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DNA photolyase of enterococci: possible explanation
for its low sunlight inactivation rate

Mushtaq HussAIN'?, Syeda QAMARUNNISSA®, Saboohi Raza®, Javed QURESHI®,
Abdul WaJID® & Sheikh A. RasooL'*

! Department of Microbiology, University of Karachi, University Road, 75270-Karachi, Pakistan;
email: ajazrasool@hotmail.com

2 Department of Microbiology and Pathology, Aga Khan University, Pakistan

3 Institute of Biotechnology and Genetic Engineering (KIBGE), University of Karachi, Pakistan
4 Nuclear Institute of Agriculture, Tandojam, PAEC, Pakistan

SHEJ Research Institute of Chemistry, University of Karachi, Karachi, Pakistan

Abstract: DNA photolyase is perhaps the most ancient and direct arsenal in curing the UV-induced dimers formed
in the microbial genome. Out of two cofactors of the enzyme, catalytic and light harvesting, differences in the latter have
provided basis for categorizing photolyases of prokaryotes as folate and deazaflavin types. In the present study, the homology
modeling of DNA photolyase of Enterococcus faecalis was undertaken. The predicted models were structurally compared
with the crystal structure coordinates of photolyases from FEscherichia coli (folate type) and Anacystis nidulans (deazaflavin
type). Discrepancies present in the multiple sequence alignment and tertiary structures, particularly at the light harvesting
cofactor (methenyltetrahydrofolic acid, MTHF; 8-hydroxy-5-deazaflavin, 8-HDF) binding sites indicated the mechanistic
nature of enterococcal photolyase. Concisely, despite the greater holistic homology with folate-type photolyase, enterococcal
photolyase was characterized as deazaflavin-type. The presence of 8-HDF binding sites and groove architecture of substrate
binding sites were also found supportive in this regard. The inter cofactor distance and/or orientation also implied to
the efficient energy transfer in photolyase of Enterococcus in comparison with E. coli. In addition, we observed relatively
high protein deformability in the enterococcal genome, which may favors the repair action of photolyase. The findings are
expected to provide molecular insights into the difference in sunlight inactivation rate of two important fecal contamination
indicators, namely Enterococcus and E. coli.
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Abbreviations: CPD, cyclobutane pyrimidine dimer; FAD, flavin adenine dinucleotide; 8-HDF, 8-hydroxy-5-deazaflavin;
LHC, light harvesting cofactor; MTHF, 5,10-methenyltetrahydrofolic acid; P1, Enterococcus faecalis photolyase; P2, Es-
cherichia coli photolyase; P3, Anacystis nidulans photolyase.

Introduction I, which are, respectively, common among prokaryotes

and higher eukaryotes (Kato et al. 1994; Yasui et al.

Photoreactivation is considered to be the most di-
rect mechanism to reverse the UV-induced DNA le-
sions among bacteria. Sunlight UV irradiation (260-320
nm) induces formation of cis-syn cyclobutane pyrimi-
dine dimer (CPD), pyrimidine (6-4) pyrimidone photo-
products (6-4PPs, pyrimidine adducts) and their De-
war valence isomers (Clingen et al. 1995; Yoon et al.
2000). Around 80-90% of all photo lesions are CPDs
that consequently lead to cell death by blocking the
all important biosynthesis of nucleic acid. The lethal
manifestations of CPDs could be averted by the ac-
tion of monomeric photoreactive flavoprotein of ~450
residues, namely DNA-photolyase (Sancar 2003; Zhong
et al. 2007). Based on the amino acid sequence ho-
mology photolyases are classified into two types, I and
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1994). Intriguingly, presence of strong structural simi-
larities (from primary to tertiary level) is not extended
to their functionality; as the former is involved in DNA
repair while the latter (cryptochromes) is important
in photomorphogenesis, phototrophism and circadian
photoreception (Cashmore et al. 1999; Sancar 2003).
DNA photolyase (Class-I) contains two cofac-
tors/chromophores, catalytic and light harvesting co-
factor (LHC). Reduced flavin adenine dinucleotide
(FAD) acts as the catalytic cofactor and it transfers
the electron to CPDs and restores the original confor-
mation of the bases. LHC acts as an antenna to har-
vest light energy and subsequently transfers it to the
catalytic cofactor. Based on chemical nature, LHCs of
class I photolyases have been categorized into two types,
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namely folate and deazaflavin type. The LHC of folate-
type photolyase is 5,10-methenyltetrahydrofolic acid
(MTHF) (Johnson et al. 1988). Conversely, deazaflavin-
type photolyase bears 8-hydroxy-5-deazaflavin (8-HDF)
as LHC (Eker et al. 1990). Briefly, the photoreactiva-
tion initiates with the binding of enzyme with the DNA
and flipping the dimer out of the double helix (Berg
& Sancar 1998). This follows with the absorption of
light photons (350-450 nm) by LHC and subsequent
transfer of excitation energy (in the form of electron)
to flavin via dipole-dipole interaction (Kim et al. 1991,
1992; Carell et al. 2001; Zhong et al. 2007). The flavin
(excited) ultimately transfers an electron to dimer and
renders separation of bases; concomitantly the electron
is transferred back to nascent flavin to regenerate its re-
duced form for any impending catalytic activity (Epple
& Carell 1998; Sancar 2003; Harrison et al. 2005). In
this connection, the comparison of crystal structures of
Escherichia coli photolyase (folate-type) and Anacystis
nidulans (deazaflavin-type) has illustrated many func-
tional similarities and dissimilarities between the two
(Park et al. 1995; Tamada et al. 1997).

Sunlight (UV irradiation) rendered lethality (inac-
tivation) has been reported as most important mech-
anism of inactivating sewage microorganisms includ-
ing fecal contamination indicators (Davies-Colley et al.
1994; Sinton et al. 1999; Hussain et al. 2007). More-
over, sunlight inactivation rate of coliforms has also
been found higher in comparison to enterococci. The
difference in susceptibility has been attributed to in-
trinsic susceptibility of both indicators to different so-
lar wavelength and penetration of these wavelengths in
contaminated water (Sinton et al. 2002). This has re-
portedly provided advantage to enterococci over FE. coli
to be exploited as fecal contamination indicator (Sinton
et al. 1999, 2002; Hussain et al. 2007).

In the present study we have tried to unravel
the nature of DNA photolyase of Enterococcus fae-
calis (most abundant enterococci in sewage) and its
comparison has been undertaken with photolyase of F.
coli (a major component of coliforms) and A. nidulans
(template). It is believed that the findings will help in
the molecular understanding of low sunlight inactiva-
tion of F. faecalis as compared to E. coli on the bases
of structure-activity relationships of DNA photolyases.
Additionally, it may also provide a model to explicate
difference in UV susceptibility among different microor-
ganisms. To the best of our knowledge, this is the first
report on structure-activity relationships of enterococ-
cal photolyase.

Methods

Multiple sequence alignment

Amino acid sequences of DNA photolyase from E. faecalis
V583 (accession No. NP 815313), E. coli (NP 415326) and
A. nidulans (YP 399131) were retrieved from NCBI (Na-
tional Center for Biotechnology Information) data bank
(Wheeler et al. 2005). The program FASTA and BLAST tool
(Altschul et al. 1997) were used to retrieve the primary and
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tertiary structure homologues of enterococcal photolyase.
Multiple sequence alignment was generated by default pa-
rameters of program ClustalX (Thomson et al. 1997). The
alignment file was analyzed using the program GeneDoc
(Nicholas et al. 1997) and visualized by CLC Sequence
viewer 6.0.2. (http://www.clcbio.com/index.php?id=28).

Homology modeling

The atomic coordinates of DNA photolyase of E. coli (PDB
code 1DNPA) (Park et al. 1995) and A. nidulans (IOWLA)
(Tamada et al. 1997) were obtained from Protein Data Bank
(Berman et al. 2000). The three-dimensional model of ente-
rococcal photolyase was developed using the crystal struc-
ture coordinates of A. nidulans photolyase (Tamada et al.
1997) using 3D-JIGSAW (Bates et al. 2001) and SWISS-
MODEL (Schwede et al. 2003) with manual input of PDB
code.

Tertiary structure analysis

The structural coordinates of enterococcal photolyase were
viewed by Swiss-PDB viewer (Guex et al. 1997) and Accel-
rys Discovery Studio Visualizer 2.0 (http://accelrys.com/
products/discovery-studio/). All models were analyzed for
structural and thermodynamic stability using Swiss-PDB
viewer, PROCHECK, Whatcheck (Laskowaski & Kato
1980), ANOLEA (Melo & Feytman 1998) and Verify3D
(Elsenberg et al. 1997). Fold recognition was performed by
3D-PSSM algorithm (Kelley et al. 2000).

Protein deformability of genome

Extent of protein-induced genomic deformability of E. fae-
cium and E. coli was established by method of Worning et
al. (2001) and retrieved from Center for Biological Sequence
Analysis (http://www.cbs.dtu.dk/services/GenomeAtlas/)
(Hallin & Ussery 2004).

Results and discussion

Sequence analysis

Multiple sequence alignment of enterococcal photolyase
exhibited 52% and 48% of sequence similarity with
photolyase of FE. coli and A. nidulans, respectively.
For the sake of brevity, in the most parts of follow-
ing script we have abbreviated E. faecalis photolyase
as P1 and photolyase from E. coli and A. nidulans as
P2 and P3, respectively. The sequence homology was
found more conspicuous towards the C-termini of the
enzymes suggesting the common role of the region in
all types of photolyases, i.e. folate- and deazaflavin-
type (Fig. 1). Indeed, it is known that the binding
sites of common catalytic cofactor (FAD) are mainly
situated within C-terminal of the proteins (Park et
al. 1995; Tamada et al. 1997; Komori et al. 2001).
This notion was further intensified by closer compar-
ison of FAD-binding residues in the sequence align-
ment. In this regard, Tyr219, Thr230, Ser231, Leu233,
Arg270, Trp328, Asp362, Asp364 and Asn368 of P1
were found in both folate-type (P2) and deazaflavin-
type (P1 and P3) almost at the same corresponding
position. The minor discrepancy in FAD-binding sites
was noticed, as Phe263 is present in P1 instead of iso-
functional tryptophan at the corresponding position
in other two analyzed sequences (P2 and P3). More
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Fig. 1. Multiple sequence alignment of DNA photolyases. The consensus sequence is presented at the bottom of the alignment, while
conservation percentage has been deduced in the form of the line graph. Key: 8HDF-binding sites (arrow), MTHF-binding sites
(broken vertical line), FAD-binding sites (horizontal bar), positive ring (arrow with rounded tip), and substrate-binding site (arrow

with polygonal tip).

intriguingly, Gly242 of P3 was replaced by positively
charged residues Arg236 and His232 in P1 and P2, re-
spectively. Since reduced FAD (excited) is a negatively
charged molecule (Carell et al. 2001; Sancar 2003), the
presence of such positively charged residues at FAD-
binding sites may intensify P1 and P2 association with
their indispensable catalytic cofactor. A substitution at
Ala385 of P3 and P2 with Asn 276 of P1 was also ob-
served. However, the mentioned substitution was not
involved significantly in the groove architecture of FAD-
binding sites (this will be discussed later). Additionally,
active-site residues (Glu266, Trp269, Asn332, Met336
and Trp275) were conserved in all under considera-
tion photolyases. Similarly, Arg222, Arg333, Arg388
and Lys398 of P1, which develop the positively charged
rim at or around the active site, were also found al-
most conserved at the corresponding positions of P2
and P3, except for Lys398, which was found replaced
by Glu406 in P2 (Fig. 1). Since the positive rim around
the substrate-binding site is stipulated as crucial for the
interaction of the substrate (dimers) with the binding
sites (Komori et al. 2001), the lack of positive residues
in E. coli photolyase (P2) may adversely affect its effi-
cacy as compared to photolyases of E. faecalis (P1) and
A. nidulans (P3).

As mentioned earlier, class I photolyases have been
further classified into two subtypes on the basis of their

LHC. In order to decipher the functional type of P1, the
potential and/or known sites of MTHF in P2 (folate-
type) and 8-HDF in P3 (deazaflavin-type) were com-
pared with primary structure of P1. Interestingly, no
MTHF-binding sites were noticed in P1, when com-
pared with the sequence of P2. Conversely, most of the
8-HDF-binding sites, more specifically, Arg9, Phe35,
GIn40, Asp98 and Gly103 were detected in P1 and P3.
However, three iso-functional amino acid substitutions
were observed (Fig. 1).

Holistically, some interesting inferences could be
drawn from the sequence comparison. Firstly, the
strong degree of conservation present in C-terminal
of all sequences more precisely at FAD-binding sites,
substrate-binding sites and positive rim defining regions
suggest the indispensability of the residues in terms of
catalytic activity of the enzyme. However, discrepancies
present in the LHC-binding sites among the photolyases
on the one hand categorized the enterococcal pho-
tolyase (P1) as deazaflavin-type similar to that found
in A. nidulans (P3) and Thermus thermophilus, but
it also implicates their dispensability among prokary-
otic kingdom. Indeed, absence of LHC has not been
found to affect the enzyme specificity towards substrate
and neither its catalytic tendency. However, its pres-
ence may increase the catalytic rate by 10 to 100 fold
(Sancar 2003). Moreover, presence of deazaflavin-type
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Fig. 2. Tertiary structure of photolyases. Tertiary structures (a) E. coli (P2), (b) E. faecalis (P1), and (c) A. nidulans (P3) share the
same Ca backbone structure with N-terminal (brown color) comprises on «/3 domain, while C-terminal (green color) is made up of

helical domain.

photolyase in E. faecalis implicates towards its ancient
root as the similar type of photolyase have been iso-
lated from the phylogenetically deep-rooted organisms
(A. nidulans, T. thermophilus) (Tamada et al. 1997;
Komori et al. 2001).

Owerall structure

The three-dimensional model of enterococcal pho-
tolyase (P1) seemed to be relatively less structured than
the crystal structures of both P2 and P3. However, sim-
ilar to both structures (P2 and P3), enterococcal pho-
tolyase (P1) also comprised on N-terminal /3 domain
and C-terminal helical domain. The o/ domain was
made up of 6 S-strands (51-56) and 5 a-helices (al-
ab). Collectively, the domain was found composed of
an open (-sheet structure with a typical dinucleotide
binding fold as also been found in both understudy pho-
tolyases. Similarly, a long loop, which connects the N-
terminal /8 domain with C-terminal helical domain,
was also observed in P1 as in P2 and P3. Interestingly,
in contrast to both P2 and P3 (Park et al 1995; Tamada
et al 1997), an intervening (-sheet was found present
in the loop of P1 (enterococcal photolyase), which may
contribute to its structural stability. In comparison, the
helical domain of enterococcal protein was less struc-
tured and borne 11 helices (a6—a17), however, the num-
ber of 31p-helices remained the same as three at almost
corresponding position in comparison of P2 and P3.
Moreover, C-terminal of P1 was found to end in an
unstructured coil in contrast to other structured pho-
tolyases (P2 and P3) where the C-terminal ended in
helical structure (Fig. 2). The rms deviation of E. fae-
calis photolyase was found as 0.37 A and 0.72 A for
the overlaps with the photolyase of A. nidulans (tem-
plate) and E. coli, respectively. The rms deviations not
only suggest the fidelity of modeling approach but also
indicate that consistency of the same Ca backbone ar-
chitecture in different types of photolyase.

FAD-binding sites
As discussed earlier, FAD (catalytic cofactor) is a
common chromophore present in both folate- and

deazaflavin-type photolyases. Consistent with the se-
quence similarity, FAD-binding residues of E. faecalis
photolyase were found at almost corresponding spa-
tial positions and orientation with reference to both
A. nidulans and E. coli photolyases (Park et al. 1995;
Tamada et al. 1997). Precisely, based on binding
residues it could be inferred here that FAD is deeply
buried at the centre of four-helix bundle and accessi-
ble for electron exchange through the central hole in
the surface of helical domain (Fig. 3). However, the di-
ameter of the hole was found more similar in P1 and
P3 (deazaflavin-type) than in P2 (folate-type) implying
the role of neighboring residues in developing the dif-
ference at FAD-binding sites in deazaflavin-type pho-
tolyase. Overall, in all the compared photolyases, the
groove appeared hydrophobic in nature that may fa-
vor the FAD-binding (unexcited and/or uncharged) to
photolyases.

LHC-binding sites

From the multiple sequence alignment it was estab-
lished that the LHC of enterococcal photolyase (P1)
is 8-HDF, thus this photolyase is a deazaflavin-type
photolyase (Fig. 1). Contrary to the conserved-binding
position of FAD, 8-HDF (LHC of deazaflavin-type pho-
tolyase) binds at spatially different positions compared
to MTHF (LHC of folate-type photolyase). Similarly,
in P1 and P3, 8-HDF-binding sites were found interi-
orly situated in /8 domain, while the LHC-binding
sites of P2 were exteriorly placed between «/f8 and
helical domain (Fig. 3). Moreover, the electrostatic
surface topology of the region unraveled that bind-
ing surfaces of 8-HDF in P1 and P3 were extremely
narrow and more like a crevice, rather than groove
as found in the case of MTHF-binding sites of P2
(Park et al. 1995; Tamada et al. 1997). Despite hav-
ing different types of LHC and consequently their
binding sites in folate- and deazaflavin-type of pho-
tolyases, all P1, P2 and P3 showed the same tertiary
structures of /@ domain. Interestingly, there are very
few examples in which homologous primary and ter-
tiary structures of closely related enzymes interact with
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Fig. 3. Cofactors-binding sites of photolyases. Binding sites of catalytic cofactor FAD (green), light harvesting cofactor MTHF (pink)
and 8-HDF (maroon) of (a) E. coli, (b) E. faecalis, and (c) A. nidulans photolyase. Note the orientation of FAD and 8-HDF in P1
(b) and P3 (c) towards each other in contrast to P2 (a), where the cofactor binding sites are exteriorly oriented.

Fig. 4. Substrate-binding sites of photolyases. Substrate-binding sites (a) E. coli (P2), (b) E. faecalis (P1), and (c¢) A. nidulans (P3)
are situated in the central helical region of the proteins. The electrostatic surface potential for E. coli (d), E. faecalis (e) and A.
nidulans (f) shows the presence of more positive residues in E. faecalis and A. nidulans.

two different types of cofactor at spatially different
places.

Interchromophoric energy transfer

Transfer of harvested energy from LHC to catalytic co-
factor is essential for photolyase-mediated DNA repair.
The average distance between LHC and FAD has been
deduced as 17.5 A in P2 and 16.8 A in P3 (Park et
al. 1995; Tamada et al. 1997). Moreover, time-resolved
fluorescence experiments have shown that the efficiency
of energy transfer is 98% and 62%, respectively, in P3
and P2 (Kim et al. 1991, 1992). As FAD- and 8-HDF-
binding sites were found at the same place and orien-
tation in P1 and P3, the similar inference of more effi-
cient catalytic activity could be extended for enterococ-
cal photolyase (P1) (Fig. 3). This notion has been fur-
ther strengthened by the association of high efficiency
of catalytic activity with the orientation of cofactor-
binding sites (both LHC and catalytic cofactor) that
favors the energy transfer between the two cofactors by
long-range dipole-dipole interaction (Kim et al. 1991,
1992; Tamada et al. 1997). Taking these observations
into account it is plausible to state that photolyase of
E. faecalis may be more efficient in its catalytic activity

in comparison to its counterpart from F. coli rendering
the more tolerance of E. faecalis to UV irradiation than
E. colu.

Substrate-binding sites

Multiple sequence alignment clarified substantial con-
servancy among the substrate-binding sites of all pho-
tolyases, however, electrostatic surface potential re-
vealed relatively narrow hole with more positively
charged rim in deazaflavin-type photolyase (P1 and P3)
as compared to its counterpart (folate-type; P2), which
bore larger hole with less positive charges at the surface
(Fig. 4). More specifically, it has been suggested that
FAD (catalytic cofactor) becomes accessible to dimers
through a positively charged concave surface hole and
then transfers an electron in order to bring cleavage in
dimers and restore the native form of the bases (Roberts
et al. 1998; Komori et al. 2001). Taking this into account
the present findings implies to more catalytic efficiency
of the photolyase of E. faecalis in comparison to E. coli
in correcting the CPDs.

Fold recognition
Expectedly, most of the folds present in FE. faecalis pho-
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Fig. 5. Protein induced genomic deformability. Periodicity calculation as present on CBS (Hallin & Ussery 2004) indicates that E. coli
genome (a) is more rigid than E. faecalis genome (b) upon interaction with protein. The graphs have been retrieved from CBS server
(http://www.cbs.dtu.dk/services/GenomeAtlas/). Note the orange line represents the protein induced deformability in the respective

genome.

tolyase were found similar to what is present in the
either cryptochromes of Synechocystis spp. and other
photolyases of different prokaryotes. However, despite
very low protein identity (15%) some folds resembled
with the folds of other DNA-binding proteins, like tran-
scriptional regulators. Moreover, earlier studies have re-
vealed that photolyases have a distant relationship with
class I amicoacyl-tRNA synthetases and electron trans-
port flavoproteins (Aravind et al. 2002).

Protein induced genomic deformability

Atomic protein force microscopy studies has revealed
that on binding with photolyases DNA tends to bend at
an angle of 36°; this may play some role in base flipping
of the dimer (Berg et al. 1998; van Noort et al. 1999).
In this connection we found that genome periodicities
of E. faecalis V583 was higher than several sequenced
genomes of F. coliin terms of protein induced deforma-
bility (Fig. 5) (Worning et al. 2001). The findings imply
that beside the more efficient catalytic feature found in
photolyase of enterococci, its genome is also more flex-
ible than E. coli upon interaction with protein.

Conclusion

Conclusively, modeled structure of FE. faecalis pho-
tolyase is considerably conserved with the crystal struc-
tures of A. nidulans and FE. coli. Multiple sequence
alignment has shown strong conservation of FAD- and
substrate-binding sites in all the three photolyases.
However, with reference to LHC-binding sites entero-
coccal photolyase is significantly similar to deazaflavin-
type photolyase of A. nidulans at primary to tertiary
structure level. Additionally, the orientation and place-
ment of residues of the cofactors-binding sites also im-
ply to the substantially efficient energy transfer in en-
terococcal photolyase than of E. coli. Genomic peri-
odicities also implicate that genome of E. faecalis is

more responsive for the action of its photolyase than
E. coli. Briefly, the findings suggest that DNA pho-
tolyase of E. faecalis is catalytically more active than
E. coli photolyase; the greater catalytic activity may
be translated in terms of low inactivation rate of E.
faecalis than E. coli, therefore making it more suitable
fecal contamination indicator. It is our belief that the
present effort is first of its kind to explicate low sunlight
inactivation rate of Enterococcus in terms of structure-
function association of photolyase. We also realize that
more studies towards substrate and cofactors docking
with the protein may illustrate more insights in this re-
gard. Such studies are underway and will be reported
shortly.
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