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Abstract Minichromosome maintenance (MCM) pro-

teins are thought to function as the replicative helicases in

archaea. Studies have shown that the MCM complex from

the thermoacidophilic euryarchaeon Thermoplasma acido-

philum (TaMCM) has some properties not reported in other

archaeal MCM helicases. Here, the biochemical properties

of the TaMCM are studied. The protein binds single-

stranded DNA, has DNA-dependent ATPase activity and

ATP-dependent 30 ? 50 helicase activity. The optimal

helicase conditions with regard to temperature, pH and

salinity are similar to the intracellular conditions in

T. acidophilum. It is also found that about 1,000 molecules

of TaMCM are present per actively growing cell.

Keywords Archaea � DNA replication � Helicase �
MCM � Thermoplasma acidophilum

Abbreviations

dsDNA Double-stranded DNA

MCM Minichromosome maintenance

MtMCM Methanothermobacter thermautotrophicus

MCM

SsMCM Sulfolobus solfataricus MCM

ssDNA Single-stranded DNA

TaMCM Thermoplasma acidophilum MCM

Introduction

Minichromosome maintenance (MCM) proteins are

thought to function as the replicative helicases in archaea

and eukarya, responsible for the separation of the duplex

chromosomal DNA at the front of the replication fork. The

eukaryotic MCM complex is a family of six-related poly-

peptides (Mcm2-7), each of which is essential for cell

viability. Biochemical studies have shown that in vitro a

dimeric complex of the Mcm4,6,7 heterotrimer contains

30 ? 50 DNA helicase activity, single-stranded (ss) DNA

binding, DNA-dependent ATPase activity, is capable of

translocating along ss and double-stranded (ds) DNA and

unwinding DNA–RNA hybrids while translocating along

the DNA strand [(Forsburg 2004; Lei and Tye 2001) and

references therein]. In vitro, the Mcm2 and Mcm3,5

complexes were shown to inhibit helicase activity (Forsburg

2004; Lei and Tye 2001).

Minichromosome maintenance helicases from several

archaea have been studied and all show biochemical pro-

perties similar to the eukaryotic Mcm4,6,7 complex

including 30 ? 50 helicase activity, DNA dependent ATP-

ase activity, the ability to bind and translocate along ss and

dsDNA and to unwind DNA–RNA hybrids. The archaeal

enzyme from Methanothermobacter thermautotrophicus
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was also shown to displace proteins from DNA [(Barry and

Bell 2006; Duggin and Bell 2006; Kelman and Kelman

2003; Kelman and White 2005) and references therein].

The euryarchaeon Thermoplasma acidophilum was iso-

lated from self-heated smoldering coal refuse piles and

grows optimally at about 60�C and pH 2 (Darland et al.

1970). One of the unique features of the organism is the

lack of a cell wall, and thus it was originally considered a

mycoplasma. Its genome consists of a single circular

chromosome of 1.56 Mbp and contains about 1,500 open

reading frames (Ruepp et al. 2000).

The MCM helicase from T. acidophilum (TaMCM)

shows some biochemical properties that differ from those

reported for other archaeal MCM proteins. The enzyme

was shown to have limited ability to unwind DNA sub-

strates containing only a 30-ssDNA overhang region and

requires a forked DNA structure for efficient helicase

activity (Haugland et al. 2006). Other archaeal species can

readily unwind substrates lacking fork-like structure [for

examples see (Barry et al. 2007; Chong et al. 2000)]. In

addition, no DNA binding could be detected when a filter

binding assay was used, but DNA binding of other archaeal

MCM helicases can be detected using this assay [for

example see (Kasiviswanathan et al. 2006)]. Also, while in

all other archaeal MCM proteins studied interaction of the

helicase with the initiator protein Cdc6 inhibits helicase

activity, the activity of the TaMCM is substantially stim-

ulated in the presence of T. acidophilum Cdc6 protein.

Here, the requirements for efficient helicase activity are

determined. It was found that the conditions for optimal

helicase activity in vitro are similar to those found within

the T. acidophilum cells.

Materials and methods

Materials

ATP and [c-32P]ATP were obtained from GE Bioscience,

5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-

gal) from Promega, 3-Amino-1,2,4-triazole (3AT) from

Sigma and /X174 ss and dsDNA were obtained from New

England Biolabs. Oligonucleotides were purchased by

Medprobe (Oslo, Norway). Purified wild-type and K343A

mutant TaMCM proteins were purified as previously

described (Haugland et al. 2006).

Methods

Two hybrid analysis

For two hybrid analysis the gene encoding the TaMCM

wild-type (Ta0799) and K343A mutant proteins were cloned

as previously described (Haugland et al. 2006). The D402N

mutant protein as well as the truncated enzymes, N-terminal

(amino acids 1-304) and C-terminal (amino acids 305-698),

were generated using PCR and the oligonucleotides

described in Supplementary Table 1 from the vectors con-

taining the altered genes. The PCR products were cloned

into the SalI and NotI sites of the pDBLeu and pPC86

vectors (Invitrogen) resulting in fusion proteins with the

GAL4 DNA binding domain (DB) and the GAL4 activation

domain (AD), respectively. The truncated proteins were

constructed based on sequence comparison with MtMCM

(Fletcher et al. 2003; Kasiviswanathan et al. 2004).

Plasmids encoding the DB and AD fusion proteins were

co-transformed into yeast strain MaV203 (Invitrogen)

according to the manufacturer’s protocol, plated on Syn-

thetic Complete Medium (SC) without Leu and Trp (SC-

LT) and grown for three days at 30�C. Four colonies from

each transformation were patched onto SC-LT plates and

grown for 18 h at 30�C. These master plates were replica

plated to SC plates without Leu, Trp and His (SC-LTH), to

SC-LTH plates containing 10 mM 3-amino-1, 2, 4-triazole

(3AT) and to nylon membranes placed on the surface of

agar plates with YPAD medium (1% Bacto-yeast extract,

1% Bacto-peptone, 2% Dextrose and 0.01% adenine sul-

fate) for X-gal analysis. The SC-LTH and SC-LTH ? 3AT

plates were immediately replica cleaned, followed by

incubation for 24 h at 30�C and thereafter replica cleaned

again. Plates were incubated for 3 days more before scor-

ing. The YPAD plates where incubated at 30�C for 18 h

prior to the X-gal assay and monitored and scored after 1,

8, 16 and 24 h. Protein–protein interaction is indicated

by growth on 3AT-plates (3AT assay) and blue color in the

X-gal assay.

MCM helicase assays

Substrates for helicase assays were generated as previously

described (Shin et al. 2003) using the oligonucleotides

described below. To determine the directionality of the

helicase the DF17 (50- GCGTCCCAGGGCGGCGG-30)
oligonucleotide was 32P-labeled with T4 polynucleotide

kinase and [c-32P]ATP. Labeled DF17 was annealed

to either DF90 (50-CGCTGCTCCGCCTCCCGCCGCTC

TGCCGCTGCCTCCGCCCGCCGCCCTGGGACGCCCA

GGACGTGTCCTCCCGCCGGTCGCCGTCGCCCC-30),
resulting in a substrate with 30- and 50-ssDNA overhanging

regions, to DF53 (50-CCCGCCGCCCTGGGACGCCCA

GGACGTGTCCTCCCGCCGGTCGCCGTCGCCCC-30),
resulting in a substrate with a 50-ssDNA overhang region,

or to DF55 (50-CGCTGCTCCGCCTCCCGCCGCTC

TGCCGCTGCCTCCGCCCGCCGCCCTGGGACGC-30),
resulting in a substrate with a 30-ssDNA overhang region.

The substrate used to determine the optimal conditions
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for helicase activity was the DF50_T25 (50-GGGACGC

GTCGGCCTGGCACGTCGGGTTTGTTTGTTTGTTTG

TTTGTTTG-30) oligonucleotide, 32P-labeled as described

above and annealed to DF61 (50-TTGTTTGTTTGTTT

GTTTGTTTGTTTGTTTGTTTGCCGACGTGCCAGGC

CGACGCGTCCC-30).
DNA helicase activity was measured in 15 ll reaction

mixtures containing 20 mM Hepes-NaOH, pH 7.5 (unless

otherwise indicated in the figure legends), 10 mM mag-

nesium acetate, 3.3 mM ATP (unless otherwise indicated

in the figure legends), 2 mM DTT, 0.1 mg/ml BSA,

10 fmol of 32P-labeled DNA substrate (4,000-cpm/fmol)

and proteins as indicated in the figure legends. After

incubating the samples at 59�C (unless otherwise indicated

in the figure legends) for 60 min, the samples were

immediately transferred to ice and 5 ll stop buffer

(100 mM EDTA, 1% SDS, 0.1% xylene cyanol, 0.1%

bromophenol blue and 50% glycerol) were added. A 7-ll

aliquot was loaded onto a 15% polyacrylamide gel in 0.5 X

TBE (45 mM Tris, 45 mM boric acid and 1 mM EDTA)

and electrophoresed at 140 V for 2.5 h. Bands were visu-

alized and quantified by phosphorimaging. All helicase

assays were repeated three times.

Fluorescence polarization anisotropy measurement

Fluorescence anisotropy measurements were performed at

25�C using a Fluoromax-3 spectrofluorimeter equipped

with an autopolarizer (Jobin Yvon Inc.), using a 3-mm path

length cuvette with a starting volume of 150 ll. A 50-mer

ssDNA oligonucleotide (50-CGCAGATAACAGTTGTCC

TGGAGAACGACCTGGTTGACACCCTCACACCC-30)
was 50-labeled with Cy3 and purified with a HPLC C18

column. The concentration of DNA was calculated

using an absorbance of 260 nm with extinction coeffi-

cient 477,300 M-1 cm-1 and absorbance at 546 nm using

extinction coefficient 136,000 M-1 cm-1 for Cy3 dye.

DNA concentrations calculated by both measures differed

by\10%. The measurements using absorbance at 260 nm

were used to calculate the concentrations for the experi-

ments. The initial reaction mixture contained 25 mM

Hepes-NaOH pH 7.5, 2 mM DTT, 5 mM MgCl2 and

10 nM DNA. Following the addition of protein (final

concentration indicated in the figure) the reaction mixture

was incubated for 10 min and then measured with a setting

of 5 s integration and with three averaged measurements.

The DNA was excited at 545 nm and emission spectra

were set at 570 nm. Anisotropy values were directly tab-

ulated in the analysis and with measured G factor and dark

correction acquired at each blank for each experiment.

The binding constant (Kd) was determined using GraFit

version 5.0.1 (Erithacus software), using the following

quadratic equation for fluorescent polarization anisotropy

experiments (Heyduk and Lee 1990) DAN ¼ DATN

2DT

ET þ DT þ Kdð Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ET þ DT þ Kdð Þ2�4ETDT

q

� �

; where

DAN is the normalized change in anisotropy, DATN is the

normalized total anisotropy change (which is equal to 1),

ET is the enzyme concentration at each titration point, DT

is the total concentration of DNA (which is 10 nM) and

Kd is the dissociation constant for the binding isotherm.

The experiments were repeated twice.

ATPase assay

ATPase activity was measured in 15 ll reaction mixtures

containing 25 mM Hepes-NaOH pH 7.5, 5 mM magnesium

acetate, 1 mM DTT, 0.1 mg/ml BSA, 0.1 mM ATP,

0.33 pmol of [c-32P]ATP in the presence or absence of 50 ng

UX174 ss or dsDNA and protein as indicated in the figure

legend. After incubation at 59�C for 60 min, an aliquot (1 ll)

was spotted onto a polyethyleneimine-cellulose thin-layer

chromatography plate and ATP and Pi were separated by

chromatography in 1 M formic acid and 0.5 M LiCl. The

ATPase activity was visualized and quantified by phos-

phorimaging. All assays were repeated three times.

Cultivation of T. acidophilum

Thermoplasma acidophilum (DSM 1728) was grown in

DSMZ medium 158 (http://www.dsmz.de/microorganisms/

html/media/medium000158.html), pH 1.9 at 55�C with

shaking and the cells were harvested in exponential phase.

The growth was monitored by OD measurements at

600 nm and by cell counts.

Quantification of the in vivo level

of T. acidophilum MCM protein

TaMCM protein and T. acidophilum cell extract were

fractionated on 10% SDS-PAGE, followed by electroblot-

ting onto a nitrocellulose membrane. Western blot analysis

was performed using TaMCM polyclonal antibody gener-

ated against the recombinant protein by BioGenes GmbH

(Germany) and developed using enhanced chemilumines-

cence (ECL, GE healthcare). The bands were quantified

using Image J (Abramoff et al. 2004).

Results and discussion

T. acidophilum MCM helicase translocates

on DNA in the 30 ? 50 direction

All archaeal and eukaryotic MCM helicases studied to date

translocate on DNA in a 30 ? 50 direction. When the
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activity of the TaMCM was first described (Haugland et al.

2006) the directionality of the enzyme was not reported.

Thus, as the first step in the characterization of the enzyme,

directionality was evaluated. As shown in Fig. 1 the

TaMCM translocates on ssDNA in the 30 ? 50 direction,

suggesting it moves along the leading strand during

replication.

Conditions for efficient TaMCM helicase activity

It was previously shown that TaMCM has very weak

helicase activity even when provided with a forked DNA

substrate containing both 30- and 50-ssDNA overhanging

regions (Haugland et al. 2006). However, pH, salt and

nucleotide concentration are known to have major effects

on helicase activity. Thus, the effect of different buffer and

assay conditions on MCM helicase activity was determined

(Fig. 2). The enzyme has peak activity at 60�C, which is

consistent with the optimal growth temperature of the

organism (Fig. 2a). In contrast to other archaea, T. acido-

philum has low intracellular ion concentrations (Searcy

1976). Thus, as expected, addition of salt to the reaction

mixture inhibits helicase activity (Fig. 2b). ATP binding

and hydrolysis is needed to fuel the unwinding reaction.

When the effect of ATP concentration on helicase activity

was evaluated it was found that from 2 to 6 mM the

enzyme is active but at higher ATP concentrations activity

is inhibited (Fig. 2c). Mg2? binding to ATP and to DNA is

required for helicase activity (Chong et al. 2000). As only

10 mM Mg2? was added to the reaction and the affinity of

the ion to ATP is higher than to DNA, it is possible that the

Mg2? is titrated out by the high levels of nucleotides and

thereby prevented from binding to the DNA. The result

would be inhibition of helicase activity, but not directly

due to the high level of ATP. Similar observations were

previously made with other archaeal MCM helicases

(Chong et al. 2000; Kelman et al. 1999; Moreau et al.

2007). Interestingly, the buffer used in the reaction has an

effect on the activity of the enzyme (Fig. 2d). The enzyme

is more active in Tris and Bicine buffers than Hepes and

phosphate buffers (Fig. 2d). The reason for this is not clear.

It might be due to the different chemical properties of the

buffers and/or the effect of temperature on the buffering

capability of the buffer. The pH was determined at 22�C

but it is known that in some buffering systems the pH

changes with temperature. Thus, the differences observed

may be due, in part, to this effect. However, change in pH

alone cannot explain the difference noted between the

buffers, as activity in the presence of Hepes and phosphate

did not reach the same level as with Tris and Bicine.

Nevertheless, the overall conditions for optimal helicase

activity with respect to temperature, salinity and pH are

similar to those found within T. acidophilum cells (Brock

1978).

TaMCM protein binds to ssDNA

All archaeal and eukaryal MCM proteins studied to date

were shown to bind ssDNA. However, when filter binding

assays were performed with the T. acidophilum enzyme, no

DNA binding could be detected on different DNA sub-

strates, including ss, ds and forked DNA, regardless of

whether ATP was present or not (data not shown). If the

Koff of DNA binding is fast, the filter binding assay would

not have sufficient sensitivity to detect binding. Therefore,

fluorescence polarization anisotropy was used to determine
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Fig. 1 TaMCM helicase translocates along DNA in the 30 ? 50

direction. DNA helicase assays were performed as described in

‘‘Materials and methods’’ using 10 fmol substrate containing a 30- and

50-ssDNA overhanging region (left panel); a 30-ssDNA overhang

(middle panel) and a 50-ssDNA overhang (right panel). Lane 1

substrate only, lane 2 boiled substrate, lane 3 0.3 pmol TaMCM

protein (as monomer), lane 4 0.66 pmol TaMCM protein (as

monomer), lane 5 1.26 pmol TaMCM protein (as monomer), lane 6
1.26 pmol TaMCM K343A protein (as monomer). S substrate, P
product. Stars indicate 32P
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whether interactions between MCM and DNA could be

observed under equilibrium condition. As shown in Fig. 3,

the TaMCM protein binds ssDNA with a Kd of 0.1176 lM.

This value is similar to that previously reported for the

MtMCM protein (Sakakibara et al. 2008), the MCM pro-

tein from Sulfolobus solfataricus (SsMCM) (McGeoch

et al. 2005), and other helicases [reviewed in (Patel and

Picha 2000)].

ssDNA stimulates the ATPase activity

of T. acidophilum MCM

All MCM helicases studied possess DNA-dependent

ATPase activity (Ishimi 1997; Kelman and White 2005).

After establishing that the T. acidophilum enzyme binds

DNA (Fig. 3) the effect of the binding on ATPase activity

was determined using ss and dsDNA. As shown in Fig. 4,

the presence of ssDNA stimulates the ATPase activity of

TaMCM. This stimulation is rather limited, however, and

only 1.5–2-fold stimulation could be detected. Duplex

DNA, on the other hand, does not have much effect on

TaMCM ATPase activity. The stimulation by DNA is

consistent with the ability of the enzyme to bind and

translocate along ssDNA [Fig. 3, (Haugland et al. 2006)].

The stimulation by DNA is similar to that observed with

the SsMCM protein, which is stimulated 1.8-fold in the

presence of forked DNA substrate (McGeoch et al. 2005),

but is lower than that observed with MtMCM protein,

where DNA stimulates the ATPase activity by 5–7 fold

(Chong et al. 2000; Kelman et al. 1999; Shechter et al.

2000).

The N-terminus of TaMCM is involved in dimerization

TaMCM protein was shown to form hexamers in solution

(Haugland et al. 2006), similar to the SsMCM protein

(Carpentieri et al. 2002; Liu et al. 2008) and the MCM

proteins from Archaeoglobus fulgidus (Grainge et al. 2003)
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Fig. 2 TaMCM helicase activity under different conditions. a Effect

of temperature on TaMCM helicase activity. DNA helicase assays

were performed as described in ‘‘Materials and methods’’ with

10 fmol forked DNA substrate and 0.66 pmol TaMCM protein (as

monomer) at the indicated temperatures (�C). The average of three

independent experiments with standard deviation is shown. b Effect

of salt concentration on TaMCM helicase activity. DNA helicase

assays were performed with 5 fmol forked DNA substrate,

0.66 pmol TaMCM protein (as monomer) and the indicated

concentration of KCl (mM). TaMCM helicase activity without salt

is set to 100%. Helicase activity at various concentrations of salt

was calculated relative to this value. The average of three

independent experiments with standard deviation is shown. c Effect

of ATP concentration on TaMCM helicase activity. DNA helicase

assays were performed as described in ‘‘Materials and methods’’ at

59�C with 10 fmol forked DNA substrate, 1.26 pmol TaMCM

protein (as monomer) and the indicated concentration of ATP (mM).

The average of three independent experiments is shown. d Effect of

buffer and pH on TaMCM helicase activity. DNA helicase assays

were performed as described in ‘‘Materials and methods’’ at 59�C

with 5 fmol forked DNA substrate, 0.78 pmol TaMCM protein (as

monomer) in Hepes (open diamond), Tris (dark filled square),

Bicine (dark filled triangle) or Phosphate (open circle) buffers at the

indicated pH (measured at 22�C). The average of three independent

experiments is shown
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and Methanococcoides burtonii (Shin et al. 2006).

MtMCM, on the other hand, forms double-hexamers in

solution (Chong et al. 2000; Kelman et al. 1999; Shechter

et al. 2000). The N-terminal part of MtMCM and SsMCM

were shown to be needed for helicase multimerization (Liu

et al. 2008; Fletcher et al. 2003). In order to determine

which part of the TaMCM protein is involved in protein

multimerization a two hybrid analysis was performed using

mutated and truncated enzymes. As shown in Table 1, the

full-length enzyme and the N-terminal part of the molecule

can interact with itself. No interactions could be detected

using the AAA? catalytic domains. Also, as shown for other

archaeal MCM proteins, ATP binding and/or hydrolysis by

TaMCM is not needed for the interaction. These results

suggest that the N-terminal part of the TaMCM protein is

involved in multimerization, as has been shown for the

M. thermautotrophicus and S. solfataricus enzymes.

MCM protein is abundant in exponentially growing

T. acidophilum cells

The MCM protein is thought to function as the replicative

helicase in archaea and eukarya. The MCM protein is

abundant in eukarya [(Laskey and Madine 2003) and ref-

erences therein]. A study with Pyrococcus abyssi suggested

that there are 200–400 MCM molecules per rapidly

dividing cell (Matsunaga et al. 2001). As there are about 15

genome equivalents per P. abyssi cell during rapid growth,

most of the MCM protein is likely involved in replication,

since one hexameric ring is required at each replication

fork (Kelman and Kelman 2003). In order to determine the

number of TaMCM molecules in rapidly dividing T. aci-

dophilum cells quantitative Western analysis was used

(Fig. 5). It was found that there are about 1,000–1,800

TaMCM molecules per cell. However, the number of

genome equivalents in rapidly dividing T. acidophilum

cells is not known and thus the number of TaMCM mol-

ecule per genome may be similar to that in P. abyssi.

Alternatively, MCM may have additional functions in

T. acidophilum in addition to its role in chromosomal
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Fig. 4 TaMCM ATPase activity is stimulated by DNA. The ATPase

activity of TaMCM protein was determined as described in ‘‘Mate-

rials and methods’’ in the absence (open circle) or presence of 50 ng

of ss (dark filled square) or dsUX174 (dark filled triangle) and 0.25,

0.5, 1 or 2 pmol of MCM protein (as monomer)

Table 1 Protein–protein interaction of MCM mutants using two-

hybrid analysis

pDBLeu pPC86 Interaction

3AT assay X-gal assay

Wild-type Wild-type ? ?

K343A K343A ? ?

D402N D402N ? ?

N-term N-term ? ?

AAA? AAA? - -

Wild-type pPC86 - -

K343A pPC86 - -

D402N pPC86 - -

N-term pPC86 - -

AAA? pPC86 - -

pDBLeu Wild-type - -

pDBLeu K343A - -

pDBLeu D402N - -

pDBLeu N-term - -

pDBLeu AAA? - -

3AT assay: ? growth, - no growth; X-gal assay: ? blue color after

1 h, - white color after 24 h
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replication. It is also possible that the assay used to

determine the number of molecules does not have sufficient

sensitivity to discriminate between small differences.

When the number of MCM molecules in other archaeal

species is determined it may be possible to determine the

reasons for the difference.
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Nils-Kåre Birkeland.

References

Abramoff M, Magelhaes P, Ram S (2004) Image processing with

Image. J Biophotonics Int 11:36–42

Barry ER, Bell SD (2006) DNA replication in the archaea. Microbiol

Mol Biol Rev 70:876–887

Barry ER, McGeoch AT, Kelman Z, Bell SD (2007) Archaeal MCM

has separable processivity, substrate choice and helicase

domains. Nucleic Acids Res 35:988–998

Brock T (1978) Thermophilic microorganisms and life at high

temperatures. Springer, New York, pp 92–116

Carpentieri F, De Felice M, De Falco M, Rossi M, Pisani FM (2002)

Physical and functional interaction between the mini-chromo-

some maintenance-like DNA helicase and the single-stranded

DNA binding protein from the crenarchaeon Sulfolobus solfa-
taricus. J Biol Chem 277:12118–12127

Chong JP, Hayashi MK, Simon MN, Xu RM, Stillman B (2000) A

double-hexamer archaeal minichromosome maintenance protein

is an ATP-dependent DNA helicase. Proc Natl Acad Sci USA

97:1530–1535

Darland G, Brock TD, Samsonoff W, Conti SF (1970) A thermo-

philic, acidophilic mycoplasma isolated from a coal refuse pile.

Science 170:1416–1418

Duggin IG, Bell SD (2006) The chromosome replication machinery

of the archaeon Sulfolobus solfataricus. J Biol Chem 281:15029–

15032

Fletcher RJ, Bishop BE, Leon RP, Sclafani RA, Ogata CM, Chen XS

(2003) The structure and function of MCM from archaeal

M. thermoautotrophicum. Nat Struct Biol 10:160–167

Forsburg SL (2004) Eukaryotic MCM proteins: beyond replication

initiation. Microbiol Mol Biol Rev 68:109–131

Grainge I, Scaife S, Wigley DB (2003) Biochemical analysis of

components of the pre-replication complex of Archaeoglobus
fulgidus. Nucleic Acids Res 31:4888–4898

Haugland GT, Shin JH, Birkeland NK, Kelman Z (2006) Stimula-

tion of MCM helicase activity by a Cdc6 protein in the

archaeon Thermoplasma acidophilum. Nucleic Acids Res

34:6337–6344

Heyduk T, Lee JC (1990) Application of fluorescence energy transfer

and polarization to monitor Escherichia coli cAMP receptor

protein and lac promoter interaction. Proc Natl Acad Sci USA

87:1744–1748

Ishimi Y (1997) A DNA helicase activity is associated with an

MCM4, -6, and -7 protein complex. J Biol Chem 272:24508–

24513

Kasiviswanathan R, Shin JH, Melamud E, Kelman Z (2004)

Biochemical characterization of the Methanothermobacter ther-
mautotrophicus minichromosome maintenance (MCM) helicase

N-terminal domains. J Biol Chem 279:28358–28366

Kasiviswanathan R, Shin JH, Kelman Z (2006) DNA binding by the

Methanothermobacter thermautotrophicus Cdc6 protein is inhib-

ited by the minichromosome maintenance helicase. J Bacteriol

188:4577–4580

Kelman LM, Kelman Z (2003) Archaea: an archetype for replication

initiation studies? Mol Microbiol 48:605–615

Kelman Z, White MF (2005) Archaeal DNA replication and repair.

Curr Opin Microbiol 8:669–676

Kelman Z, Lee JK, Hurwitz J (1999) The single minichromosome

maintenance protein of Methanobacterium thermoautotrophicum
deltaH contains DNA helicase activity. Proc Natl Acad Sci USA

96:14783–14788

Laskey RA, Madine MA (2003) A rotary pumping model for helicase

function of MCM proteins at a distance from replication forks.

EMBO Rep 4:26–30

kDa

150

cell extract purified TaMCM

x 10 fmol

100

75

37

25

250

7

0

2

4

6

0 20 40 60 80 100 120

Time (hr)

C
el

l n
um

be
r 

x 
10

8

0

0.1

0.2

0.3

0.4

O
D

60
0

Cell
number

A

OD600

0.5        1.5       4.5      2.5      5       7.5        10       12.5     

B

Fig. 5 Quantitation of MCM protein level in Thermoplasma acido-
philum. a Growth curve of T. acidophilum showing number of cells as

white triangles (left Y-axis) and optical density 600 nm as black
squares (right Y-axis) versus time. Error bars represent the standard

deviation calculated from three parallel (OD600) and four to six

parallel (cell number) experiments. The arrow indicates time of

harvesting. b Quantitative Western analysis was performed as

described in ‘‘Materials and methods’’. The amount of cell extract

corresponding to the number of cells and amount of purified,

recombinant MCM protein (fmol) loaded in each lane is indicated

Extremophiles (2009) 13:81–88 87

123



Lei M, Tye BK (2001) Initiating DNA synthesis: from recruiting to

activating the MCM complex. J Cell Sci 114:1447–1454

Liu W, Pucci B, Rossi M, Pisani FM, Ladenstein R (2008) Structural

analysis of the Sulfolobus solfataricus MCM protein N-terminal

domain. Nucleic Acids Res 36:3235–3243

Matsunaga F, Forterre P, Ishino Y, Myllykallio H (2001) In vivo

interactions of archaeal Cdc6/Orc1 and minichromosome main-

tenance proteins with the replication origin. Proc Natl Acad Sci

USA 98:11152–11157

McGeoch AT, Trakselis MA, Laskey RA, Bell SD (2005) Organi-

zation of the archaeal MCM complex on DNA and implications

for the helicase mechanism. Nat Struct Mol Biol 12:756–762

Moreau MJ, McGeoch AT, Lowe AR, Itzhaki LS, Bell SD (2007)

ATPase site architecture and helicase mechanism of an archaeal

MCM. Mol Cell 28:304–314

Patel SS, Picha KM (2000) Structure and function of hexameric

helicases. Annu Rev Biochem 69:651–697

Ruepp A, Graml W, Santos-Martinez ML, Koretke KK, Volker C,

Mewes HW, Frishman D, Stocker S, Lupas AN, Baumeister W

(2000) The genome sequence of the thermoacidophilic scavenger

Thermoplasma acidophilum. Nature 407:508–513

Sakakibara N, Kasiviswanathan R, Melamud E, Han M, Schwarz FP,

Kelman Z (2008) Coupling of DNA binding and helicase activity

is mediated by a conserved loop in the MCM protein. Nucleic

Acids Res 36:1309–1320

Searcy DG (1976) Thermoplasma acidophilum: intracellular pH and

potassium concentration. Biochim Biophys Acta 451:278–286

Shechter DF, Ying CY, Gautier J (2000) The intrinsic DNA helicase

activity of Methanobacterium thermoautotrophicum delta H

minichromosome maintenance protein. J Biol Chem 275:15049–

15059

Shin JH, Jiang Y, Grabowski B, Hurwitz J, Kelman Z (2003)

Substrate requirements for duplex DNA translocation by the

eukaryal and archaeal minichromosome maintenance helicases.

J Biol Chem 278:49053–49062

Shin J, Mauro R, Melamud E, Kasiviswanathan R (2006) Cloning and

partial characterization of the Methanococcoides burtonii mini-

chromosome maintenance (MCM) helicase. Bios 77:37–41

88 Extremophiles (2009) 13:81–88

123


	Biochemical characterization of the minichromosome maintenance protein from the archaeon Thermoplasma acidophilum
	Abstract
	Introduction
	Materials and methods
	Materials
	Methods
	Two hybrid analysis
	MCM helicase assays
	Fluorescence polarization anisotropy measurement
	ATPase assay
	Cultivation of T. acidophilum
	Quantification of the in vivo level �of T. acidophilum MCM protein


	Results and discussion
	T. acidophilum MCM helicase translocates �on DNA in the 3&vprime; &rarr; 5&vprime; direction
	Conditions for efficient TaMCM helicase activity
	TaMCM protein binds to ssDNA
	ssDNA stimulates the ATPase activity �of T. acidophilum MCM
	The N-terminus of TaMCM is involved in dimerization
	MCM protein is abundant in exponentially growing �T. acidophilum cells

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


