeerde eiwitten niet meer worden 
gesynthetiseerd. KorA is zo’n eiwit: het is in staat om een stukje DNA te binden vlak voor de 
tien genen die coderen voor het conjugatie proces van pMEA300. Elk gen of gencluster wordt 
vooraf gegaan door een promoter. Dit is een DNA gedeelte dat herkent wordt als het startpunt 
van het eiwit dat DNA kopieert tot RNA, het DNA-afhankelijke RNA polymerase. Als de 
promoter echter al gebonden is door een ander eiwit (b.v. KorA), dan kan het niet meer worden 
herkend, wordt het niet gecopieerd tot RNA met als gevolg dat er geen eiwit(ten) worden 
gevormd van het gen of het gencluster. KorA represseert op deze wijze de expressie van de 
conjugatie genen.  
 Stf en Orf192 zijn beide regulatie eiwitten. Orf192 is zeer waarschijnlijk op eiwit 
niveau werkzaam, terwijl Stf mogelijk op DNA niveau werkzaam is. Laatstgenoemde bevat 
echter geen bekende DNA bindende structuren, zoals wel aanwezig in KorA, en ook 
experimenteel kon DNA binding (nog) niet worden vastgesteld. Dit laatste is noodzakelijk om te 
onderzoeken, omdat er nog zeer veel eiwitten zijn waarvan de functie niet bekend is. Mogelijk 
bevat Stf een tot nu toe onbekende eiwit structuur, die in staat is tot DNA binding. Deletie van 
Stf toont aan dat het een activator is van replicatie en conjugatie, terwijl het de specifieke 
integratie juist remt (hoofdstuk 5 en 6). Het niveau van integratie neemt bijna 100 voudig toe als 
het Stf coderende gen uit pMEA300 wordt gedeleteerd. De pMEA300 Nudix hydrolase is de 
antagonist van Stf. Het duidelijkst komt dit naar voren in het verschijnsel Superpock formatie 
(Hoofdstuk 5, figuur 3). Deletie van het orf192 coderende gen uit pMEA300 leidt tot 
overdreven grote pockstructuren en groeivertraging van de plasmide ontvangende cellen, na 
overdracht van dit gemodificeerde pMEA300 plasmide. Er is een onbalans ontstaan door een te 
hoog niveau aan eiwitten betrokken bij conjugatie, door de afwezigheid van de antagonist 
Orf192. Deze onbalans kan weer worden hersteld door ook het gen coderend voor Stf uit 
pMEA300 te deleteren. 
 Karakterisatie van gezuiverd Orf192 eiwit bracht aan het licht dat het twee 
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nucleotieden kan hydrolyseren: NAD+ en ADP-ribose. Laatstgenoemde, welke het meest 
efficient door Orf192 kan worden omgezet, is een derivaat van NAD+, waarbij de nicotinamide 
stikstof base van NAD+ ontbreekt (figuur 1). Deze verbinding doet vaak dienst als 
signaalmolecuul bij zeer uiteenlopende cellulaire processen. Of en hoe deze verbinding 
werkzaam is in pMEA300 regulatie, is nog niet bekend. Mogelijk is ADP-ribose een signaal 
molecuul voor de activatie van Stf. Hydrolyse van het signaal molecuul door Orf192 moduleert 
het signaal waardoor ongewenste over-activatie (super pock formatie) achterwege blijft. Verder 
onderzoek zal de exacte regulatie van pMEA300 aan het licht moeten brengen.  
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Dankwoord 

Het is goed dat een mens niet in de toekomst kan kijken, want als ik op 1 juni 1995 -mijn eerste 
officiële werkdag als promovendus- had geweten dat mijn promotiedatum 28 oktober 2005 zou 
zijn, dan was mij waarschijnlijk alle moed in de schoenen gezakt. Maar achteraf gezien zijn dit 
tien geweldige jaren geweest, waarin ik met veel plezier aan verschillende onderzoeksprojecten 
heb gewerkt. Veel dank ben ik dan ook verschuldigd aan mijn promotor, Prof. Dijkhuizen, die 
mij de gelegenheid heeft geboden om deze periode werkzaam te kunnen zijn in zijn groep. Beste 
Lubbert, bedankt voor de vele mogelijkheden die je geboden hebt om onderzoek binnen jou 
groep te kunnen doen. Met veel enthousiasme hebben we vaak gediscussieerd over MDH 
activatie, pMEA300 regulatie, DAHP synthase  en de vele andere onderwerpen die hierop 
volgden. Al na twee jaar promotie onderzoek zei je na afloop van één van onze besprekingen: 
“Het wordt een mooi boekje, Harm”, niet wetend dat het gedrukte exemplaar nog acht jaar op 
zich zou laten wachten. Ik hoop dat je tevreden bent met het eindresultaat.  
Zoals vaak terecht wordt gememoreerd in voor- of nawoorden van proefschriften, zijn er velen 
die -naast de promotor- in meer of mindere mate bijdragen aan de totstandkoming van een 
proefschrift. Ook bij dit proefschrift is dat het geval. In de tien jaar dat ik nu werkzaam ben bij 
microbiële fysiologie heb ik zeer veel collega’s ontmoet en gesproken over mijn werk. Het is 
dan ook ondoenlijk om iedereen hier persoonlijk te bedanken en daarom beperk ik me tot 
diegenen die op een wel heel bijzondere wijze hebben bijgedragen. Mijn begeleider van het 
eerste uur was Wim Vrijbloed. Wim, van jou heb ik veel geleerd en je gedrevenheid was 
aanstekelijk. Het was erg leuk je begin dit jaar weer eens te ontmoeten in Zürich. Veel succes 
met je nieuwe functie en woning in Basel. Samen met Robert en Gerda heb ik jarenlang een 
werkkamer gedeeld. Beste Robert, heel erg bedankt voor alle dicussies, second-opinions en ook 
de goede persoonlijke gesprekken. Samen hebben we heel wat kloneringstechnieken uitgedacht, 
Robert, waarvan soms de benamingen nog inventiever waren dan de techniek zelf. Gerda, je 
hebt een grote inbreng gehad in het praktische werk dat ten grondslag ligt aan dit proefschrift, 
maar niet minder wat betreft de opzet van de experimenten. Heel subtiel kon je aangeven wat ik 
soms over het hoofd had gezien. Heel hartelijk bedankt voor de goede samenwerking. Een lab 
kan niet goed functioneren zonder een bekwame secretariële en materiële ondersteuning. Ook 
jullie van harte bedankt!   
Tot slot wil ik nog de beoordelingscommissie bedanken voor de snelle beoordeling van het 
manuscript. 
 
Harm 
 


