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Abstract Several representatives of the Crenarchaeal

branch of the Archaea contain highly abundant, small,

positively charged proteins exemplified by the Sso7d pro-

tein from Sulfolobus solfataricus. These proteins bind to

DNA in a non-sequence-specific manner. Using publicly

available genomic sequence information, we identified a

second class of small Crenarchaeal DNA-binding proteins

represented by the Pyrobaculum aerophilum open reading

frame 3192–encoded (Pae3192) protein and its paralogs.

We investigated the biochemical properties of the Pae3192

protein and an orthologous protein (Ape1322b) from

Aeropyrum pernix in side-by-side experiments with the

Sso7d protein. We demonstrate that the recombinant

Ape1322b, Pae3192 and Sso7d proteins bind to DNA and

that the DNA-protein complexes formed are slightly dif-

ferent for each protein. We show that like Sso7d, Pae3192

constrains negative supercoils in DNA. In addition, we

show that all three proteins raise the melting temperature of

duplex DNA upon binding. Finally, we present the equi-

librium affinity constants and kinetic association constants

of each protein for single-stranded and double-stranded

DNA.

Keywords Archaea � Crenarchaea � Chromatin �
DNA-binding protein � Thermostable � Hyperthermophile

Introduction

Many members of the Euryarchaeal branch of the Archaea

contain proteins with notable similarity to eukaryotic his-

tones (Reeve et al. 2004). These archaeal histones are

generally not found in the second, more ancient branch of

the Archaea, the Crenarchaea. Instead, several Crenarcha-

eal species contain abundant, low molecular weight

DNA-binding proteins belonging to the Sso7d family. The

relative abundance of Sso7d-family proteins in cellular

extracts (Grote et al. 1986; Kimura et al. 1984), as well as

their observed low degree of sequence preference (Lund-

back et al. 1998), suggests that these proteins fulfill a

similar, if not identical, function to that of the archaeal

histones.

The identification of the first Sso7d-family protein was

reported over 20 years ago (Kimura et al. 1984). Five

different proteins, Sac7a-7e, were originally purified from

cellular extracts of Sulfolobus acidocaldarius (Grote et al.

1986), but only two corresponding genes were identified by

experimental methods and in the completed genome

sequence (McAfee et al. 1995; Chen et al. 2005). The

additional three proteins arise as the result of distinct post-

translational modifications (Choli et al. 1988b). Orthologs

of the S. acidocaldarius proteins were also isolated from S.

solfataricus (Choli et al. 1988a). These proteins (Sso7a-7e)

are encoded by three discrete, yet almost identical, open

reading frames (ORFs) in the genome of this organism

(She et al. 2001). The original mechanism for the genera-

tion of these apparent gene duplications at separate loci in

the chromosome is unclear. The presence of both trans-

posase and plasmid-like gene sequences flanking the Sso7d

coding regions in the chromosome suggests that they exist

as a result of multiple imperfect plasmid integration/exci-

sion events (CDH and PKM, unpublished).
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The Sso7d family is composed of basic proteins

(pI *10) that bind to DNA without apparent sequence bias

and are rich in lysine residues, some of which have been

shown to be variably mono-methylated in vivo (Choli et al.

1988a, b). Recombinant (unmethylated) forms of these

proteins have been produced and studied. Lack of meth-

ylation does not appear to affect DNA binding

significantly, but it does decrease the measured thermo-

stability of the proteins in vitro (McAfee et al. 1995, 1996;

Lundback et al. 1998). Definitive genetic experiments have

yet to determine whether these proteins are essential for

viability; it is likely, however, that the function provided by

the Sso7d-family proteins is indispensable to one or more

cellular processes.

A wealth of structural work involving the Sso7d and

Sac7d proteins has been published, including X-ray and

NMR studies (Agback et al. 1998; Edmondson et al. 1995;

Gao et al. 1998; Krueger et al. 1999; Robinson et al. 1998).

In contrast to the DNA binding mode of the Euryarchaeal

histones (Grayling et al. 1996), these Crenarchaeal proteins

bind in the minor groove of double-stranded DNA and are

reportedly capable of inducing sharp kinks in the DNA of

up to 61� (Robinson et al. 1998). Both Sso7d and an

ortholog from S. shibatae, Ssh7, have been shown to

constrain negative supercoils in DNA (Lopez-Garcia et al.

1998; Mai et al. 1998; Napoli et al. 2002). Interestingly, the

archaeal histones, such as those from the Euryarchaeon

Methanothermus fervidus, can wrap DNA into positive as

well as negative supercoils upon binding (Musgrave et al.

1991).

Sso7d-family proteins are also able to increase the

apparent melting temperature (Tm) of double-stranded

DNA substrates (Baumann et al. 1994; McAfee et al.

1995), suggesting that they may perform a role in stabi-

lizing chromosomal DNA in hyperthermophilic

Crenarchaea. As observed by electron microscopy, Sso7d

can coat DNA (Lurz et al. 1986), and models of multimeric

forms of these proteins have been proposed (Agback et al.

1998; Krueger et al. 1999; Robinson et al. 1998).

Until recently, orthologs of the Sso7d-family proteins

were identified only in different species of Sulfolobus.

Because of their potential utility in industrial applications

(Wang et al. 2004), we searched for functional homologs of

Sso7d in other Crenarchaea. Here, we describe the bioin-

formatic identification of a similar but non-homologous

class of small DNA-binding proteins present in the hy-

perthermophilic Crenarchaeotes, Pyrobaculum spp.,

Aeropyrum pernix, Staphylothermus marinus and Ther-

moproteus tenax.

With the goal of obtaining quantitative data on this

newly described class of proteins, we purified the Pyro-

baculum aerophilum and A. pernix proteins along with

Sso7d and conducted a comparative biochemical

characterization of the interactions of these three proteins

with DNA. We examined the ability of each protein to

modify the mobility of DNA in agarose gels, to constrain

supercoils, and to stabilize duplex DNA. In addition, we

report the equilibrium KD values and kinetic constants

describing each protein’s binding to single-stranded and

double-stranded DNA as measured by surface plasmon

resonance (SPR) biosensor analysis.

Material and methods

Reagents and enzymes

All restriction enzymes and DNA ligases were purchased

from New England Biolabs (Beverly, MA). Antibiotics and

chemicals used for buffer preparation were obtained from

Sigma (St. Louis, MO). All gels were stained with SYBR

Gold nucleic acid gel stain (Invitrogen, Carlsbad, CA).

Oligonucleotides were purchased from IDT (Coralville, IA).

Synthetic gene assembly and cloning

No authentic genomic nucleic acids were used to create the

protein expression constructs. Instead, the amino acid

sequences obtained from publicly available databases

(Fitz-Gibbon et al. 2002; Kawarabayasi et al. 1999) were

back-translated taking into account codon usage in Esch-

erichia coli (Nakamura et al. 2000). The resulting DNA

sequences were subdivided into fragments (*60 nt each)

to facilitate synthetic gene assembly and produced as 50-
phosphorylated oligonucleotides. Reverse complementary

bridging oligonucleotides (25–30 nt) containing identity to

the flanking regions of both coding sequences to be joined

were also produced. Oligonucleotide sequences designed

for the synthetic gene assembly of pae3192 and ape1322b

are listed in Table 1. For the synthetic sso7d gene, a design

described previously (Wang et al. 2004) was used as a

guide for gene synthesis.

Coding and bridging oligonucleotides were mixed at a

molar ratio of 1:3; an aliquot (90 lL) of this mixture was

combined with annealing buffer (109: 200 mM Tris,

400 mM NaCl, 10 mM EDTA, pH 8.0) to yield a solution

at 19 final concentration. The solution was placed in an

AB9700 thermal cycler equipped with a 0.5 ml sample

block module (Applied Biosystems, Foster City, CA),

heated to 95�C for 5 min, and cooled to 15�C using a 1%

ramp rate over approximately 60 min. Multiple aliquots (5,

10, 40 lL) of this mixture were combined with Taq DNA

ligase and the corresponding buffer in a 50 lL final vol-

ume. The ligation reactions were incubated at 50�C for

18 h, after which the products were purified and recovered
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using the QIAquick PCR purification system (Qiagen,

Valencia, CA).

Full-length ligation products were amplified by PCR

using the GeneAmp High Fidelity PCR kit (Applied Bio-

systems). Amplification primers were designed to contain

restriction endonuclease cleavage sites at the 50 and 30 ends

of each amplicon to facilitate cloning. Each gene was

cloned into a separate pET11a plasmid (Novagen/EMD

Biosciences, Madison, WI) for protein expression. Gene

sequences were confirmed from both directions using the

BigDye Terminator v3.1 sequencing chemistry and ana-

lyzed on an AB3730xl DNA sequencer (Applied

Biosystems).

Protein production and purification

The Ape1322b, Pae3192 and Sso7d expression constructs

were transformed individually into Rosetta2/DE3 (pLysS)

E. coli cells (Novagen/EMD). All three proteins were

purified independently using the following method.

Exponentially growing cultures were induced for 2 h

following the addition of 0.5 mM isopropyl b-D-1-thio-

galactopyranoside. Cell pellets from 500 ml culture were

resuspended in 50 ml 50 mM potassium phosphate (KPi),

pH 6.8, and the mixture was centrifuged to remove cell

debris. The resulting extract was incubated at 70�C for

12 min to precipitate E. coli proteins. Following centrifu-

gation, the supernatant was brought up to 100 mM KCl,

0.3% polyethylenimine, and incubated on ice for 30 min to

precipitate the DNA. This mixture was centrifuged, and

30% ammonium sulfate was added to the recovered

supernatant. Following centrifugation, the pellet, which

contained contaminating proteins, was discarded. The

supernatant was then brought up to 70% ammonium sulfate

and incubated at room temperature for several hours. The

desired protein was recovered in the pellet upon centrifu-

gation. The pellet was dissolved in 20 ml 50 mM KPi, pH

6.8, and this mixture was run over a heparin column (GE

Healthcare) and eluted with a step gradient of KCl in

50 mM KPi, pH 6.8. The Ape1322b protein eluted at 300–

350 mM KCl, Pae3192 eluted at 250–300 mM KCl, and

Sso7d eluted at 75–125 mM KCl. Peak fractions were

pooled and concentrated using a YM-3 Centriprep device

(Millipore, Billerica, MA). Protein concentrations were

measured using the BCA protein assay (Pierce, Rockford,

IL). Final concentrations of the purified proteins were:

Ape1322b, 1.9 mg/ml; Pae3192, 2.3 mg/ml; Sso7d,

3.6 mg/ml.

The A280:A260 ratios (*2:1) of our protein preparations

indicated they were free of nucleic acids. The proteins’

sequence and purity were confirmed by mass spectrometry,

Table 1 Oligonucleotides used in this study

Name Experiment Sequence

Ape.1 Gene assembly 50-P-ATGCCGAAGAAGGAGAAGATTAAGTTCTTCGACCTGGTCGCCAAGAAGTACTACGAG-30

Ape.2 Gene assembly 50-P-ACTGACAACTACGAAGTCGAGATTAAGGAGACTAAGCGCGGCAAGTTTCGCTTCGCC-30

Ape.3 Gene assembly 50-P-AAAGCCAAGAGCCCGTACACCGGCAAGATCTTCTATCGCGTGCTGGGCAAAGCCTAA-30

Ape.a Gene assembly 50-GTAGTTGTCAGTCTCGTAGTACTT-30

Ape.b Gene assembly 50-GCTCTTGGCTTTGGCGAAGCGAAA-30

Ape.fwd Gene assembly 50-CGTGGGATCCCGAAGAAGGAGAAGATT-30

Ape.rev Gene assembly 50-GATCTCGAGTTAGGCTTTGCCCAGCAC-30

Pae.1 Gene assembly 50-P-ATGTCCAAGAAGCAGAAACTGAAGTTCTACGACATTAAGGCGAAGCAGGCGTTTGAG-30

Pae.2 Gene assembly 50-P-ACCGACCAGTACGAGGTTATTGAGAAGCAGACCGCCCGCGGTCCGATGATGTTCGCC-30

Pae.3 Gene assembly 50-P-GTGGCCAAATCGCCGTACACCGGCATTAAAGTGTACCGCCTGTTAGGCAAGAAGAA

ATAA-30

Pae.a Gene assembly 50-GTACTGGTCGGTCTCAAACGCCTG-30

Pae.b Gene assembly 50-CGATTTGGCCACGGCGAACATCAT-30

Pae.fwd Gene assembly 50-CGTGGGATCCCGTCCAAGAAGCAGAAACTG-30

Pae.rev Gene assembly 50-GATCTCGAGTTATTTCTTCTTGCCTAA-30

OligoA-306FAM Tm assay 50-GTAAAACGACGGCCAGT-6FAM-30

OligoB-50Dabcyl Tm assay 50-Dabcyl-ACTGGCCGTCGTTTTAC-30

OligoA-BioTEG Biosensor 50-BioTEG-GTAAAACGACGGCCAGT-30

OligoB Biosensor 50-ACTGGCCGTCGTTTTAC-30

Lip1F Biosensor 50-GGATTGGCTGTTCGGAGCGG-30

Lip1R-BioTEG Biosensor 50-BioTEG-ATTGGATCCACCTCCACAGTGGAGACCAA-30

P indicates phosphorylation
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which also showed that 94–99% of the N-terminal me-

thionines were cleaved off in each protein preparation.

Pae3192 migrates anomalously on polyacrylamide gels,

appearing to be larger than its predicted size. This effect is

not due to post-translational modifications, since none were

noted by mass spectrometry, and was not seen with the

Ape1322b or Sso7d proteins.

Biochemical characterization

Electrophoretic mobility shift analysis (EMSA) was per-

formed by incubating different concentrations of protein

with 10 ng linearized pET11a plasmid DNA (5.6 kb) in

60 mM KCl, 10 mM KPi, pH 6.8 (Buffer A) at 40�C for

20 min in 10 ll. For samples that were treated with sodium

dodecyl sulfate (SDS) and phenol-chloroform extracted,

SDS was added to 0.8% final concentration and an equal

volume of 25:24:1 phenol:choloroform:isoamyl alcohol,

pH 8.0 (Sigma) was added. After mixing and centrifuga-

tion, material from the aqueous layer was run on a 1%

agarose gel in Tris-acetate-EDTA (TAE) buffer.

Supercoiling assays used relaxed DNA that we made by

treating pT7Blue plasmid DNA (Novagen/EMD, 2.9 kb)

with wheat germ topoisomerase I (Promega). Approxi-

mately 125 ng of relaxed plasmid DNA was incubated with

each of the DNA-binding proteins in the presence of

10 units topoisomerase I in 10 ll Buffer A for 25 min at

37�C. Samples were then brought to 0.8% SDS and phenol-

chloroform extracted as above. Half of the aqueous mate-

rial was run on a 1% agarose gel in TAE buffer. The gel

depicted in Fig. 3a contained 2.5 lg/ml chloroquine

(Sigma) in the gel and in the running buffer. This gel was

washed for 1 h in water to remove the chloroquine prior to

staining.

Tm measurements were carried out in 384-well plates

with a total volume of 20 ll per well. Each DNA-binding

protein was mixed with 100 nM 17 bp duplex DNA

(formed by the annealing of OligoA-306FAM and OligoB-

50Dabcyl, Table 1) in 25 mM KCl, 5 mM KPi, 20 mM

Tris, pH 8.0. Fluorescence was monitored in an Applied

Biosystems 7900 real-time PCR instrument using the fol-

lowing cycling profile: 25�C, 15 min; 25 to 95�C with a

2% ramp; 95 to 25�C with a 2% ramp. Tms were called as

the temperature at which the derivative of the denaturation

curves reached a maximum.

Biosensor data was collected using a Biacore3000

instrument (GE Healthcare, Piscataway, NJ). The oligonu-

cleotides used as substrates are listed in Table 1. The 17 bp

double-stranded (ds) DNA substrate was formed by slow

annealing of OligoA-BioTEG and OligoB. The 235 bp

product was made by PCR using human genomic DNA as a

template with primers Lip1F and Lip1R-BioTEG. Seventy

response units (RUs) of 17 nt ssDNA (OligoA-BioTEG)

and 70 RUs of 17 bp dsDNA were immobilized onto a

streptavidin-coated chip; 57.5 RUs of the 235 bp dsDNA

were immobilized. Each protein was tested at the following

concentrations, each in triplicate: 6.25, 12.5, 25, 50, 100,

200, 400, 800, and 1,600 nM. All samples were in Buffer

A + 0.005% Tween-20; measurements were made at 25�C.

The flow rate was 100 ll/min, the injection volume was

200 ll and the dissociation observation time was 180 s.

Following each run, the biosensor chip was regenerated by

successive 5 ll and 8 ll injections of 2 M KCl, 10 mM

KPi, 0.005% Tween-20, pH 6.8. RUmax values for protein

binding were between 75 and 140 RUs for all samples.

KD and RUmax values were calculated by plotting the

average equilibrium RU level (RU[P]) for each protein

concentration ([P]) and fitting the points in KaleidaGraph

(Synergy Software, Reading, PA) to a simple bimolecular

reaction model using the equation RU[P]/RUmax =

[P]/([P] + KD). The stoichiometry of binding was calcu-

lated using the equation RUmax = (MWP/MWL)�RUL�s,

where MWP is the molecular weight of the protein, MWL is

the molecular weight of the DNA, RUL is the number of

RUs of DNA immobilized on the chip, and s is the stoi-

chiometry of protein:DNA. The apparent site sizes were

calculated for the 235 bp dsDNA as 235/s. kd values were

fit to data from the protein dissociation phase of the

experiments using the equation RUt = m1 + m2�e-kt where

RUt is the RU value at a given time, t; k is the kd; and m1

and m2 were floated. Calculated kd values from 15 to 18

injections for each protein on each substrate were aver-

aged; this value is reported in Table 2. Standard errors

reported in Table 2 are from the curve fits for the KD values

and are the standard errors on the mean for the kd values. ka

values were calculated using the equation ka = kd /KD; the

errors in these values were propagated from the standard

errors in the kd and KD measurements.

Results

Identification of Pae3192 and Ape1322b

The Pae3192 ORF and its paralogs were identified as

candidate DNA-binding proteins solely by bioinformatic

methods. A recent account has detailed an alternative route

to the identification of these polypeptides (Luo et al. 2007).

Using the characteristics of the Sso7d-family proteins as a

guide, we sorted the list of predicted ORFs from the

completed P. aerophilum genome sequence (Fitz-Gibbon

et al. 2002) and searched for small, basic proteins. Among

the low molecular weight polypeptides (7–10 kDa) pre-

dicted to have a high isoelectric point (pI *10) were three

virtually identical copies of an ORF annotated as
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‘‘PaRep4’’. These three ORFs of unknown function are

named Pae3192, Pae3289, and Pae0384. (For simplicity,

we will refer only to Pae3192.) An attempted pairwise

alignment between Sso7d and Pae3192 revealed no sig-

nificant sequence similarity.

A similar search strategy using the original annotated

complete genome sequence of A. pernix (Kawarabayasi

et al. 1999) did not reveal any candidate ORFs. However, a

TBLASTN search (Altschul et al. 1990) against the

nucleotide sequence database revealed a potential ORF

with homology to Pae3192. This ORF has subsequently

been named Ape1322b. Unlike the multiple genes coding

for the Sso7 or the P. aerophilum proteins, the Ape1322b

ORF appears only once in the genome.

The genomic dataset from the Crenarchaeon Staphyl-

othermus marinus also recently became available

(unpublished; US DOE Joint Genome Institute); a

BLASTP search on this genome revealed an ORF with

high similarity to Pae3192, Sma0380. As was the case for

Ape1322b, only one copy of this sequence was identified in

the S. marinus genome.

The sequence similarities among the proteins that form

the Pae3192 family (Group I) are shown in Fig. 1. This

group contains proteins from both the Desulfurococcales

and Thermoproteales subdivisions of the Crenarchaea.

Because of their presence in the Crenarchaea, Luo et al.

proposed to name the Pae3192-family of proteins Crenar-

chaeal chromatin protein 1, or CC1. The Sso7d-family

proteins (Group II) form a separate group, not related by

sequence to the Pae3192-family, and are restricted to the

Sulfolobales subdivision of the Crenarchaea.

DNA binding by Ape1322b, Pae3192 and Sso7d

While we identified the Pae3192 and Ape3122b polypep-

tides as having features similar to authentic DNA-binding

proteins like Sso7d, no biochemical data addressing their

function was available. Therefore, we created expression

constructs for the Ape1322b, Pae3192 and Sso7d proteins

using synthetic methods and purified the three proteins (see

‘‘Materials and methods’’). These recombinant proteins

were used in the comparative biochemical experiments

described below.

We first tested whether the three proteins bound to

dsDNA. We carried out electrophoretic mobility shift anal-

ysis (EMSA) using a 5.6 kb linear DNA as a substrate

(Fig. 2). Different concentrations of each of the three proteins

were incubated with the DNA substrate, and the resulting

protein-DNA complexes were run on an agarose gel.

Ape1322b

Pca1762/1820 ---MSK-KQKLKFYDIKAKQAFETDQYEVVEKQTARGPMMFAVAKSPYTGIKVYRLLGKKK-
Par1644/1715 ---MSK-KQKLKFYDIKAKQAFETDQYEVVEKQTARGPMMFAVAKSPYTGIKVYRLLGKKK-
Pae3192/3289 ---MSK-KQKLKFYDIKAKQAFETDQYEVIEKQTARGPMMFAVAKSPYTGIKVYRLLGKKK-
Pis0490/0546 ---MSK-KQKLKFYDIKAKQAFETDQYEVVEKQTARGPMLFAVAKSPYTGIKVYRLIGKKK-
Pis1425 ---MGMTKQKLKFYDIKAKQAFETDQYEVVEKQTARGPMLFAVAKSPYTGIKVYRLIGKKK-
Pca1257 MWGMAK--QKLKFYDIKAKQAFETDKYEIIEKDTARGKMKFAVATSPYTGIKVYRLLGKA--
Pae0384 ---MAK--QKLKFYDIKAKQSFETDKYEVIEKETARGPMLFAVATSPYTGIKVYRLLGKKK-
Ttx0308 ---MAK--QKLKFYDIKAKQAFETDKYETVEKNTARGPMIFAVATSPYTGIKVWRLIGKKK-
Par0837 ---MSK--QKLRFYDIKAKKSFETDQYEVVAKETARGPMMFAVAKSPYTGIKVYRLVGKKK-
Sma0380 ---MA---EKLKFFDLKAKKYFETDKYEVVIKETKRGKIKIAFAVSPYTGKKFARILGPVKE

---MPK-KEKIKFFDLVAKKYYETDNYEVEIKETKRGKFRFAKAKSPYTGKIFYRVLG--KA
Consensus    *    :*::*:*: **: :***:**   *:* ** : :* * *****  . *::*    

Sso7d MAT-VKFKYKGEEKEVDISKIKKVWRVGKMISFTYDEGGGKTGRGAVSEKDAPKELLQMLEKQ-KK--
Sso9180/9535 MAT-VKFKYKGEEKQVDISKIKKVWRVGKMISFTYDEGGGKTGRGAVSEKDAPKELLQMLEKQ-KK--
Sts077/226 MVT-VKFKYKGEEKEVDISKIKKVWRVGKMISFTYDDNG-KTGRGAVSEKDAPKELLQMLEKSGKK--
Sac7d MVK-VKFKYKGEEKEVDTSKIKKVWRVGKMVSFTYDDNG-KTGRGAVSEKDAPKELLDMLARAEREKK
Sac0362 MAK-VRFKYKGEEKEVDTSKIKKVWRVGKMVSFTYDDNG-KTGRGAVSEKDAPKELMDMLARAEKKK-
Mse0579 MATKIKFKYKGQDLEVDISKVKKVWKVGKMVSFTYDDNG-KTGRGAVSEKDAPKELLNMIGKK-----
Consensus *.. ::*****:: :** **:****:****:*****:.* ****************::*: :      
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Fig. 1 Sequence alignments of Pae3192-family proteins (Group I)
and Sso7d-family proteins (Group II). ORFs are indicated by their

generic names based upon the organism and the gene position, or in

some cases, the historic name is used. The names of the proteins used

in this study are highlighted in gray. The number of amino acids

composing each protein is indicated to the right of the sequence. An

asterisk in the consensus sequence indicates sequence identity at that

position across all sequences. Two dots signal a residue having

conserved substitutions, and a single dot indicates a residue where

semi-conserved substitutions have occurred. Amino acids highlighted

in black have identity to the consensus amino acid at each position,

and those highlighted in gray show similarity to the consensus

residue. Sequence alignments were generated with CLUSTAL W

(Thompson et al. 1994). Abbreviations: Pca Pyrobaculum calidifon-
tis; Par P. arsenaticum; Pae P. aerophilum; Pis P. islandicum; Ttx
Thermoproteus tenax; Sma Staphylothermus marinus; Ape Aeropyrum
pernix; Sso Sulfolobus solfataricus; Sac S. acidocaldarius; Sts S.
tokodaii; Ssh S. shibatae; Mse Metallosphaera sedula
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We made several observations from the EMSA experi-

ments. First, all three proteins were able to shift the

substrate DNA to slower-migrating species, indicating that

the proteins interacted with the DNA. Second, the protein

concentration at which the substrate began to migrate as a

larger protein-DNA species was similar for all three pro-

teins (around 800 nM).

Finally, the most surprising results from these experi-

ments were the differences observed among the shifted

complexes depending on the protein that was added. For

example, at Ape1322b concentrations of 1600 nM and

above, the DNA substrate appeared to vanish from the gel

(Fig. 2a, lanes 5–7). We interpret this behavior as the DNA

being shifted into the well while also becoming inacces-

sible to the fluorescent dye used to stain the DNA. When

the DNA was pre-stained with ethidium bromide, the

Ape1322b-bound DNA could clearly be seen in the well

(not shown). We know that the disappearance of the DNA

was not due to contaminating nuclease activity in our

Ape1322b protein preparation because when SDS was

added to the 3200 nM protein samples and the proteins

removed by phenol-chloroform extraction, the DNA was

recovered (Fig. 2b, lane 4). In addition, no nuclease

activity was observed in our supercoiling assays (see

below).

There were also differences in the way Pae3192 and

Sso7d shifted the substrate in this experiment. Pae3192-

bound DNA had a lower mobility than Sso7d-bound DNA

(Fig. 2a, compare lanes 13 and 19). Thus, our EMSA

experiments showed that Ape1322b, Pae3192 and Sso7d

bind to dsDNA at low micromolar concentrations of pro-

tein and that the protein-bound species appear to be

different for each protein.

Constraint of negative supercoils by Ape1322b,

Pae3192 and Sso7d

Sso7d-family proteins have been shown to constrain neg-

ative supercoils in DNA (Lopez-Garcia et al. 1998; Mai

et al. 1998; Napoli et al. 2002). We tested whether

Ape1322b and Pae3192 are also able to constrain super-

coils. For this experiment, each DNA-binding protein was

incubated with a relaxed plasmid substrate (2.9 kb) in the
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Fig. 2 Electrophoretic mobility shift analysis of DNA binding by

Ape1322b, Pae3192 and Sso7d. a The indicated concentration (nM)

of each DNA-binding protein was incubated with 10 ng of a 5.6 kb

linear DNA for 20 min at 40�C in 10 ll 60 mM KCl, 10 mM

potassium phosphate, pH 6.8. The binding reactions were run on a 1%

agarose gel. A Lambda HindIII ladder was run in the left-most lane;

the ladder fragments are labeled on the left side of the gel according

to their sizes in kilobases. b Duplicate binding reactions containing

3,200 nM Ape1322b (Ape), Pae3192 (Pae) or Sso7d (Sso), or no

protein (0), were set up in as in (a). SDS and phenol-chloroform

were added to one of each of the duplicate reactions, and material

from the aqueous layer was loaded on a 1% gel (lanes labeled ‘‘+’’).

The untreated binding reactions were also loaded on the gel (lanes

labeled ‘‘-’’)
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presence of a topoisomerase. The topoisomerase relaxes

compensatory supercoils created upon protein binding.

After deproteinization by addition of SDS and phenol-

chloroform, the DNA contains only the supercoils that

were physically constrained by the DNA-binding protein.

This DNA can then be run on agarose gels with or without

chloroquine to determine the handedness of the resulting

supercoils.

The results for this assay are shown in Fig. 3. Increasing

concentrations of each protein were incubated with relaxed

plasmid DNA in the presence of wheat germ topoisomer-

ase I. Wheat germ topoisomerase I can relax both positive

and negative supercoils, so constrained supercoils of either

sign will be detected in this assay. At high protein con-

centrations, Pae3192 and Sso7d caused the plasmid to

become highly supercoiled (Fig. 3a, lanes 9 and 13), run-

ning with a mobility similar to that of negatively

supercoiled plasmid DNA isolated from E. coli (lane 14).

In contrast, the Ape1322b protein affected the topoisomer

distribution only slightly, causing the formation of one or

two additional negative topoisomers (lanes 4 and 5). We

confirmed that all three proteins were able to bind to the

relaxed DNA under these conditions by EMSA (not

shown). Thus, the lack of supercoiling by Ape1322b does

not result from failure of Ape1322b to bind to this sub-

strate. Instead, we suggest that the failure of Ape1322b to

generate supercoiled DNA in this assay is due to the

inability of the topoisomerase to act on the Ape1322b-

coated DNA (see ‘‘Discussion’’).

To test the handedness of the tightly supercoiled DNA

generated by Pae3192 and Sso7d binding, we ran the DNA

from the 3,200 nM protein samples on a gel containing

2.5 lg/ml chloroquine (Fig. 3b). Chloroquine is a DNA

intercalator that causes topoisomer distributions to shift

toward more positively supercoiled forms. Thus, negatively

supercoiled DNA will become more relaxed in the pres-

ence of chloroquine, while relaxed DNA will become

positively supercoiled. Positively supercoiled DNA then

becomes even more tightly positively supercoiled under

these conditions and runs ahead of a relaxed DNA marker.

The Pae3192 and Sso7d-reacted plasmid (Fig. 3b, lanes 3

and 4) became more relaxed in the chloroquine gel,

migrating similarly to the negatively supercoiled marker

(lane 2), rather than running ahead of the relaxed marker

(lane 1) as positively supercoiled DNA would have done.

Thus, the Pae3192 and Sso7d proteins constrain negative

supercoils in DNA.

The topoisomer distribution of the Pae3192 and Sso7d-

treated plasmid DNA was approximately two to three to-

poisomers more relaxed than that of the negatively

supercoiled plasmid DNA (Fig. 3b). This corresponds to a

difference in the superhelical density (r) of approximately
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Fig. 3 Effect on DNA supercoiling by Ape1322b, Pae3192 and

Sso7d. a The indicated concentration (nM) of Ape1322b, Pae3192

and Sso7d were incubated with approximately 125 ng of relaxed

plasmid DNA (pT7Blue, 2.9 kb) in the presence of 10 units wheat

germ topoisomerase (topo) I in 10 ll 60 mM KCl, 10 mM KPi, pH

6.8 for 25 min at 37�C. Negatively supercoiled pT7Blue was

incubated with wheat germ topoisomerase I in the absence of

DNA-binding proteins in a parallel reaction to control for

topoisomerase I activity (lane 15). Following addition of SDS, the

samples were phenol-chloroform extracted, and half of the aqueous

material was loaded on a 1% agarose gel. Untreated negatively

supercoiled pT7Blue DNA was run as a marker in lane 14. b The

other half of the material from lanes 9 and 13 in a was run on a 1%

agarose gel containing 2.5 lg/ml chloroquine alongside relaxed (lane
1) and negatively supercoiled (lane 2) pT7blue DNA
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0.01 for a 2.9 kb plasmid. Since negatively supercoiled

plasmid DNA isolated from E. coli has a r around -0.06

(Giaever et al. 1988), the Pae3192 and Sso7d-reacted DNA

has a r of approximately -0.05, which gives a rough

estimate of 14 supercoils put into the plasmid upon binding

of the Pae3192 or Sso7d protein.

Stabilization of duplex DNA

Sso7d has been shown to stabilize duplex DNA, raising the

Tm of poly (dIdC) DNA by as much as 38�C (Baumann

et al. 1994). We asked whether Ape1322b and Pae3192

would have a similar effect on dsDNA. As a substrate, we

used a 17 bp duplex DNA created by the annealing of a 30-
fluorescein-labeled oligonucleotide and a complementary

oligonucleotide labeled at the 50 end with a dabcyl

quencher. When this duplex melts, the fluorescent signal

increases due to the relief of fluorescence quenching. The

Tm of the duplex can then be determined as the inflection

point in a plot of fluorescence versus temperature. When

high concentrations of Ape1322b, Pae3192 or Sso7d pro-

tein were added to this DNA substrate, the Tm of the DNA

increased in a protein concentration-dependent manner

(Fig. 4). The pattern of the effects on Tm mirrored those

seen in the EMSA and in the supercoiling experiments,

with little response observed at protein concentrations

under 800 nM.

Ape1322b did not shift the Tm to the same extent as did

Pae3192 and Sso7d. This may be because Ape1322b has a

lower thermostability than Pae3192 and Sso7d or because

it has a different effect on double-stranded DNA. Inter-

estingly, the observed stabilization of duplex DNA was

similar whether the Tm was measured during the dissocia-

tion (heating) phase of the temperature cycle or during the

renaturation (cooling) phase and was repeatable during

multiple cycles of heating and cooling (not shown). These

results suggest that the DNA-binding proteins are able to

renature into functional forms (i.e., competent to bind

DNA) after heating to 95�C.

Equilibrium and kinetic parameters of DNA binding

by Ape1322b, Pae3192 and Sso7d

Our data up to this point suggested that Ape1322b,

Pae3192 and Sso7d may have differences in their modes of

binding to DNA. To analyze these differences in a more

quantitative fashion, we carried out a binding study using a

Biacore3000 SPR biosensor apparatus. Biosensor experi-

ments have the advantage of measuring both equilibrium

and kinetic parameters, as well as providing information on

the stoichiometry of the substrate-analyte complexes

formed. We analyzed the binding of Ape1322b, Pae3192

and Sso7d to three substrates: a 17 nt ssDNA, a 17 bp

dsDNA, and a 235 bp dsDNA.

We measured the KD values of each protein for these

substrates under equilibrium conditions (Table 2). An

example of curve fits to the equilibrium data are shown in

Fig. 5. In this example, the fraction bound (RU/RUmax) is

plotted for the three proteins with the ssDNA substrate.

The dissociation rates (kd) for each protein’s binding to

the ssDNA and dsDNA substrates are also presented in

Table 2. These data were obtained during the dissociation

phase of each run and had high precision. Because of the

difficulties in accurately measuring association rates for

small analytes using biosensor instruments (Karlsson

1999), we report association rates (ka) calculated using the

equation ka = KD/kd. These calculated ka values were

within two-fold of the ka values observed directly on the

biosensor instrument. Also indicated in Table 2 is the

number of proteins bound per substrate nucleic acid; this

information was used to estimate a binding site size for the

235 bp substrate.

Four main conclusions can be drawn from the biosensor

measurements. First, as demonstrated in Fig. 5, Ape1322b

and Pae3192 have significantly higher affinities for ssDNA

(KD = 253 nM and 127 nM, respectively) than does Sso7d

(KD = 1,830 nM).

Second, Pae3192 and Sso7d have comparable affinities

for dsDNA (KD = 165 nM and 121 nM, respectively, on
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Fig. 4 Duplex DNA stabilization by Ape1322b, Pae3192 and Sso7d.

Increasing amounts of each DNA-binding protein were incubated

with 100 nM 17 bp duplex DNA (OligoA-306FAM + OligoB-50Dab-

cyl) in 20 ll 25 mM KCl, 5 mM KPi, 20 mM Tris, pH 8.0.

Fluorescence was monitored in an Applied Biosystems 7900 real-

time PCR instrument. The melting temperature (Tm) of the DNA in

each sample was determined as the temperature at which the increase

in fluorescence reached an inflection point during a slow ramp

between 25 and 95�C. Error bars correspond to the standard deviation

in measurements from triplicate samples
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the ds 17-mer), while Ape1322b appears to have lower

affinity (KD = 530 nM). The data for Ape1322b binding to

dsDNA were difficult to fit because additional data points

at micromolar protein concentrations would have been

required to define a complete curve. Unfortunately, high

concentrations of Ape1322b produced unusual signals on

the biosensor chip, possibly due to non-specific interactions

between the protein and the chip surface. Thus, the KD

values for Ape1322b binding to dsDNA contained sizable

error. For each protein, the KD values for binding to

dsDNA were similar (within two-fold) whether the smaller

17 bp or larger 235 bp dsDNA substrate was used

(Table 2).

A third observation we made from our biosensor mea-

surements was that even though Pae3192 and Sso7d had

similar KD values for binding to dsDNA, Sso7d exhibited

much faster on- and off-rates compared with those for

Pae3192 (Table 2).

Finally, the binding site sizes calculated from the stoi-

chiometry of protein binding are in the range of that

published for Sac7d on calf thymus DNA (4.55 bp)

(McAfee et al. 1996). The slightly larger binding site size

reported here for Sso7d (6.56 bp) may reflect sequence

context effects or surface effects that could limit the

available binding space on the DNA substrate. Among the

three proteins, Pae3192 appeared to have the smallest

binding site, at 4.78 bp. This conclusion is corroborated by

the observation that three Pae3192 proteins were able to

bind to the 17 bp duplex while only two Ape1322b proteins

or two Sso7d proteins were able to load onto this substrate

(Table 2). The numbers of proteins bound per 17 nt ssDNA

substrate were not integer values; this may be a result of

heterogeneity in the ssDNA molecules due to secondary

structure formation.

Discussion

We have presented studies that began with an in silico

approach to gene identification. With the ever-expanding

availability of genomic sequence information, it is possible

to formulate and test hypotheses regarding the function of

various genes and gene families without the benefit of

previous experimental data. Construction of genes by

completely synthetic methods allows for protein

Table 2 Equilibrium and kinetic parameters of DNA binding by Ape1322b, Pae3192 and Sso7d in 60 mM KCl, 10 mM KPi, 0.005% Tween-20,

pH 6.8, at 25�C

Protein Substrate KD, nM Stoichiometry (protein:DNA) Binding site, bp ka (kd/KD), M-1 s-1 kd, s-1

Ape1322b 17 nt ssDNA 253 (31) 1.6 (0.05) 6.36 9 105 (0.92 9 105) 0.161 (0.012)

Ape1322b 17 bp dsDNA 530 (162) 1.9 (0.19) 4.04 9 105 (1.24 9 105) 0.220 (0.008)

Ape1322b 235 bp dsDNA 544 (156) 38.3 (3.8) 6.14 (0.61) 3.28 9 105 (1.00 9 105) 0.174 (0.012)

Pae3192 17 nt ssDNA 127 (18) 1.6 (0.06) 8.90 9 105 (1.34 9 105) 0.113 (0.007)

Pae3912 17 bp dsDNA 165 (21) 3.0 (0.12) 5.84 9 105 (0.85 9 105) .096 (0.006)

Pae3192 235 bp dsDNA 97 (16) 49.1 (2.5) 4.78 (0.24) 7.53 9 105 (1.32 9 105) 0.073 (0.004)

Sso7d 17 nt ssDNA 1830 (325) 1.2 (0.13) [1.81 9 106 [3.31a

Sso7d 17 bp dsDNA 121 (21) 1.8 (0.09) 3.81 9 106 (0.38 9 106) 0.461 (0.029)

Sso7d 235 dsDNA 113 (9) 35.8 (0.8) 6.56 (0.14) 3.11 9 106 (0.40 9 106) 0.351 (0.015)

Standard errors are given in parenthesis
a Full dissociation of Sso7d from the ssDNA substrate occurred by the first data point collected following the end of protein injection. Thus, only

a lower limit to the dissociation rate could be calculated based on full dissociation of the protein within 1 s
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Fig. 5 Binding of Ape3192, Pae3192 and Sso7d to single-stranded

DNA measured using a surface plasmon resonance biosensor

instrument. The fraction bound was calculated as the RU/RUmax

after equilibrium was reached for each protein concentration. The

data points were fit to a simple bimolecular reaction model (A + B$
AB). Error bars correspond to the standard deviation in measurements

from triplicate samples
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production without the need for natural cellular extracts.

This is especially important in comparative metagenomic

analyses, where many of the represented organisms are

unculturable and the original nucleic acid sample may not

be available. Using such synthetic approaches, potentially

more DNA-binding proteins from uncultured marine

Crenarchaea could be identified and characterized (Takai

et al. 2004). Indeed, signatures with high similarity to

Pae3192 can be found in shotgun sequence assembly dat-

abases like that from the microbial community of the

Sargasso Sea (Venter et al. 2004).

Because structural data are not yet available for the

Pae3192-family proteins, it is not known if they assume the

same conformational fold as the Sso7d-family. The

apparent preference of Sso7d to bind to dsDNA over

ssDNA, as well as its faster on- and off-rates compared

with Pae3192 (Table 2), suggest that the Pae3192-family

of proteins may have a different mode of binding DNA

than does Sso7d. Nevertheless, Pae3192 and Sso7d showed

similar binding affinities for dsDNA, having KD values

around 100–150 nM (Table 2), and both proteins induced

negative supercoiling in DNA to a similar extent (Fig. 3).

In addition, Ape1322b, Pae3292 and Sso7d all raised the

Tm of duplex DNA upon binding (Fig. 4). These results

suggest that the two families of proteins represented by

Pae3192 and Sso7d could perform similar functions in

vivo.

When added in high concentrations, Pae3192 and Sso7d

each added approximately 14 negative supercoils into a

2.9 kb plasmid (see Results). Using the binding site sizes

shown in Table 2, we calculated that *600 Pae3192 pro-

teins or *440 Sso7d proteins could bind to this plasmid.

Thus, assuming that the plasmid was fully saturated for

protein binding under the conditions tested, binding of

*40 molecules of Pae3192 or *30 molecules of Sso7d

resulted in the formation of one negative supercoil. These

values are similar to what was previously reported for

Ssh7: binding of approximately 20 Ssh7 molecules caused

the formation of one negative supercoil (Mai et al. 1998).

These effects on supercoiling could result from protein-

induced changes in either the twist or the writhe of the

DNA. In other words, the proteins may cause local

unwinding of the DNA, or they may physically wrap the

DNA around themselves, possibly forming nucleosome-

like structures.

The KD values for Pae3192 binding to dsDNA we

observed (100–150 nM) differ by over an order of mag-

nitude from that measured by EMSA for the Pae3192

ortholog, Ttx0308 (8 lM) (Luo et al. 2007). We hypothe-

size that this disparity is due to the large amount of

substrate used in the Ttx0308 study and the complicated

nature of EMSA as compared to the more quantitative

method (SPR biosensor) we used here.

A surprising result from our studies was that even

though Ape1322b and Pae3192 share 74% similarity at the

amino acid level, we observed dramatic differences in the

effects these proteins had on DNA. In our EMSA experi-

ments, Ape1322b prevented the DNA/protein complexes

from migrating into the agarose gel from the sample

loading well and appeared to exclude dyes from staining

the DNA (Fig. 2). Ape1322b binding did not result in

highly supercoiled DNA in the presence of a topoisomerase

(Fig. 3). We surmise that as was the case for the fluorescent

DNA stains, the topoisomerase was not able to access the

Ape1322b-bound DNA to relax compensatory supercoils.

Alternatively, the Ape1322b-bound DNA may not be

supercoiled. The Ape1322b protein also produced some-

what different results in the dsDNA stabilization assay,

raising the Tm of the DNA to a lesser extent than did the

Pae3192 and Sso7d proteins (Fig. 4).

The complete and sudden disappearance of substrate in

our EMSA experiments at Ape1322b concentrations above

800 nM was suggestive of cooperative binding (Fig. 2). It

was difficult to determine from our biosensor measure-

ments whether Ape1322b bound to dsDNA in a

cooperative manner because high concentrations of

Ape1322b could not be tested. There was no evidence for

cooperativity in Ape1322b binding to ssDNA (Fig. 5) or in

Pae3192 and Sso7d binding to either ssDNA or dsDNA as

judged by the good fit of the data to a simple bimolecular

reaction model. Nevertheless, these analyses do not pre-

clude more complicated models of binding.

Responses in our EMSA, supercoiling and Tm assays

required high concentrations of protein (above 800 nM),

well above the KD values of the proteins for dsDNA

(Table 2). We hypothesize that these effects result only

when multiple proteins bind along individual DNA sub-

strates. It appears that such multiply bound structures are

different for Ape1322b and Pae3192. This may be a result

of different protein-protein interactions and/or subtle dif-

ferences in the DNA-binding interface for each protein.

Ape1322b appears to form such a tight coating on DNA

that even small dyes are unable to access the DNA within.

Given the high abundance of proteins like Sso7d in cellular

extracts, these multi-protein complexes may be the bio-

logically relevant form of these proteins inside cells.

Indeed, it was recently demonstrated that the Ttx0308

protein is expressed at high levels in T. tenax (Luo et al.

2007).

The Ape1322b protein and its ortholog from S. marinus

are sequence outliers in the Pae3192-family (Fig. 1). Both

A. pernix and S. marinus are members of the Desulfuro-

coccales subset of the Crenarchaea, while the Pyrobaculum

spp. and T. tenax are members of the Thermoproteales.

Thus, Ape1322b and Sma0380 may form a subdivision

within the Pae3192-family of proteins that has some
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independent biochemical properties. It would be informa-

tive to determine whether the Sma0380 protein shares

biochemical properties with Ape1322b, such as the ability

to exclude dyes from DNA.

A potential complicating factor to interpreting the bio-

logical relevance of the differences in DNA binding seen

with Ape1322b and Pae3192 is the possible effect of lysine

methylation on protein-protein or protein-DNA interac-

tions. For example, in vivo, Ape1322b may be

hypermethylated or hypomethylated in such a way that its

behavior is more similar to that of Pae3192. In addition, as

is the case for Sso7d (McAfee et al. 1996), the binding of

Ape1322b and Pae3192 to DNA is highly salt dependent

with higher salt concentrations resulting in lower affinities

(data not shown). In this study, we did not examine

extensively the effect of salt on the binding behavior of the

proteins. There may be certain ionic conditions under

which Ape1322b and Pae3192 behave more similarly. A

definitive answer on whether Ape1322b and Pae3192 form

different structures with DNA may have to await molecular

structures of these proteins bound to DNA.

What is the function of the Pae3192-family proteins in

the cell? It has been suggested that Pae3192 may be the as

of yet undiscovered single-stranded DNA-binding protein

(SSB) in the Pyrobaculum spp. (Luo et al. 2007). Our work

is not inconsistent with this idea; indeed, Pae3192 has a

higher affinity for ssDNA (KD = 127 nM) than do

Ape1322b and Sso7d (Fig. 5, Table 2). However, the

binding constants of Pae3192 for single- and double-

stranded DNA are similar (Table 2), and we cannot rule out

the possibility that there is another novel SSB in the Py-

robaculum spp. In addition, Pae3192-family proteins are

found in at least two species that contain a known SSB, S.

marinus and A. pernix, indicating that the Pae3192-family

proteins are at least not the exclusive SSB in these

organisms.

It is interesting to note that two completed Crenarchaeal

genome sequences, those from Hyperthermus butylicus (a

member of the Desulfurococcales) and Thermophilum

pendens (a member of the Thermoproteales), contain nei-

ther an Sso7d-family nor a Pae3192-family protein. These

species may contain yet another class of small DNA-

binding proteins that fulfill an equivalent role. Or, these

rather small gene sequences may be missing from the

genomic sequence data sets for these organisms. It seems

that the current sample size of Crenarchaeal genomes is

still too small to determine from genomic analysis alone

the roles of these proteins in the cell. The sequencing of

more Crenarchaeal genomes and advances in the ability to

perform genetic experiments in Crenarchaeal organisms

may provide more insight into the roles the various DNA-

binding proteins play in these unusual organisms.

Our results expand the understanding of chromatin in

Archaea and highlight the naturally occurring sequence

diversity among small DNA-binding proteins. The lack of

sequence similarity between the Pae3192 and Sso7d fam-

ilies of Crenarchaeal proteins suggests that they arose from

different ancestral sequences. Our characterization of these

proteins’ DNA interactions revealed some shared proper-

ties across families and also exposed differences within

families. This study is an example of the power of com-

bining comparative bioinformatics and comparative

biochemistry to provide insights into protein structure,

function and diversity.
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