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We describe here an extraordinary purple-colored DNA ligase,
LigFa, from the acidophilic ferrous iron-oxidizing archaeon Ferro-
plasma acidiphilum, a di-ferric enzyme with an extremely low pH
activity optimum. Unlike any other DNA ligase studied to date,
LigFa contains two Fe3�-tyrosinate centers and lacks any require-
ment for either Mg2� or K� for activity. DNA ligases from closest
phylogenetic and ecophysiological relatives have normal pH op-
tima (6.0–7.5), lack iron, and require Mg2�/K� for activity. Ferric
iron retention is pH-dependent, with release resulting in partial
protein unfolding and loss of activity. Reduction of the Fe3� to Fe2�

results in an 80% decrease in DNA substrate binding and an
increase in the pH activity optimum to 5.0. DNA binding induces
significant conformational change around the iron site(s), suggest-
ing that the ferric irons of LigFa act both as structure organizing
and stabilizing elements and as Lewis acids facilitating DNA bind-
ing at low pH.

iron metalloenzyme � Picrophilus torridus � Sulfolobus acidocaldarius �
Thermoplasma acidophilum � Ferroplasma acidiphilum

DNA ligases (EC 6.5.1.1/2) catalyze the formation of phosphodi-
ester bonds between adjacent 3�-hydroxyl and 5�-phosphoryl

groups at single-strand breaks in double-stranded DNA (1, 2);
reestablish the integrity of the DNA backbone after events that
introduce strand breaks, such as DNA replication (3), recombina-
tion (4), damage, and repair (5); and hence are pivotal enzymes in
the central processes of cell division, genetic reassortment, and the
maintenance of genome integrity in all organisms (2). Acidic
environments might be expected to be particularly challenging for
DNA ligase function and hence for these vital functions, because
acidophiles tend to have cytoplasmic pH values �6.0, and available
information indicates that DNA ligases function suboptimally at
such pH levels (e.g., www.brenda-enzymes.info). However, there is
currently little information on DNA ligases of acidophiles (6–9).
We have therefore isolated and characterized DNA ligases of five
acidophilic organisms, namely Ferroplasma acidiphilum, Thermo-
plasma acidophilum, and Picrophilus torridus (three extremely aci-
dophilic archaea representing all three families of the order Ther-
moplasmatales, phylum Euryarchaeota); Sulfolobus acidocaldarius
(an acidophilic member of phylum Crenarchaeota); and Acidithio-
bacillus ferrooxidans (an acidophilic iron-oxidizing bacterium). In-
terestingly, while DNA ligases of the latter four microbes were
unremarkable in terms of their pH optima in the neutral range and
requirement for Mg2� or K� ions for catalysis (but not enzyme
formation or stability), that of F. acidiphilum is a purple enzyme
containing two ferric ions that organize the 3D structure of the
protein and play a role in substrate binding and having an in vitro
pH optimum of 1.5–3.0.

Results
LigFa Requires Iron for Activity and Has a Uniquely Low pH Optimum.
We recently reported that F. acidiphilum, an extremely acidophilic
archaeon of the order Thermoplasmatales, phylum Euryarchaeota

(10), has a thus far unique iron-protein-dominated metabolic
machinery (11). One such protein not expected from either current
knowledge or its biochemical role to contain iron was the DNA
ligase, LigFa. We therefore undertook characterization of this
enzyme. Because biomass yields of Ferroplasma cultures are very
low, and LigFa represents only 0.04% wt/wt of total soluble protein,
we elected to isolate it from a hyperexpressing recombinant Esch-
erichia coli strain. However, to confirm that the recombinant
enzyme had properties similar to those of the native enzyme, we
isolated a small quantity of LigFa (40 ng) from nondenaturing 2D
gels of F. acidiphilum cell extracts (11) and analyzed some of its
properties: it contains iron in a molar stoichiometry of 2Fe:1LigFa,
has an exceptionally low pH activity optimum, and is purple in color
[supporting information (SI) Fig. S1]. The ligFa gene of F. acidiphi-
lum was cloned in the expression vector pET-3a, and the hybrid
plasmid introduced into the ORIGAMI(DE3)pLysS strain of E.coli
(SI Text). Although significant quantities of LigFa were expressed
by the recombinant clone, no active enzyme was obtained. Because
the native enzyme contains iron, we tried supplementation of the
growth medium with ferrous chloride (up to 120 �M), but this did
not yield active enzyme. However, incubation of acidified (opti-
mum: pH 3.0) cell extracts with 0.01 M freshly prepared ferric
nitroacetate Fe(NTA)2, solution followed by extensive dialysis
against 100 mM sodium citrate buffer, pH 3.0, resulted in an
increase in the iron content of the enzyme, and a gain in catalytic
activity equal to the levels of the native enzyme (see below).
Subsequent dialysis of the iron-reconstituted enzyme against iron-
free buffer did not result in iron loss from the enzyme, so iron
seemed to be tightly bound in the protein, which is consistent with
its ability to be detected as a metal-containing protein after
nondenaturing 2D gel electrophoresis (11). Purified LigFa (SI Text)
is deep purple in color, a feature thus far unique in DNA ligases,
and its similar relative electrophoretic mobilities on denaturing and
nondenaturing polyacrylamide gels indicate it has a monomeric
structure (Fig. S2).

Purified LigFa catalyzed the ligation of two short (25- and
35-mer) contiguous synthetic oligonucleotides base-paired to
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a complementary strand (nick-joining reaction), sticky-ended
Sau3A-generated � DNA fragments, and blunt-ended SspI-
generated bacteriophage �X174 DNA fragments over a rather
narrow pH range of 1.5 to 4.0 (Fig. S3). As shown in Fig. 1,
these ligation activities, at 40°C under conditions of substrate
saturation, were highest at pH 2.5–3.0 (turnover rate up to
3.57 � 0.57 min�1), only slightly lower at pH 1.5–2.0 (�80%),
but were practically undetectable above pH 5.0. LigFa is also
acid-tolerant and retained �95% of its activity after incuba-
tion at pH 2.0–3.0 for 10 h but was unstable at higher pH levels
(data not shown). Its catalytic activity neither depended on nor
was stimulated by added Mg2� or K�, obligatory cofactors of
all other known DNA ligases. To our knowledge, LigFa is the
only example of a ferric DNA ligase lacking any requirement
for Mg2�/K� cofactor; its in vitro pH activity optimum is by far
the lowest among DNA ligases reported until now.

DNA ligases from other acidophiles are neither metalloenzymes,
iron-dependent, nor active at low pH. Given the extraordinary
properties of LigFa, the question arises: do DNA ligases of phylo-
genetic or ecophysiological relatives of F. acidiphilum exhibit char-
acteristics similar to those of LigFa? F. acidiphilum belongs to the
order Thermoplasmatales, which consists of three families: the
Thermoplasmaceae, Picrophilaceae, and Ferroplasmaceae, each
represented by the species T. acidophilum and Thermoplasma
volcanium, Picrophilus oshimae and P. torridus, and F. acidiphilum,
‘‘Ferroplasma acidarmanus’’ and ‘‘Ferroplasma cupricumulans,’’ re-
spectively (12). All of these archaea grow well at pH values between
0 and 2 and are the most acidophilic microorganisms, although they
are reported to exhibit an intracellular pH of 4.6–5.6 (13–15). Other
organisms inhabiting the same type of environment as F. acidiphi-
lum are crenarchaea of the species Sulfolobus acidocaldarius (from
sulfur- and metal-rich acidic high-temperature habitats) and the
acidophilic mesophilic iron-oxidizing bacterium, Acidithiobacillus
ferrooxidans. We therefore cloned and hyperexpressed in E. coli the
DNA ligase genes from T. acidophilum, P. torridus, S. acidocal-
darius, and A. ferrooxidans and purified and characterized the
corresponding enzymes LigTa, LigPt, LigSa, and LigAf (SI Text).

Unlike the situation with LigFa, no difficulties were encountered
in obtaining active DNA ligases by normal procedures: neither iron
nor low pH reconstitution was required for the activity. They also
exhibited pH optima typical of all other DNA ligases characterized
thus far, i.e., 6.0–7.5 (Fig. 1A), with turnover numbers ranging from
2.1 to 12.4 min�1 at optimal temperatures (which reflected optimal
growth temperatures; Fig. 1B). No metal ions were detected in the

purified proteins (SI Text). In contrast to LigFa, all these DNA
ligases required for activity MgCl2 (optimal concentrations 15, 22,
20, and 4 mM, for LigTa, LigPt, LigSa, and LigAf, respectively) or
KCl (optimal concentrations 0.8, 2, 8, and 7 mM, in the same order);
no other mono- or divalent cations, including Fe2�/3�, influenced
their activity. LigFa exhibited maximal activities when provided
with either ATP or NAD� as cofactors (Table S1). These nucle-
otides also served as cofactors for LigTa and LigPt, although ATP
was preferred. In contrast, LigAf and LigSa could use only ATP.
Interestingly, although ATP-dependent DNA ligases are ubiqui-
tous in eukaryotes, bacteria, archaea, bacteriophages, and viruses
(6, 7), NAD�-dependent ligases have been described so far only in
bacteria and eukaryotic viruses (8). The ability of DNA ligases of
representatives of all three families of the Thermoplasmatales to
use either ATP or NAD� in adenylation and nick-sealing reactions
is therefore unexpected. Comparison of the protein sequences of
LigFa, LigTa, LigPt, LigSa, and LigAf and of others available in
public databases revealed family branch structures largely similar to
those based on 16S rRNA gene sequences, although the relative
positions of the family branches differ somewhat (Fig. S4). Thus,
although LigFa exhibits phylogenetic relatedness to, and nucleotide
cofactor requirement and catalytic parameter similarities with,
DNA ligases of other acidophiles, it is thus far unique in its iron
content and low pH activity optimum.

The Principal Role of Ferric Iron in LigFa Is Structural. LigFa contains
2.03 � 0.09 iron ions per molecule (SI Text), both in the ferric state,
as shown by Mössbauer spectroscopy (see below), and exhibits an
absorption maximum (�max) at 564 nm (Fig. S5), which is unusual
in biomolecules but characteristic of interactions between tyrosine
ligand(s) and a bound ferric iron (16, 17). As seen in Fig. 2, the iron
content and the purple color of LigFa are also pH-dependent, with
loss of absorption at 564 nm beginning at pH 4.0 and continuing to
decrease as the pH increases (apparent pKa of 5.09 � 0.94; rate
constant of iron release is 4.7 � 10�4 min�1 at this pH). Colorless
inactive LigFa obtained by exposure to high pH, followed by
restoration of low pH, regains both its purple color and enzymatic
activity upon addition of ferric iron. Thus, purple color and
enzymatic function of LigFa are obligatorily coupled to its ferric
iron content.

The influence of high and low pH on the secondary structure of
LigFa was assessed by CD (18). The CD spectra of the ferric
recombinant (LigFa) and native (LigFaN) enzymes at pH 3.5 were
similar with a maximum at 196 nm, a minimum at 210 nm, and a
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Fig. 1. Recombinant LigFa has a uniquely low pH optimum. Activity vs. pH assays were performed by using a standard fluorimetric assay based on the ligation
of a 5�-phosphorylated 35-meric and 5�-fluorescein-labeled 25-meric oligonucleotides annealed at the complementary 70-mer, as described in Materials and
Methods, at the optimal temperature 40°C (LigFa and LigAf), 70°C (for LigTa and LigPt), or 80°C (for LigSa) in reaction buffers supplemented with 20 mM MgCl2
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shoulder at 218 nm (Fig. 3A). At pH 7.2, only a minimum at 206 nm,
indicative of the loss of ordered secondary structure, was observed.
The secondary structure content of LigFa at pH 3.5 estimated by
the best-fitting CD analysis method (Fig. S6 and SI Text) was 16%
�-helix, 30% �-sheet, 21% turns, and 32% unordered structure.
The average of eight methods was coincident: 15 � 5% helix, 30 �
10% sheet, 24 � 7% turns, and 31 � 9% unordered. More
interestingly, the estimated changes in secondary structure upon
transferring the protein from pH 3.5 to 7.2 were �10% helix, 0%
sheet, �5% turns, and �15% unordered. Thus, iron retention by
isolated LigFa, its A564 signal/purple color, and its ordered second-
ary structure are correlated with low pH values.

Because high pH results in expulsion of ferric iron from LigFa,
polypeptide chain unfolding at high pH revealed by CD spectra
could reflect either iron expulsion or the influence of pH per se. To
uncouple these two possibilities and assess the consequence of
reduction of the ferric ions to ferrous, we obtained reduced
(LigFaR) and metal-free (LigFaMF) forms of the enzyme by ap-
propriate treatments at low pH (SI Text). Dithionite treatment
produced Fe2�–Fe2�-LigFa complexes (�99%) having the same
stoichiometry of two mol of iron per molecule, as confirmed by
high-resolution inductively coupled plasma mass spectrometry,
UV-Vis, and Mössbauer analysis (SI Text and Fig. S7), and a CD
spectrum similar to that of LigFa (Fig. 3A). However, LigFaR had
only �2% of the activity of LigFa (Fig. 3B) and lacked absorbance
at 564 nm (Fig. S7), which strongly suggests that the ferric form is
the principal iron valency in the enzyme. Interestingly, reduction of
Fe3� to Fe2� resulted in not only a depression of enzymatic activity
but also a marked upward shift of two units in the pH activity
optimum (Fig. 3B). Metal-free enzyme, LigFaMF (obtained by
treatment of the reduced enzyme with chelating agents, such as
EDTA or EGTA, which quantitatively abstracted iron from the
enzyme), was essentially inactive (Fig. 3B), and its CD spectrum was
similar to that obtained with LigFa at pH 7.2, with a single
minimum at 206 nm, which did not change significantly when the
pH was increased from 3.5 to 7.2 (Fig. 3A). Secondary structure
content calculations gave similar changes for LigFaMF as for LigFa
at pH 7.2 (�10% helix, �3% sheet, �5% turns, and �12%
unordered). These results clearly demonstrate that it is the ferric

content per se that determines the structure, activity, and low pH
optimum of LigFa.

To ascertain whether reduced/loss of activity of the LigFa
variants reflects changes in substrate binding or reaction rate, their
ability to bind substrate DNA was analyzed by EMSA. EMSA was
carried out with a double-stranded DNA substrate consisting of a
32P-labeled 35-mer oligonucleotide (5�-TAAGCTCCGGATT-
GTCCGGGAGGTAAAGCCCTGAT-3�) and its nonphosphory-
lated complementary strand. Quantitation of the formation of the
protein–DNA complex was followed by densitometric scanning of
autoradiographs of the gels (see SI Text). As shown in Fig. S8 A–C,
reduction of Fe3� to Fe2� lowered enzyme binding to the oligo-
nucleotide substrate by a factor of �320-fold (from 0.026 � 0.008
to 8.4 � 0.3 �M, measured at 40°C and pH 3.0), whereas removal
of iron lowered it 1,600-fold (to 43.0 � 2.6 �M). To confirm that
the migrating complex did indeed consist of LigFa bound to the
DNA, and that no nonspecific binding occurred, EMSA was also
carried out with denatured protein (see SI Text) under identical
conditions; in this case, no migrating complex was formed, which
confirms that the native LigFa indeed complexes the DNA specif-
ically (see lanes 1 and 2 in Fig. S8D). Although it was expected that
secondary structure-disordered LigFaMF would fail to bind the
DNA substrate, the reduced substrate binding of the ferrous-
containing variant indicates that the ferric ions may play a dual role,
namely in organizing the polypeptide secondary structure and in
substrate binding.

Assessment of the ability of other divalent cations to replace iron
revealed that Al(III), W(IV), and Cr(III) could substitute (albeit
poorly) for iron, giving variants with 7%, 36%, and 14% activities,
respectively, relative to the ferric-containing form (Fig. S9).

Substrate DNA Does Not Bind to Iron But Induces Major Conforma-
tional Changes of the Iron Centers. Mössbauer spectroscopy of LigFa
was carried out to further characterize the iron:protein interactions.
Spectra for freshly reconstituted 57Fe-LigFa were obtained at 77,
140, and 190 K at pH 3.5 and 5.5 (SI Text). As shown in Fig. 4, the
spectrum of a sample of recombinant 57Fe-LigFa in 0.1 M citrate
buffer pH 3.5 at 77 K exhibits a doublet [quadrupole splitting 	EQ

 0.65 (1) mms�1, isomer shift � 
 0.52 (1) mms�1, line width � 

0.67 (1) mms�1, relative area A 
 70 (2) %), representing Fe(III)
in paramagnetic (S 
 5/2) state, and a sextet (	EQ 
 0 mms�1, � 

0.51 (1) mms�1, � 
 1.0 (1) mms�1, A 
 30 (2) %, internal
hyperfine field Bhf 
 51.5 (5)T], representing iron-containing
clusters of considerable size (see below). The doublet represents the
iron-binding site of the protein. Its overall effect of �2% indicates
that the sample at pH 3.5 was highly (1–2 mM) enriched in 57Fe. The
relatively large line width (0.67 mms�1) could be an indication of
two structurally slightly different iron sites in the protein. At pH 5.5,
iron binding was reduced by �40% (data not shown), which is
consistent with the UV-Vis spectra. When the 57Fe-LigFa was
exposed to DNA substrate (Sau3A-digested bacteriophage � DNA
fragments) in 0.1 M sodium citrate buffer pH 3.5 (see details in SI
Text), its spectrum recorded at 77 K again exhibited a doublet
representing the paramagnetic ferric high spin state of iron bound
to the protein [	EQ 
 1.44 (1) mms�1, � 
 0.48 (1) mms�1, � 

0.49 (1) mms�1], but, in this case, the quadrupole splitting was more
than two times larger: it changed from 0.65 mm/s to 1.44 mms�1. It
should be noted that in a control experiment involving 57Fe metal
ions and DNA substrate but no LigFa (see details in SI Text),
performed under identical conditions, no resonance absorption was
detected (data not shown), so any strong direct binding of 57Fe
metal ions to DNA substrate can be excluded. Therefore, DNA
substrate binding to the protein induces major conformational
changes in the iron coordination sphere. We cannot exclude the
possibility that iron may directly participate in binding to the
phosphodiester backbone of the DNA molecule. To explore the
possibility of a functional role of iron cations as a redox element in
LigFa, we monitored spectral changes associated with the reduction
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phenotype of protein solutions at each pH is shown.
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of LigFa at different applied potentials in the presence of the
electrochemical mediator, methyl viologen. Initially, at �300 mV,
only an absorbance associated with Fe3� was observed, and this
signal was used as background (Fig. S10). A decrease in the applied
potential to more negative values initiated reduction of the ferric
ion and an increase in the proportion of ferrous-containing LigFa.
However, a subsequent switch in the applied potential to more
positive values, i.e., �120 mV, did not result in reoxidation of the

ferrous ion, which we interpret to mean that, at least in vitro,
the ferric cation does not act as a redox element. Whatever the case,
the source of the observed iron-containing clusters (sextet in Fig. 4)
is as yet unknown: their Mössbauer parameters (see above) were
very similar to those observed for iron-oxide (hydroxide) clusters
(19) and, from the superparamagnetic behavior of the sextet
measured at 77, 140, and 190 K, we conclude that the diameter of
these clusters is �10 nm.

The Exceptional Features of LigFa Are Genetically Determined: Iden-
tification of Key Residues. The data presented relate to the in vitro
properties of isolated LigFa enzyme and variants created by
physical-chemical treatments, so it is not possible thus far to
exclude an environmental/technical basis of the enzyme pheno-
type. We have therefore investigated the possible genetic basis
of this phenotype.

Phe192. The ligFa gene of this study was obtained by PCR amplifi-
cation from genomic DNA of F. acidiphilum with primers based on
the sequence of an ORF coding for a putative ATP-dependent
DNA ligase in the genome sequence of the Ferroplasma relative ‘‘F.
acidarmanus’’ (20). The deduced protein sequence specified by the
ligFa gene was, as expected, closely related (99.5% identity) to the
translation product of the corresponding ORF in ‘‘F. acidarmanus.’’
This latter enzyme was recently isolated and characterized by
Jackson et al. (21); perhaps surprisingly, its activity optimum is pH
6–7, and it requires either Mg2� or Mn2� as a cofactor, just like
other typical DNA ligases. Inspection of the deduced amino acid
sequence revealed three amino acid differences, namely Phe192,
Phe363, and Pro559 in LigFa, which are substituted by Ser, Thr, and
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Fig. 3. Properties of LigFa variants. (A) pH dependence of CD spectra of LigFa, reduced/ferrous iron-containing enzyme, LigFaR, and metal-free enzyme, LigFaMF.
CD spectra of LigFa variants at acidic and neutral pHs were acquired as described in SI Text. (B) Influence of iron status and single point mutations on LigFa ligation
activity (kcat) at each of different pHs. Iron variants were prepared and analyzed as described in SI Text. Assay conditions and buffers were as in Fig. 1. All data
were calculated from three independent assays � SD at 40°C and are not fitted to any model. Note the scale differences on the y axes (left axis: LigFaR, LigFaMF,
and Phe192Ser; right, Glu134Lys). (C) Color phenotypes of LigFa variants (10 mg/ml) at pH 3.0. (D) CD spectra of Glu1343Lys134 and Phe1923Ser192 LigFa mutants
at acidic and neutral pHs. Spectra were acquired as described in SI Text.

Fig. 4. Substrate DNA induces major conformational changes of the iron
centers. Mössbauer spectra of 57Fe-LigFa and 57Fe-DNA-LigFa (1 mM) were
recorded at pH 3.5 (100 mM sodium citrate) and 77 K by using a spectrometer
in the constant acceleration mode. See SI Text for experimental details and
sample preparation.
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Lys in ‘‘F. acidarmanus’’ ligase. To investigate the role of these
residues in the major differences in properties of the two enzymes,
the single mutant variants Phe1923Ser192, Phe3633Thr363, and
Pro5593Lys559 of LigFa, and combinations thereof, were generated
by site-directed mutagenesis, and the variant enzymes were hyper-
expressed and purified to homogeneity (SI Text). All variants
showed the typical deep-purple color characteristic of the wild-type
protein, with the exception of Ser192-containing variants, which
were colorless (Fig. 3C). Moreover, whereas all non-Phe192 variants
exhibited features identical to those of the wild-type enzyme (data
not shown), all Phe192 variants exhibited very similar iron contents,
pH optima, and catalytic activities, namely almost complete iron
depletion (average: 0.07 � 0.02 mol iron/mol protein), a major
change in CD spectra at both low and neutral pH (Fig. 3D), a shift
in the pH optimum from �3.0 to 7.0 at 40°C (Fig. 3C), a 10-fold
drop in turnover rate from 3.57 � 0.57 to 0.41 � 0.11 min�1, a loss
of NAD� and iron dependency, and a gain in Mg2�-cofactor
requirement (Table S1). Thus, replacement of the single Phe192

residue of LigFa by Ser192 transformed the unique biferric DNA
ligase with acidic pH optimum to a typical nonpurple DNA ligase,
albeit with greatly reduced activity, and suggests that the Phe192

residue plays a significant role in the ferric iron cluster:low pH
optimum characteristic of the enzyme.

Glu134. The LigFa sequence was also closely related to those of the
DNA ligases of the archaeal species P. torridus, T. acidophilum,
Desulfurolobus ambivalens, Pyrobaculum aerophilum Thermococcus
kodakaerensis and Pyrococcus abyssi (65, 56, 57, 42, 39 and 36% aa
identity, respectively; Fig. S11). It differs, however, at several
positions, such as Glu134, Asp162, Asn255, Thr491 and Ala575, which
are otherwise highly conserved in archaeal ATP-dependent DNA
ligases (corresponding LigFa residues: Lys134, Glu162, Gly255, Ser491

and Pro575). To determine whether one or more of these differences
may account for the differences in properties of LigFa and the other
archaeal DNA ligases, we created and purified single mutant
variants of LigFa carrying the conserved residues (SI Text). The
single mutations Asp1623Glu162 (kcat 3.00 � 0.72 min�1),
Asn2553Gly255 (kcat 3.07 � 0.92 min�1), Thr4913Ser491 (kcat 2.90 �
0.96 min�1) and Ala5763Pro576 (kcat 3.04 � 0.73 min�1) hardly
affected ligation activity at pH 3.0, whereas the Glu1343Lys134

mutation caused a 60% reduction at this pH, with no net change in
iron content and purple color (Fig. 3C): its kcat for nicked DNA fell
from 3.57 � 0.53 (wild type) to 1.5 � 0.31 min�1 (Fig. 3B). The
mutant Glu1343Lys134 LigFa variant had a similar CD spectrum to
that of wild type LigFa (Fig. 3D). Determination of the pH optima
of the mutant ligases revealed no changes except for the
Glu1343Lys134 mutant, which had an activity optimum of pH �5.0,
two pH units above that of LigFa, and at its pH optimum, a 1.5-fold
higher turnover number (5.3 vs. 3.6 min�1) (Fig. 3B) than the
wild-type enzyme. The Glu1343Lys134 and the ferrous LigFa forms
are therefore phenotypically similar in regard to their pH activity
optima, although not in regard to their catalytic rates. This suggests
that Glu134 contributes to the acidic phenotype of LigFa, although
further analysis is required to define the functional role of this
residue in the enzyme and its relationship to the iron clusters in
LigFa.

Tyr55 and Tyr129. The color/spectroscopic characteristics of LigFa
indicate Fe (III)-tyrosinate species involvement in iron coordina-
tion. To gain insights into the possible identity of such residues, all
23 tyrosine residues in the protein were individually replaced by
threonines through site-directed mutagenesis and the resulting
variants purified and characterized (SI Text). Only 2 of 23 of the
enzyme variants, Tyr553Thr55 and Tyr1293Thr129, exhibited prop-
erties significantly different from those of the wild-type enzyme;
both lacked iron, catalytic activity, absorbance at 564 nm (Table
S2), and purple color (Fig. 3C). This is consistent with Fe-tyrosinate
complexes being mediators of iron coordination in LigFa and points

to Tyr55 and Tyr129 as iron ligands that play a key role in the
assembly and/or maintenance of iron atoms in LigFa. That neither
of the two iron atoms of LigFa was retained in the Tyr55 and Tyr129

mutants suggests loss of both atoms may occur under circumstances
where retention of one is hampered.

These results demonstrate that the unusual properties of LigFa
are genetically determined and identify Phe192 and Glu134 as
residues implicated in the acidophilic phenotype of the enzyme and
Tyr55 and Tyr129 as potential ferric iron ligands.

Discussion
We report here the finding of a purple DNA ligase, LigFa, a ferric
iron-containing enzyme with an exceptionally low pH activity
optimum in vitro. Ferric iron content, low pH optimum, and high
catalytic activity appear to be obligatorily coupled properties,
because chemical (reduced) or genetic (Phe192 and Glu143 mutants)
variants having either ferrous iron or no iron are characterized by
low activities and pH activity optima 2–3 units higher than the
parental enzyme. Because removal of the iron results in structural
rearrangement and partial or total loss of enzyme activity, a key role
of the iron is clearly the organization and/or maintenance of protein
secondary structure, a function we have termed the ‘‘iron rivet’’
(11). However, that other DNA ligases require added Mg2� or K�

for DNA binding, and that these metals do not stimulate LigFa
activity, suggest the possibility that the ferric cations may play a
similar role in substrate DNA binding. In this context, it is generally
accepted that the ‘‘two-magnesium-ion’’ functional mechanism of
‘‘common’’ DNA ligases involves the positioning of catalytic
groups, neutralizing the negative charges of the environment,
stabilizing the active site structure, catalyzing the nucleotide inser-
tion and transferring the AMP moiety from the ligase to the
5�-phosphate at the ligation junction, through coordination of the
�-phosphate of nucleotide cofactor and the 3�-O of the DNA
molecule. All of these roles may be assumed by the iron (III) ions
in LigFa (see details in Fig. S12). Indeed, it may be recalled that
reduction of the ferric ions to ferrous produced a LigFa with much
lower DNA-binding activity, and that Mössbauer spectroscopy
detected major changes in the ligand symmetry around the iron
centers in response to DNA substrate binding. This suggests per-
haps that Fe3� modifies pKa values or the positioning of amino acid
residues involved in DNA binding and/or acts as a Lewis acid
without changing its oxidation state (as expected for a DNA ligation
reaction where no electron flux is involved) and directly participates
in enzyme binding to the phosphodiester backbone of DNA sub-
strate molecules (see details in Fig. S12). The finding that other
metals with Lewis acid character can substitute (albeit less effec-
tively) ferric iron in LigFa is consistent with this notion. A functional
role for Fe3� as a Lewis acid has been proposed for purple acid
phosphatases, nitrile hydratase, acotinase, and intradiol dioxygen-
ase (16). Other potential roles of iron include pH- and/or metal-
dependent folding effects, or alternatively, the formation of metal-
ion hydroxides acting as a general base, similar to that
characterizing some ribozyme-mediated RNA cleavage reactions
(22).

LigFa is a remarkable protein, not only because it is thus far
unique and even unlike DNA ligases of close phylogenetic and
ecophysiological neighbors, but also because its features seem
physiologically counterintuitive. DNA ligases are central enzymes
in the replication and repair of DNA and thus play a pervasive role
in genome duplication and maintenance of genome integrity. LigFa
properties seem to be counterintuitive because low pH promotes
depurination, a mutagenic activity, and Fe efficiently mediates
redox reactions that may generate mutagenic oxygen radicals, two
features that would tend to counteract the DNA integrity mainte-
nance function of a DNA ligase (23). These considerations might
suggest that Ferroplasma could be a highly mutable organism with
an unstable genome, but this is unlikely to be the case for a small
genome chemoautotroph. The tendency of iron to mediate poten-
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tially harmful redox reactions might, however, be minimized
through restrictive coordination in the protein interior (23). Con-
sistent with this is that LigFa neither showed any appreciable
capacity to be reoxidized after electrochemical reduction in vitro
nor released the reduced iron. Therefore, the chemical/ionic envi-
ronments of the ferric centers in LigFa may restrict redox activity.

Also counterintuitive is the finding that enzyme exhibits a pH
activity optimum 2 pH units lower than that assumed for the
cytoplasm of the Ferroplasma cell, the so-called ‘‘pH anomaly’’ that
characterizes several enzymes of this organism (24). This uniquely
(for DNA ligases) low pH activity optimum of isolated LigFa is,
however, an in vitro value. Moreover, the enzyme may not (need to)
operate at optimal efficiency under physiological conditions. In this
context, it may be recalled that the DNA ligase of “Ferroplasma
acidarmanus” exhibits an in vitro optimal activity of only 10% of that
of LigFa, and that LigFa exhibits a similar activity in the pH range
thought to characterize the cytoplasm of Ferroplasma. However, pH
measurements for cytoplasm are average values, and there may
exist different cellular compartments characterized by distinct pH
values. Furthermore, LigFa may operate in vivo as one element of
a multicomponent cellular machinery that either functions as an
entity at normal cytoplasmic pH values (in this case, the low pH
activity optimum of LigFa in vitro would reflect an inherent
property of the isolated ligase but not of its physiological form) or
that provides a local physical-chemical environment for the LigFa
element characterized by low pH. Another factor may be a highly
positively charged cytoplasmic environment in Ferroplasma, result-
ing from a repertoire of proteins with high densities of positively
charged amino acids on their surfaces, a strategy known to be
exploited by acidophiles to compensate for high extracellular
proton concentrations (13–15) and an environment proxied in vitro
by low pH. Indeed, the reason for the pH anomaly of Ferroplasma
proteins in general, and of LigFa in particular, may well be a
combination of these factors. LigFa of F. acidiphilum is the pioneer
protein of a thus far unique iron-protein-dominated metabolic
machinery, the investigation of which promises to reveal entirely
new biochemical and evolutionary features of proteins.

Materials and Methods
A full description of materials and methods is available in SI Text.

Protein Samples. All recombinant DNA ligases used in the present study were
PCR-amplified from genomic DNA, cloned, expressed, and purified as described
in SI Text. Details of the preparation of reduced, metal-free, and LigFa variants
containing metals other than iron and protein variants containing 57Fe and
57Fe-DNA are given in SI Text.

Nick-Joining DNA Ligase Assay (Standard Assay). For kinetic studies of DNA
ligases, we modified a fluorimetric assay based on the ligation of a 5�-
phosphorylated 35-mer (5�-TAA GCT CCG GAT TGT CCG GGA GGT AAA GCC
CTG AT-3�), to a 5�-fluorescein-labeled 25-mer (5�-CAC AGG AAG CTC TAC AGG
TAC TCC G-3�), annealed to the complementary 70-mer (5�-TGG TCA TCA GGG
CTT TAC CTC CCG GAC AAT CCG GAG CTT ACG GAG TAC CTG TAG AGC TTC CTG
TGC AAG C-3�). In this reaction, the 3�-OH of the 25-mer is ligated to the
phosphorylated 5�-PO4 of the 35-mer to produce a 60-mer, which is detected
after denaturing from the 70-mer. Assays were performed in a final volume of
20 �l of buffer containing 10 �M of the 35-and 25-mer, 5 �M of the 70-mer,
5 mM DTT, 0.1 mM ATP, 25 �g/ml BSA, and 20 nM DNA ligase. The reaction
medium was supplemented with appropriate amount of MgCl2 when analyz-
ing DNA ligases other than LigFa. For kinetic studies, 75–100 pmol of 5�-
fluorescein labeled ‘‘substrate template’’ were used. Samples were incubated
for 30 min at 40°C for LigFa and LigAf, 70°C for LigTa and LigPt, or 80°C for
LigSa, and the reactions stopped with 8 �l of 98% (vol/vol) formamide, 10 mM
EDTA, and 0.25 mg/ml bromophenol blue. After heating for 3 min at 95°C,
reaction mixtures consisting of substrates (25- and 35-meric oligonucleotides),
annealing substrate (70-mer), and the ligation product (60-mer) were frac-
tionated by electrophoresis on a 16% denaturing PAGE, which was subse-
quently scanned with a Molecular Dynamics densitometer and the intensity of
bands quantified by volume integration, using ImageQuant software (Bio-
Rad). The system was calibrated with a 20-pmol to 500-fmol range of the
fluorescein-labeled 25-nt substrate. One unit of DNA ligase is defined as
the amount of protein that ligates 1 pmol of substrate-template in 30 min at
the corresponding temperature.
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