Functional and Structural Studies of a Class 111 Photolyase and
a Prokaryotic (6-4) Photolyase from Agrobacterium tumefaciens

Zur Erlangung des akademischen Grades eines
DOKTORS DER NATURWISSENSCHAFTEN

(Dr. rer. Nat.)

der Fakultét fur Chemie und Biowissenschaften
des Karlsruher Instituts fir Technologie (KIT)-Universitatsbereich

genehmigte
Dissertation
von
Fan Zhang
Aus Shaanxi, China

Dekan: Prof. Dr. Martin Bastmeyer
Referent: Prof. Dr. Tilman Lamparter
Korreferent: Prof. Dr. Holger Puchta

Tag der mandlichen Prufung: 19. Juli. 2013






Die vorliegende Dissertation wurde am Botanischen Institut des Karlsruhe Instituts fir
Technologie (KIT), Lehrstuhl 1 fir Molekulare Zellbiologie, im Zeitraum von September
2009 bis Juni 2013 angefertigt.

Hiermit erklare ich, dass ich die vorliegende Dissertation, abgesehen von der Benutzung der
angegebenen Hilfsmittel, selbstdndig verfasst habe.

Alle Stellen, die gem&R Wortlaut oder Inhalt aus anderen Arbeiten entnommen sind, wurden
durch Angabe der Quelle als Entlehnungen kenntlich gemacht.

Diese Dissertation liegt in gleicher oder ahnlicher Form keiner anderen Prufungsbehérde vor.

Karlsruhe, den 4. Mai 2013

Fan Zhang






Zusammenfassung

Zusammenfassung

Ultraviolette Strahlung kann DNA durch die Entstehung von Cyclobutan Pyrimidin Dimeren
(CPD) und (6-4)-Photoprodukten schadigen. Solche Schaden kdnnen Mutationen induzieren,
was den Zelltod und die Entstehung von Krebs nach sich ziehen kann. Um die Integritét des
Genoms von Organismen zu gewahrleisten, entwickelten sich Photolyasen zur Reparatur
solcher UV-Schaden der DNA. Unter den Photolyasen lassen sich anhand ihrer
Substratspezifitdit CPD Photolyasen und (6-4)-Photolyasen unterscheiden. Erstere wurden
bisher aus allen drei Doménen des Lebens identifiziert und sind als die Vorfahren der
Cryptochrom/Photolyase Familie (CPF) akzeptiert. Im Gegensatz dazu wurden (6-4)-
Photolyasen nur in Eukaryoten gefunden, weshalb diese Proteine als eine spéatere
Entwicklung wéhrend der Evolution der Cryptochrom / Photolyase Familie angesehen
wurden. Aktuellen phylogenetischen Studien zufolge kdnnen die Mitglieder der CPF in
sieben Hauptklassen unterteilt werden. GemaR dieser Untersuchungen existieren drei Klassen
von CPD Photolyasen (Klasse I bis 111), die Klasse der CRY-DASH Proteine, die Klasse der
(6-4)-Photolyasen und tierischen Cryptochrome, die Klasse der pflanzlichen Cryptochrome
sowie eine neue, als FeS-BCPs bezeichnete Klasse. Das Genom von Agrobacterium
tumefaciens codiert flr zwei photolyaseahnliche Proteine, PhrA und PhrB. Erstgenanntes
gehort zur Klasse 11l der CPD Photolyasen, der Schwesterklasse der pflanzlichen
Cryptochrome. PhrB hingegen gehort zur Fes-BCP-Gruppe, die entfernt mit den anderen

CPFs verwandt ist.

Die vorliegende Dissertation umfasst eine funktionelle Charakterisierung und die
Bestimmung der Kristallstrukturen von PhrA und PhrB. Mit einer Auflésung von 1,67 A
konnte die Kristallstruktur von PhrA als erste Struktur einer Klasse Il Photolyase bestimmt
werden. Diese Strukturauflésung zeigte eine neue Bindestelle des Antennenchromophors, in
der 5,10-Methenyltetrahydrofolat (MTHF) durch =-Stapelung stabilisiert wird. Dariber
hinaus konnte neben der klassischen eine zuséatzliche Tryptophan-Triade identifiziert werden.



Zusammenfassung

Diese beiden Ergebnisse wurden durch ortsspezifische Mutagenese spezifischer
Aminosauren vertiefend untersucht. Die Ergebnisse dieser strukturellen Untersuchungen von
PhrA konnten durch dessen enge phylogenetische Homologie ein klareres Bild auf den
evolutiondren Ubergang von Photolyasen zu Photorezeptoren aufzeigen.

Durch HPLC basierte Reparaturuntersuchungen in vitro konnte PhrB als (6-4)-Photolyase
identifiziert werden. Daruber hinaus konnte die Kristallstruktur dieses Proteins mit einer
Auflésung von 1.45 A gewonnen werden. Im Gegensatz zu prototypischen CPFs enthalt
PhrB 6,7-Dimethyl-8-ribityllumazin (DMRL) als Antennenchromophor und ein an die
katalytische Domane gebundenes [4Fe-4S]-Cluster. Ein wesentlicher Teil dieser Eisen-
Schwefel-Domane ahnelt der grolRen Untereinheit von eukaryotischen und archaebakteriellen
Primasen, was auf eine Dichotomie der PhrB-anlichen Proteine an der Basis der Entwicklung
der CPF hindeutet. Dariiber hinaus legt die Struktur von PhrB einen Mechanismus der DNA-
Bindung nahe, der sich von dem der eukaryotischen Vertreter der (6-4)-Photolyasen
unterscheidet. Die vorliegende Studie identifiziert PhrB als erste prokaryotische (6-4)-

Photolyase und présentiert die die prokaryotischen (6-4) Photolyasen als VVorfahren der CPF.



Summary

Summary

Ultraviolet irradiation damages DNA by producing cyclobutane pyrimidine dimers (CPD)
and (6-4) photoproducts, leading to mutagenesis, cell death and cancer. Photolyases have
evolved for repair of UV damaged DNA to maintain organism genetic integrity. Substrate
specificity distinguishes photolyases either as CPD photolyases or as (6-4) photolyases. CPD
photolyases have been identified in all three domains of life and are generally accepted as the
common ancestor of the cryptochrome/photolyase family (CPF). By contrast, (6-4)
photolyases have only been found in eukaryotes and are presumed as a later invention during
evolution. Recent phylogenetic studies divided the CPF members (CPFs) into seven major
classes, three classes of CPD photolyases termed class | to 1ll, CRY-DASH proteins, (6-4)
photolyases together with animal cryptochromes, plant cryptochromes and a new class,
designated FeS-BCPs. Agrobacterium tumefaciens bears two photolyase related proteins,
termed PhrA and PhrB. PhrA belongs to the class IIl CPD photolyases, the sister class of
plant cryptochromes. PhrB belongs to the FeS-BCP group which is distantly related to the
other CPFs.

This dissertation presents the functional characterization and crystal structure determination
of PhrA and PhrB. The crystal structure of PhrA, determined at 1.67 A resolution, is the first
one from a class 11l photolyase. The model revealed a novel 5,10-methenyltetrahydrofolate
(MTHF) antenna chromophore binding site in which the chromophore is stabilized by =-
stacking. Besides the classical Trp-triad, an additional Trp-triad was found. Both findings
were further investigated by site-directed mutagenesis analyses. Due to the close
phylogenetic homology, the structural studies on PhrA could give a clearer picture on the

transition from photolyase to photoreceptor.

We identified PhrB as a (6-4) photolyase through an HPLC-based in vitro repair assay and
determined the PhrB crystal structure at 1.45 A resolution. Unlike prototypical CPFs, PhrB
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contains 6,7-dimethyl-8-ribityllumazine (DMRL) as an antenna chromophore and a [4Fe-4S]
cluster bound to the catalytic domain. A significant part of the Fe-S fold resembles that of the
large subunit of eukaryotic and archaeal primases, suggesting that the PhrB-like photolyases
branched at the base of the evolution of the CPF. PhrB structure also suggests a DNA
binding mode different from that of the eukaryotic counterparts. This study presents the first
prokaryotic (6-4) photolyase and proposes that the prokaryotic (6-4) photolyases are the
ancestors of the CPF.
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1 Introduction

1 Introduction

1.1 Ultraviolet (UV) radiation damage to DNA

Sunlight contains three types of UV radiation termed as UV-A (320-400 nm), UV-B (295-
320 nm) and UV-C(100-295 nm). The Earth’s ozone layer absorbs all UV-C and
approximately 90% of UV-B. Therefore, the UV radiation reaching the Earth’s surface
consists mainly UV-A and a small UV-B component. Most of the mutagenic and
carcinogenic of sunlight are attributed to UV-B (Batista et al., 2009; Perdiz et al., 2000; van
der Leun, 2004). The depletion of the atmospheric ozone layer results in intensified UV-B
radiation on the Earth’s surface. This effect will result in increasingly severe damage of the
biosphere (Aucamp, 2007).

Exposure to UV radiation may lead to DNA photoproducts between adjacent pyrimidines
within the same strand, mostly cyclobutane pyrimidine dimers (CPDs) and pyrimidine-
pyrimidone-(6-4)-photoproducts ((6-4) PPs) (Batista et al., 2009; Ravanat et al., 2001). The
CPDs are formed by a [2x + 2] cycloaddition reaction between the two C5=C6 bonds of the
adjacent pyrimidines. The (6-4) PPs are formed due to Patern0-Biichi reaction, a
cycloaddition between the C5=C6 bond of the 5’ nucleoside and the C4 carbonyl group of
the 3’ nucleoside, which proceeds via an oxetane or azetidine intermediate. These
intermediates are instable above -80 °C and undergo rapid ring opening to the (6-4)PPs (Fig.
1.1) (Heil et al., 2011). CPDs are the most abundant UV-induced DNA lesions and account
for ~80% of the total amount of the photoproducts. They occur between all pyrimidine pairs,
but with different frequency. The decreasing order of the formation frequency is: 5’-T<>T-3’,
5’-T<>C-3’, 5’-C<>T-3’, 5’-C<>C-3’. The yield of T<>T is about three times higher than
that of T<>C. The remaining ~20% of (6-4) PPs are formed more efficiently at TC rather
than TT sites (Heil et al., 2011).

UV-induced DNA lesions are responsible for much of the destructive effect of UV light since
they can act as a physical blockage for replication and transcription, thereby drastically
impeding metabolic processes in DNA. UV damage may subsequently lead to mutagenesis or
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cell death .These DNA photoproducts triggered mutations are predominately found as Cto T
or CC to TT transitions. Mutations on proteins involved in cell cycle control, apoptosis, or
DNA repair could result in carcinogenesis, for example, the p53 mutation that caused skin
cancer (Batista et al., 2009; Kanavy & Gerstenblith, 2011; Pfeifer et al., 2005).
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Fig. 1.1. Depiction of the main pyrimidine—pyrimidine photolesions: cyclobutane

pyrimidine dimer(CPD) and (6-4) photoproduct ((6-4)PP) (Heil et al., 2011).
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1.2 Repair of UV-damaged DNA

Several biological systems have been developed to repair or replace the harmful DNA lesions.
Two most important mechanisms are nucleotide excision repair (NER) and photolyase-
induced photoreactivation (Sancar, 1996; Sancar, 2003; Sinha & Hader, 2002).

1.2.1 Nucleotide excision repair (NER)

Nucleotide excision repair (NER) is a versatile and flexible DNA repair mechanism which is
conserved from prokaryotes to eukaryotes (Hoeijmakers, 2001; Morita et al., 2010). This
mechanism can repair a broad range of structurally unrelated DNA lesions. The most relevant
lesions subject to NER are UV-induced CPDs and (6-4)PPs. In addition, numerous other
helix-disrupting (or "bulky™) lesions are eliminated by this process such as benzo[a]pyrene-
guanine adducts caused by smoking and guanine-cisplatin adducts formed during cancer

chemotherapy (Sancar, 1994).

NER is initiated by the DNA lesion recognition and binding (Fig. 1.2). The DNA helix is
subsequently unwound at the DNA lesion site, followed by the excision of a 25~30
oligonucleotides segment with lesion. Finally, the gap is filled by DNA repair synthesis and

ligation of the remaining nick by ligase (Fuss & Cooper, 2006).

Depending on where the repair occurs, NER is divided into two subpathways. The NER
occurring in DNA that undergoes transcription is called transcription-coupled repair (TCR),
while the NER in non-transcribed parts of the genome, including the non-transcribed strand
of transcribed genes, is called global genome repair (GGR). The two subpathways differ in
the recognition of DNA damage but share the remaining repair process (Lehmann, 1995;
Lindahl & Wood, 1999). Due to lacking of the photolyase-induced photoreactivation, NER
plays a particular important role in the UV damaged DNA repair of placental mammals
(Costa et al., 2003).
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Nucleotide Excision Repair

_

Transcription-coupled ~ o ~, 6lobal excision

DNA is damaged

repair repair
onad 2 RNA polymerase XPC/hHR23B M
- stalls (+/- DDB) binds v, @xpeinne2
xc@® — damage is * ‘XPCIhHR23B
cse@P recognized

Y
TFIH (o XP:p? - ) . _
(with TTDA)  xpa & XPA, RPA, XPG, and TFIIH bind

@ TFIIH unwinds DNA helix
xPFERCC Y
/ XPG and XPF/ERCC1 cut,
Dp?)IA . .\@ lesion excised

DNA polymerase fills gap,
. ligase seals nick
= normal nucleotide sequence restored

clean template for transcription«——"~—— clean template for replication
Fig. 1.2. Nucleotide Excision Repair Schematic (Fuss & Cooper, 2006).
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1.2.2 Photolyase-induced photoreactivation

To defend against the deleterious effects of UV-induced mutagenic lesions, organisms have
evolved photoreactivation as a highly specific and effective repair mechanism. This is
believed to be one of the oldest and simplest DNA repair systems in nature (Eisen &
Hanawalt, 1999).

The photoreactivation was independently discovered in two American laboratories. In 1949,
Albert Kelner reported that UV-irradiated cells of Streptomyces griseus, Escherichia coli,
Penicillium notatum, and Saccharomyces cerevisiae showed a 100-400,000-fold increase in
survival if they were subsequently exposed to visible light. This phenomenon was termed
photoreactivation (Kelner, 1949). Shortly thereafter, Renato Dulbecco reported an analogous
phenomenon on the viability of UV-irradiated bacteriophage. However, it could only be
detected when phage and sensitive E. coli were incubated together during the exposure to
visible light (Dulbecco, 1949). With the discovery of DNA as the material that phage injected
into cells (Hershey & Chase, 1952), Dulbecco reasoned that photoreactivation arises from the
repair of UV-induced DNA photoproducts by a cellular factor through a light-dependent
reaction (Dulbecco, 1950; Sancar, 2000).

In early studies cells survival was predominantly used as a biological characteristic. An in
vitro photoreactivation system, DNA transformation assay, was taken into use in 1960. With
this methodology, Rupert found that photoreactivation is an enzymatic process, mediated by
an enzyme named photoreactivating enzyme (PRE) (Setlow & Carrier, 1966). It was later
called photolyase. Rupert continued to study the repair reaction in some details and finally
demonstrated that the photoreactivation follows Michaelis—Menten reaction kinetics with the
notable exception that catalysis is absolutely dependent on light. Photolyase binds to UV-
damaged DNA in the dark and is released from the repaired DNA upon illumination with
visible light (Rupert, 1962; Sancar, 2000).

Photolyases from E. coli and budding yeast that were studied by Rupert, Dulbecco and others
could repair only CPDs (Dulbecco, 1949; Rupert, 1962; Sancar, 2000). Forty four years after
the discovery of CPD photolyase, the photolyase that repairs (6-4) photoproducts was
discovered from Drosophila melanogaster by Takeshi Todo (Todo et al., 1993).
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1.3 DNA photolyases

DNA photolyases repair the UV-induced DNA lesions in single stranded or double stranded
helical DNA through photoreactivation. Substrate specificity distinguishes two types, namely
CPD photolyase that repair CPDs and (6-4) photolyase that repair (6-4) photoproducts.
Although functionally distinct, both types are evolutionarily and structurally closely related
(Essen & Klar, 2006; Sancar, 2003).

DNA photolyases are monomeric repair enzymes with a molecular weight of 50 to 65 kD and
a length of 454 to 614 amino acids (Essen & Klar, 2006; Weber, 2005). They generally
contain two noncovalently bound chromophoric cofactors. The first cofactor is a flavin
adenine dinucleotide (FAD). Only the fully-reduced form of FAD (FADH") is enzymatically
active. FADH" functions as the catalytic cofactor and electron donor. The second cofactor is a
light-harvesting antenna chromophore, which varies depending on the protein. The presence
of the antenna chromophore is not an absolute requirement for photolyases activity, since the
photolyases lacking this chromophore are still biologically active. However, the antenna
chromophore absorbs blue light and transfers excitation energy to the catalytic cofactor,
consequently improving the DNA repair efficiency (Sancar, 2003; Selby & Sancar, 2012).

CPD photolyases have been reported in all three domains of life, while (6—4) photolyases
have been identified in eukaryotes only (Muller & Carell, 2009). Photolyases seem to be
absent in placental mammals including humans. Since DNA photolyases are found in a
number of archaea, they are considered to be ancient repair enzymes, which were essential
for organisms survival during early stages of evolution due to the intense UV irradiation
passing through the anoxic atmosphere (Essen, 2006; Lucas-Lledo & Lynch, 2009).

Presently a vast number of photolyase and photolyase-like genes are known, their encoded
proteins sharing a structurally highly conserved core domain and the active cofactor. These
proteins together form a huge flavoprotein family, termed cryptochrome/photolyase family
(CPF) (Chaves et al., 2011). There are also CPF members that are incapable of repairing UV-
induced DNA damage. These proteins are called cryptochromes. Cryptochromes regulate
blue light responses in plants, the circadian rhythm in animals and possibly also function as
magnetoreceptors in birds and insects. The first cryptochrome was found in Arabidopsis
thaliana (Ahmad & Cashmore, 1993) and later discovered in humans (Hsu et al., 1996).
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1.3.1 Crystal structure of photolyase

In 1995, Hee-Won Park et al. presented the first crystal structure of a CPF member, the class
| photolyase from E. coli. The globular structure is uncommon to most DNA binding proteins
(Park et al., 1995). It displays an architecture with an N-terminal o/f domain and a C-
terminal a-helical domain. Two domains are connected via a long inter-domain loop that
wraps around the o/Bf-domain. The a-helical domain harbors the FAD cofactor in an unusual
U-shaped conformation with the adenine ring being stacked on top of the isoalloxazine ring.
The o/f domain exhibits a typical Rossman nucleotide-binding fold (Rossmann et al., 1974)
with a five-stranded parallel B-sheet covered on both sides by a-helices (Fig. 1.3). This

domain provides the binding site for the light-harvesting chromophore.

In 2004, Alexandra Mees et al. reported the co-crystal structure of a CPD photolyase from
Anacystis nidulans, which is in complex with a DNA-duplex containing a synthetic CPD
lesion analog (Mees et al., 2004). The structure proved that CPD photolyase proteins
completely open the DNA-duplex structure at the damaged site and flip the dinucleotide
lesion out of the duplex into the catalytic center. The protein structure changes only

marginally upon DNA binding.

In 2008, Melanie J. Maul et al. described the crystal structure of a (6-4) photolyase from D.
melanogaster that bound to a DNA-duplex containing a synthetic (6-4) lesion (Maul et al.,
2008). The observed protein basic architecture was found to be same as that of CPD
photolyases as well as the flipped-out DNA substrate binding mode. The crystal structures of
cryptochromes revealed homologous overall fold topologies with photolyases.
Cryptochromes have a C-terminal extension which is not however present in the structural
models (Brautigam et al., 2004; Brudler et al., 2003; Huang et al., 2006; Klar et al., 2007,
Muller & Carell, 2009).

Today, over a dozen crystal structures of CPF proteins are available from the protein data
bank (PDB) (Table 1.1). The backbone structure of E. coli photolyase is preserved in the
structurally characterized class | photolyases (Fujihashi et al., 2007; Komori et al., 2001;
Tamada et al., 1997), (6-4) photolyases (Maul et al., 2008), plant cryptochromes (Brautigam
et al., 2004), DASH cryptochromes (Brudler et al., 2003; Klar et al., 2006) as well as Class Il
photolyases (Hitomi et al., 2012; Kiontke et al., 2011). The total rmsd (root mean square

7
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deviation) for 13 structures with varying sequences is 2.362 A as calculated with SSM
(http://www.ebi.ac.uk/msd-srv/ssm) (Krissinel & Henrick, 2004).

All CPF proteins seems to utilize the same types of energy and electron transfer mechanism
which, owing to the sensitivity to distance and orientation, force the proteins keeping a
common fold to ensure an optimal arrangement of the essential cofactors and key amino
acids (Epple & Carell, 1998; Epple & Carell, 1999; Muller & Carell, 2009). However,

structural specificities are found for representatives of the different classes.

Fig. 1.3. Overall structure of E. coli photolyase (PDB entry 1DNP). Schematic drawing:
yellow, B-strands; red, a-helixes; pink, 3(10) helices; green, no secondary structure; blue,

FAD; cyan, MTHF (Park et al., 1995).
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Table 1.1. A list of all the photolyases and cryptochromes structures available from

Protein Data Bank (PBD) (Queried on February 4, 2013 ).

Protein Organism PDB entry Antenna chromophore Substrate
CPD-PLI Escherichia coli 1DNP MTHF None
CPD-PLI Anacystis nidulans 1QNF 8-HDF None
1TEZ 8-HDF T<>T
10WL, 10WM, 10WN, 10WO, 10WP | None None
CPD-PLI Thermus thermophilus 1IQR, 11QU None Thymine
2J07, 2J08, 2J09 None None
8-HDF, none
CPD- PLI Sulfolobus tokodaii 2E0I None None
CPD-PLII Methanosarcina mazei 2XRY None None
2XRZ None T<>T
CPD-PLII Oryza sativa Japonica Group 3UMV None None
(6-4)-PL Drosophila melanogaster 3CVU, 3CVvY None T(6-4)T
3CVV, 3CVW, 3CVX 8-HDF, none T(6-4)T
2WQ6 None T(Dewar)C
2WQ7 None T(6-4)C
(6-4)-PL Arabidopsis thaliana 3FY4 None, None,
Cryl Arabidopsis thaliana 1U3C, 1U3D None AMP-PNP
Cry-DASH Synechocystis spp. 1INP7 None None
Cry3 Arabidopsis thaliana 210G MTHF None
2J4D MTHF None
2VTB MTHF T<>T
Cryl Drosophila melanogaster 4GUS5 None None
CryB Rhodobacter sphaeroides 3ZXS DLZ None
SF4
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1.3.2 Reaction mechanism of photolyases

Based on previous studies, such as crystallography and ultrafast spectroscopy, the major part
of the DNA photolyase repair mechanism has been resolved both structurally and
dynamically (Li et al., 2010; Liu et al., 2011; Maul et al., 2008; Mees et al., 2004). The light-
harvesting chromophore of photolyases absorbs UV-visible light (blue/UV light) to excite the
fully-reduced FADH" from where an electron is transferred to either the CPD or the (6-4)
lesion which drives the dimer into the monomers. The electron finally returns back to restore
the active state of FADH" (Stuchebrukhov, 2011).

For CPD lesions (Fig. 1.4A), the single electron reduced cyclobutane ring undergoes a
thermally forbidden (Woodward—-Hoffmann) [2+2] cycloreversion reaction followed by back
transfer of the ‘enabling electron’ to the semireduced FADH' (Muller & Carell, 2009). The
initial electron transfer to the dimer takes 250 ps, the ring opening occurs in two steps, the
first in less than a few picoseconds and the second with a time constant of 90 ps. After the
dimer is split, the electron returns back to FADH with a time constant of about 700 ps (Liu et
al., 2011).

In (6-4) photolyases (Figure 1.4B), upon excitation the FAD donates an electron to the (6-4)
PPs to generate a charge-separated radical pair (FADH'+(6-4) PP™), which subsequently
induces proton transfer from an essential His residue of the photolyase to the (6-4) PPs.
These successive steps naturally proceed to an intramolecular proton transfer from the —OH
group on the C5 of the 5’ base to the N3 at the 3” base to form a transient zwitterion. Then,
the oxygen atom attacks the C4 position at the 3’ base to form a transient oxetane-type
structure. The transient oxetane formation facilitates the oxygen-atom transfer from the 5’ to
the 3’ base followed by the splitting of the C6-C4 bond. After oxygen transfer and C-C bond
cleavage the proton returns to the His residue and the electron returns to FADH" to restore the

active form of the enzyme and the two pyrimidine bases (Li et al., 2010).
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Fig. 1.4. Complete photocycle of CPD (A) (Liu et al., 2011) and (6-4)photoproducts (B) (Li et

al., 2010) repair by DNA photolyases with all time-resolved elementary steps of the

elucidated molecular mechanism.

1.3.3 Photoactivation of FAD

Flavin bound to proteins may exist in any one of the three redox states in five different forms:
oxidized (e.g. FAD), semireduced semiquinones (e.g. neutral radical FADH', anion radicals
FAD™) or fully reduced hydroquinones (e.g. FADH or FADH?) (Fig. 1.5) (Kao et al.,
2008b). Because of the different spectral properties (Kao et al., 2008a), the flavin redox

states of flavoproteins can be analyzed in vitro by monitoring protein absorption spectra (Liu
et al., 2010).

In photolyase, the catalytically active form of flavin is FADH", which is the predominant
form in vivo. During the purification of photolyases under aerobic conditions the flavin
cofactor is usually oxidized to the semireduced and eventually to the fully oxidized form
(Payne et al., 1987). Exposure of such inactive photolyases to light in the presence of a
reducing agent, such as dithiothreitol (DTT), ethylenediaminetetraacetic acid (EDTA) or B-

mercaptoethanol (BME), can convert the photoexcited flavin to the active FADH™ form
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(Heelis & Sancar, 1986; Sancar et al., 1987). This functionally essential photoreduction

process is termed photoactivation (Sancar, 2003).

Photoactivation in vitro requires photoexcitation of the flavin and an electron transfer
pathway. The photoexcitation energy for flavin is obtained either via direct photon capture
from blue light by itself or via energy transfer from the antenna chromophore (Moldt et al.,
2009; Partch & Sancar, 2005). Typically, the electron transfer pathway consists of three
tryptophans (Trp-triad) in the protein moiety that is located within the C-terminal a-helical
domain. The Trp-triad is conserved in most of the DNA photolyases subfamilies except class
Il photolyases, in which an alternative Trp-triad was identified at different position (Fig. 1.6)
(Kiontke et al., 2011; Maul et al., 2008; Park et al., 1995), and FeS-BCPs. The photoexited
FAD extracts an electron from the proximal Trp in the active center of enzyme. The resulting
Trpe radical subsequently abstracts an electron from the middle Trp leaving behind a Trpe
radical which gets deactivated by obtaining an electron from the solvent-exposed distal Trp
(Moldt et al., 2009).

Whether the same mechanism is used by photolyase to photoreduce FAD in vivo is not clear
(Kavakli & Sancar, 2004). However, point mutations of the Trp-triad that block the
photoinduced electron transfer do not disturb photolyase enzymatic activity in vivo (Berndt
et al., 2007), supporting that the photoactivation are marginally responsible for physiological
significance (Moldt et al., 2009).

In vitro photoreduction of the flavin cofactor was also well studied in Cryl from A. thaliana.
Unlike the E. coli photolyase in which FAD is photoreduced to the fully reduced form,
photoreduction results in the accumulation of semireduced FAD* in Arath-Cryl (Lin et al.,
1995). The Trp-triad that function as electron transfer chain for FAD reduction in E. coli
photolyase is also conserved in Arath-Cryl as revealed by the crystal structure (Fig. 1.6)
(Brautigam et al., 2004). Interestingly, an involvement of tyrosine as the terminal intrinsic
electron donor was observed earlier through transient absorption spectroscopy (Giovani et al.,

2003), but the exact tyrosine residue has not been identified so far.
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Fig. 1.5. Oxidoreduction of flavins. (A) Five possible redox forms of flavins are shown. R
indicates different side groups in different flavins. The two different forms of semiquinone
radicals: anion radical (e.g. FAD'") and neutral radical (e.g. FADH®), and two forms of
reduced flavins: protonated hydroquinone (e.g. FADH,) and anionic hydroquinone (e.g.
FADH") are shown. (B) Absorption spectra and extinction coefficients (g) of different redox
forms of selected cryptochrome/photolyase. Mosquito AgCRY1 (Anopheles gambiae)
containing oxidized FAD (black line) or anion radical semiquinone (FAD", blue line), and E.
coli photolyase containing neutral radical semiquinone (FADH", green line) or fully reduced

flavin (FADH", red line) (Liu et al., 2010).
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Fig. 1.6. The electron transfer chain that reduces photoexcited FAD,, and FADH" via a
conserved tryptophan (W) triad (Trp-triad). The Trp-triads of and FAD of E. coli CPD |
photolyase (1DNP), D. melanogaster (6-4) photolyase (3CVV), Methanosarcina mazei CPD I
photolyase (2XRY) and A. thaliana Cryl (1U3C) are shown in sticks. E. coli photolyase is

illustrated in ribbon representation.
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1.3.4 Antenna chromophore

The second chromophore in photolyases serves as photoantenna by absorbing light and
transferring the excitation energy to the catalytic cofactor. Although the antenna
chromophores are not essential for enzyme function, they increase the absorption efficiency
and broaden the activity spectra of photolyases. So far, 10-methenyltetrahydrofolate (MTHF,
Amax~380 nm) (Johnson et al., 1988) and several nucleotide-like compounds such as 8-
hydroxy-5-deazariboflavin (8-HDF, FO, Amax=445 nm) (Eker et al., 1990), flavin
mononucleotide (FMN, Anax=446 nm) (Ueda et al., 2005) and FAD (Fujihashi et al., 2007)
have been described as antenna chromophores in CPD photolyases (Fig. 1.7), while in (6-4)
photolyase, only FO has been described (Selby & Sancar, 2012). Plant cryptochromes have
also been reported to contain an MTHF antenna chromophore, but the evidences are not
definitive (Lin et al., 1995; Malhotra et al., 1995; Selby & Sancar, 2012).

The energy transfer from the antenna chromophores to FAD occurs via Forster resonance
energy transfer. The efficiencies and rate constants depend on spectral properties, the
orientations of each chromophore and the distances between both (Sancar, 2003). The close
distances and the angles between the transition dipole moments of the two cofactors are
favorable for efficient energy transfer. The energy transfer efficiencies are about 70% in E.
coli photolyase (Payne & Sancar, 1990), 100% in A. nidulans photolyase (Kim et al., 1992),
and 78% (dark-adapted) and 87% (light-adapted) in A. thaliana cry3 (Song et al., 2006).
Crystal structure studies allow elucidating the detailed mechanism of the energy transfer
between the antenna chromophore and FAD in photolyase.

All nucleotide-like chromophores are buried inside analogous clefts in the interior of the N-
terminal subdomain and are approximately 17~18 A away from FAD. In contrast, MTHF
occupies a distinct shallow cleft between the N- and C-terminal subdomains and partially
reaches out of the surface of the enzyme. The distance between MTHF and FAD is 15~17 A,
which is comparable with that of the nucleotide-like chromophores. Most of the amino acid
residues that interact with nucleotide-like antennas are identical. By contrast, the binding
sites for MTHF are less conserved. Only one of the 12 MTHF binding residues is conserved
between A. thaliana Cry-DASH and E. coli photolyase (Chaves et al., 2011; Sancar, 2003).
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Fig. 1.7. Antenna chromophores of photolyases. The left drawings show the chemical
structures of the antenna chromophores, the panels in middle show the 3D structure and
the right panel shows the UV-Vis spectra of the protein, usually with FAD in the reduced
FADH™ form. (A) E. coli photolyase (PDB entry 1DNP) with 10-methenyltetrahydrofolate
(MTHF) as antenna chromophore (Park et al., 1995) (Sancar & Sancar, 2006). (B) A. nidulans
photolyase with 8-hydroxy-5-deazaflavin (8-HDF, FO) as antenna chromophore (PDB entry
1QNF) (Fujihashi et al., 2007) (Sancar & Sancar, 2006). (C) T. thermophilus photolyase with
flavin mononucleotide (FMN) as antenna chromophore. (PDB entry 2EOl). The UV-Vis
spectrum is taken after purification (FADH and FMN) (Klar et al., 2006). (D) S. tokodaii
photolyase with FAD as antenna chromophore (PDB entry 2EOl). The UV-Vis spectrum is
taken immediately after purification (FAD and FAD) (Fujihashi et al., 2007).
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1.3.5 DNA binding

Ten to twenty photolyase molecules are believed to scan the genome for UV-lesions in every
cell. They are structure-specific enzymes that recognize and bind UV-lesions with extremely
high efficiency. The breakthrough in the understanding of the photolyase-DNA binding
mechanism occurred in 1995, when Park and co-workers determined the first photolyase
crystal structure from E. coli photolyase (Park et al., 1995). It led to a proposal that the
pyrimidine dimer is flipped out of the DNA double helix, stretching deeply into the binding
cavity, and in forming a hydrogen-bonded contact between the carbonyl oxygens of the

dimer and the adenine moiety of FAD.

The flipping-out hypothesis was subsequently supported and refined by biochemical data
(Christine et al., 2002; Vande Berg & Sancar, 1998), computer modeling (Antony et al.,
2000; Sanders & Wiest, 1999) and nuclear magnetic resonance (NMR) spectroscopy
(Torizawa et al., 2004). In 2004, the co-crystal structure of photolyase-DNA complex of the
class | photolyase from A. nidulans was determined by Mees and co-workers. The flipping-
out model was confirmed in more details, demonstrating that such a sequence-independent
recognition of UV-lesions relies on salt bridges and hydrogen bonds mainly formed between
the enzyme and the phosphates of the DNA strand comprising the lesion (Fig 1.8 A and B)
(Mees et al., 2004). The crystal structure of (6-4) photolyase from D. melanogaster with UV-
damaged duplex DNA determined thereafter demonstrated the preservation of this DNA
binding mechanism between CPD photolyases and (6-4) photolyase (Fig 1.8 C and D) (Maul
et al., 2008). An analogous binding mode was also revealed by the co-crystal structure
enzyme-substrate complex of CPD Il photolyase from Methanosarcina mazei (Fig 1.8 E and
F) (Kiontke et al., 2011).

Through the comparison of a dozen of photolyase and cryptochrome structures available
from PDB, it is also clear that all photolyases share a positively charged DNA binding
surface near the FAD accessing pocket which promotes interaction with DNA (Fig 1.8 B, D
and F and Fig. 1.9), although the surface charge alone is not a sufficient determinant for
DNA binding (Huang et al., 2006).
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Fig. 1.8. DNA substrate binding and surface charge representation of photolyase-DNA
complex. Diagrams on the left side are directly adapted from the original articles that

describe the corresponding crystal structures. Electrostatic surface potentials were

18



1 Introduction

calculated using the program APBS with the non-linear Poisson-Boltzmann equation and
contoured at +/- 5kT/e. Negatively and positively charged surface areas are coloured in red
and blue, respectively. The surfaces are shown in transparency mode. FAD is shown in
yellow sticks. The DNA duplex is shown in cartoon ring mode, and DNA lesions are shown in
purple sticks. (A) Diagram showing the interactions between duplex DNA and A. nidulans
class | photolyase (Anani-PL). Nucleotides not defined by electron density are shown faded.
Dashed and arrows indicate interactions with the protein backbone and with side chains,
respectively. Numbering of the phosphate groups starts from the intradimer formacetal
group (0) (Mees et al., 2004). (B) Surface charge representation of Anani-PL in complex with
the CPD lesion containing duplex DNA (PDB entry 1TEZ). (C) Diagram of the protein-DNA
contacts of D. melanogaster (6-4 ) photolyase (Drome(6-4)-PL) The flipped-out lesion is
depicted in red, direct hydrogen-bond/electrostatic interactions are rendered in yellow, and
water-mediated contacts in green and dashed lines. Residues forming the hydrophobic
pocket around the pyrimidine substructure are shown in blue (Maul et al., 2008). (D)
Surface charge representation of Drome(6-4)-PL in complex to the (6-4) lesion containing
duplex DNA (PDB entry 3CVV). (E) The diagram illustrates that the M. mazei class Il
photolyase (Metma-PL) is almost exclusively interacting with the CPD-comprising DNA
strand. Dashed arrows indicate interactions with the protein backbone, whereas solid
arrows characterize interactions with side chains. Black lines represent other mentioned
interactions. Faded nucleotides are not defined by electron density (Kiontke et al., 2011). (F)
Surface charge representation of Metma-PL in complex to the CPD-comprising DNA (PDB

entry 2XRZ).
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Fig. 1.9. Surface charge representation of cryptochrome structures available from protein
data bank (PDB). Electrostatic surface potentials were calculated using the program APBS
with the non-linear Poisson-Boltzmann equation and contoured at +/- 5kT/e. Negatively and
positively charged surface areas are coloured in red and blue, respectively. (A) The surface
charge representation of A. thaliana cryptochrome 1 (Arath-Cryl, PDB entry 1U3C). (B) The
surface charge representation of D. melanogaster cryptochrome (Drome-Cry, PDB entry

4GUS).
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1.4 Classification and evolution of the cryptochrome/photolyase family (CPF)
Members of the CPF are widely distributed in all three domains of life. Functionally, they are
divided into three major classes: CPD photolyases, (6-4) photolyases and cryptochromes.
Phylogenetically, the CPF is divided into the class | to class Ill CPD photolyases, plant
CRYs, DASH CRYs, as wells as (6-4) photolyases and animal CRYSs, respectively (Bayram
et al., 2010; Heijde et al., 2010; Lin & Todo, 2005; Ozturk et al., 2008). Our latest
phylogenetic analysis designated a new class Fe-S bacterial cryptochromes and photolyases
(FeS-BCPs) (Fig. 1.10) (Oberpichler et al., 2011).

Class I and Class Il CPD photolyases are found in microbial organisms, whereas class 1l

CPD photolyases are mostly identified in higher organisms including animals and plants, but
also in archaebacteria, eubacteria and single-celled algae (Okafuji et al., 2010). Despite same

substrate binding specificities, Class I and Class 111 CPD photolyases show lower similarity
to class Il CPD photolyases than to (6-4) photolyases (Okafuji et al., 2010; Todo et al., 1996;

Todo, 1999). The (6-4) photolyases have only been observed in eukaryotes. Plant CRYs form

a sister group of the class 111 CPD photolyases, while animal CRYSs are closely related to (6-4)
photolyases (Fig. 1.10) (Oberpichler et al., 2011; Weber, 2005).

Today, it is widely accepted that the common ancestor of the CPF was likely a CPD-
photolyase (Essen, 2006) and the plant cryptochromes have evolved from the Class 111 CPD
photolyases while the animal cryptochromes are derived from (6-4) photolyases (Muller &
Carell, 2009).
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Fig. 1.10. Phylogenetic tree of the cryptochrome/photolyase family. The species names
are abbreviated as follows: (A. thaliana (Arath), A. tumefaciens (Agrtu), Azorhizobium
caulinodans ORS 571 (Azoca), Bradyrhizobium japonicum USDA 110 (Braja), Caulobacter
crescentus (Caucr), D. melanogaster (Drome), E. coli (Escco), Homo sapiens (Homsa),
Oceanocaulix alexandrii (Oceal), Oryza sativa (Orysa), Rhodobacter sphaeroides 2.4.1
(Rhosp), Rhodopseudomonas palustris (Rhopa), Sphingomonas sp. SKA58 (Sphsp), Sulfolobus
tokodaii str. 7 (Sulto), Synechococcus elongatus PCC 6301 (Synel), Synechocystis sp. PCC
6803 (S6803), Thermus thermophilus HB8 (Theth), Vibrio cholerae (Vibch), Xenopus laevis
(Xenla), Cry: cryptochrome, DASH: DASH cryptochrome, PL64: (6-4) photolyase, Phr:
photolyase, Plr: photolyase-related protein, CPD: cyclobutan pyrimidine dimer, FeS-BCP:
iron-sulfur cluster containing bacterial cryptochromes and photolyases (Oberpichler et al.,

2011).
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1 Introduction

1.5 Cryptochrome/photolyase-related proteins in A. tumefaciens

By screening the A. tumefaciens genome for sequences with homology to photoreceptors we
identified a cryptochrome/photolyase-related protein named PhrA (gi: 17739623)
(Oberpichler et al., 2008). Phylogenetic analysis assigned it as a class Il CPD photolyase.
The specific repair activity was recently confirmed by in vitro studies (Oberpichler et al.,
2011).

The second cryptochrome/photolyase-related protein in A. tumefaciens has been found by
transposon mutagenesis in a screen for light regulation of motility. Results of the mutant
studies suggested that the protein (gi: 15158416) might serve as a photoreceptor for light-
regulated motility. Sequence comparisons showed that this protein is homologous to known

photolyases. We hence named this protein PhrB (Oberpichler et al., 2011).
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1.6 Aims of research

The goal of this work was to investigate the function and structure of the two
cryptochrome/photolyase-related proteins in A. tumefaciens. PhrA has been experimentally
shown to repair CPD photoproducts in vivo and in vitro (Oberpichler et al., 2011).
Phylogenetic studies assigned it as a class 111 photolyase, which is a newly characterized CPF
class and is the sister group of plant cryptochrome. Several questions arose from our latest
studies. Like E. coli photolyase, PhrA contains MTHF as an antenna chromophore but the
MTHF in PhrA is more stable than that in E. coli photolyase as indicated by UV-Vis
spectroscopy. Structural modeling revealed that none of the amino acids that coordinate
MTHF of E. coli photolyase is conserved in PhrA. Hence the first question is whether PhrA
shares the MTHF binding site and mode with E. coli photolyase. Class Ill photolyases show
higher similarity to plant cryptochromes than to class | photolyases (Oberpichler et al., 2011).
The second question is how relatively small differences determine their functional difference,
which consequently leads to the third question how a class Il photolyase crystal structure
looks like. There is so far no crystal structure of a class 11l CPD member available in the
PDB. To this end, we conducted protein crystallography for PhrA. The crystal structure of
PhrA revealed a novel site and mode of MTHF binding as well as an alternative electron
pathway that could be responsible for FAD photoreduction. In order to verify the hypothesis,
a series of point mutations were constructed by site-directed mutagenesis and subsequently

analyzed with UV-Vis spectroscopy.

Another major concern of this research was to investigate the function and structure of PhrB.
Previous spectroscopic studies on PhrB and one of its homologs, CryB from Rhodobacter
sphaeroides, suggested that they both incorporate same yet unknown antenna (Hendrischk et
al., 2009; Oberpichler et al., 2011). We thus firstly wish to characterize the antenna
chromophore of PhrB. PhrB contains a [4Fe-4S] cluster and belongs to a recently
denominated FeS-BCP class, which is distantly related to other CPFs. Since all the known
CPF members do not contain an iron-sulfur cluster, we like to find out whether this newly
designated class really functions as bona fide CPF members. However, the functional clues
for PhrB from former studies are somehow paradoxical. PhrB has been shown playing a
photoreceptor role that is involved in the cell motility regulation in vivo. The in vitro DNA
CPD photoproduct repair assay showed a negative result. Whether PhrB has (6-4) photolyase
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activity was not clear because of the immature methodology in our lab. Its homolog CryB
was also reported as photoreceptor that regulates transcription of photosynthesis genes in
vivo and is incapable of photoreactivation in vitro (Geisselbrecht et al., 2012). These clues
support a cryptochrome function for PhrB. On the other hand, mutant studies have shown
both PhrB and PhrA are required for full photoreactivation in A. tumefaciens (Oberpichler et
al., 2011). CryB was also shown to be required for photoreactivation in Rhodobacter
sphaeroides (Hendrischk et al., 2009). We therefore reasoned that PhrB could function as a
(6-4) photolyase. To investigate the function of PhrB, an HPLC-based (6-4) PPs repair assay
was conducted. Protein crystallography was further performed with the expectation of the
identification and localization of antenna chromophore as well as the binding mode and
functional clue for iron-sulfur cluster. Based on the crystallographic studies the antenna
chromophore identity could be proposed, which was subsequently confirmed by HPLC

analysis.
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2 Crystal structure of PhrA

2 Crystal structure of PhrA

2.1 Materials and Methods

2.1.1 PhrA protein purification and crystallization

Recombinant His-tagged PhrA protein was expressed in E. coli and purified via Ni-affinity
chromatography and size-exclusion chromatography as described (Oberpichler et al., 2011)
and used for crystallization at concentrations of 11 mg/ml under dim light conditions or in
darkness. Primary screening was performed with the sitting-drop vapour diffusion approach
by using 432 crystallization conditions from commercial Kits (JBScreen Classic 1-10,
JBScreen Basic 1-4 and JBScreen PEG/Salt 1-4, Jena Bioscience) at 277 K and 298 K in 96-
well MRC plates. Promising conditions were screened further by changing pH and the
concentration of precipitants or additives. After optimization, crystals were grown by sitting
drop vapour diffusion at 277 K in 24-well Linbro plates. Each drop was prepared on a
siliconized glass plate by mixing 4 ul PhrA (11 mg/ml) with equal volume of reservoir
solution and equilibrated against 1 ml reservoir solution. The protein solution contained 12.5
mM tris (hydroxymethyl) amino methane, 1.25 mM ethylenediaminetetraacetic acid, 2.5 %
glycerol, 75 mM sodium chloride, pH 7.8. The reservoir solution contained 3 M Ammonium

sulfate and 10% (w/v) glycerol.
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2 Crystal structure of PhrA

2.1.2 Data collection and structure analysis (Structure determination and refinement
was done by Patrick Scheerer)
Diffraction data collection was performed at 100 K using synchrotron X-ray sources at
BESSY II, Berlin, Germany, and ESRF, Grenoble, France (de Sanctis et al., 2012). Best
diffraction data were collected at beamline BL 14.1 (Mueller et al., 2012) at BESSY 1I, at a
wavelength of A = 0.91842 A. All images were indexed, integrated and scaled using the XDS
program package (Kabsch, 2010) and the CCP4 program SCALA (Collaborative
Computational Project, 1994; Evans, 2006). The PhrA crystals belonged to the trigonal space
group P3221 (a=b =81.87 A, ¢ =195.95 A, a = B = 90°, y= 120°). Table 2.1 summarizes

the statistics for crystallographic data collection and structural refinement. Initial phases for
PhrA were obtained by the conventional molecular replacement protocol (rotation,
translation, rigid-body fitting) using the Arabidopsis thaliana cryptochrome 1 (Arath-Cry1)
crystal structure (PDB entry 1U3C) (Brautigam et al., 2004) without ligands as the initial
search model. Molecular replacement was achieved using the CCP4 program PHASER
(McCoy et al., 2007) by placing the Arath-Cryl monomer (rotation function (RFZ): Z = 8.9;
translation function (TFZ): Z = 17.9 for PhrA; RFZ and TFZ as defined by PHASER). An
AutoBuild/RESOLVE (with the correct PhrA sequence) and a simulated annealing procedure
with the resulting model were performed using a slow-cooling protocol and a maximum
likelihood target function, energy minimization, and B-factor refinement by the program
PHENIX (Adams et al., 2010), which was carried out in the resolution range of 34.30 — 1.67
A for the PhrA crystal structure. After the first rounds of refinement, the flavin adenine
dinucleotide (FAD) and 5,10-methenyltetranydrofolate (MTHF) in the ligand binding

pockets were clearly visible in the electron density of both oa-weighted 2F5-F¢ maps, as
well as in the oa-weighted simulated annealing omitted density maps. PhrA was modeled

with TLS refinement (Winn et al., 2001) using anisotropic temperature factors for all atoms.
Restrained, individual B-factors were refined, and the crystal structure was finalized by the
CCP4 program REFMACS (Vagin et al., 2004) and other programs of the CCP4 suite
(Cowtan et al., 2011; Emsley et al., 2010). The final model has agreement factors Rsree and
Rwork OF 18.0% and 15.6%, respectively. Manual rebuilding of the PhrA model and electron
density interpretation were performed after each refinement cycle using the program COOT
(Vagin et al., 2004). The side chain atoms of Lys 42, 183, 193, 430, 440, 441, 444, 452, 477
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2 Crystal structure of PhrA

(atoms: CG, CD, CE, NZ) and Asp 441 (atoms: CG, OD1, OD2) on the protein surface were
removed from the PhrA structure due to not well-defined electron density. Structure
validation was performed with the programs PHENIX (Adams et al., 2002), SFCHECK
(Vaguine et al., 1999), PROCHECK (Laskowski et al., 1993), WHAT CHECK/WHAT IF
(Hooft et al., 1996; Vriend, 1990) and RAMPAGE (Lovell et al., 2003). Potential hydrogen
bonds and van der Waals contacts were analyzed using the programs HBPLUS (McDonald &
Thornton, 1994) and LigPlot+ (Laskowski & Swindells, 2011). All crystal structure
superpositions of backbone o-carbon traces were performed using the CCP4 program
LSQKAB (Collaborative Computational Project, 1994). All molecular graphics

representations in this work were created using PyMol (DeLano, 2002).
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2 Crystal structure of PhrA

Table 2.1. Data collection and refinement statistics

PhrA — class lll photolyase

(PDB entry 4U63)

Data collection®
(wavelength)
Space group

Cell dimensions

a, b, c(A)
o, B, v (°)

Resolution (A)

Rmerge
Rpim
<Il/a(l)>
Completeness (%)
Redundancy
Wilson B factor (A?)
Refinement
Resolution (A)
No. Reflections
Rwork/ Rree (%)
Overall B Factor (A%
No. atoms / residues
(1 monomer per asymmetric unit)
Protein (PhrA)

Expression Tag

BESSY II, BL14.1
A=0.91842 A

P3,21

81.87 81.87 195.95
90.0, 90.0, 120.0
34.40 - 1.67
(1.76 — 1.67)°
0.085 (0.932)
0.030 (0.327)
13.7 (2.3)
100.0 (100.0)
9.2 (9.0)

21.5

34.40-1.67
84703

15.6 /18.0
30.1

4650 / 482

3913 /478

25/4
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2 Crystal structure of PhrA

Others:
Water 548 / 547
Flavin-adenine dinucleotide 53/1
(FAD)

5,10-Methenyl-6,7,8-
trihydrofolic acid (MTHF) 33/1

Sulfate ion (SO4)

2-Amino-2-hydroxymethyl- 70/14
propane-1,3-diol (Tris-buffer) 8/1
R.m.s" deviations
Bond lengths (A) 0.008
Bond angles (°) 1.23
Ramachandran plotc|
% favoured 97.5
allowed 2.5
outlier 0.0

One crystal was used; b highest resolution shell is shown in parenthesis; “R.m.s, root mean
square; 4 Ramachandran plot created by RAMPAGE (Lovell et al., 2003) using the

Richardsons' data.
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2 Crystal structure of PhrA

2.1.3 Sequence analysis.

All the representative sequences for the involved sub-families of CPF in this study were
selected according to the former phylogenetic study, based on which CPD |11 photolyase was
discovered (Partch, 2006). All the selected sequences were retrieved from public databases
via the National Center for Biotechnology Information web site (www.ncbi.nlm.nih.gov).
Multiple sequence alignments were performed with ClustalX 2.0.12 (Thompson et al., 2002)
and Clustalw2 (http://www.ebi.ac.uk/Tools/clustalw2/index.html).

2.1.4 Site directed mutagenesis.

Site-directed mutagenesis of were carried out according to the QuikChange protocol
(Stratagene, La Jolla, CA) as described by the supplier. The primers (Table 2.2) for mutation
experiments were synthesised from GATC Biotech AG (Konstanz, Germany). The
correctness of mutant sequences was confirmed by DNA sequencing. The expression and

purification protocols are same as for the wild type (WT) PhrA.

2.1.5 UV-Vis spectroscopy analysis and protein photoreduction.

UV-Vis spectral measurements of recombinant proteins were performed with a Jasco V550
photometer. The overall spectra were measured immediately after purification. 24 h
incubation in darkness at 4 °C were performed to oxidise the FAD chromophore. Thereafter,
10 mM DTT was added and photoreduction was conducted at 10 °C. The light source for
photoreduction consisted of blue light emitting diodes HLMP-HB57-LMC (Avago
Technologies, Boeblingen, Germany) with a maximum emission wavelength of 470 nm and a
light intensity of 55 pmol m? s™. Spectra were measured 1, 2, 3, 5, 7, 10, 15, 20, 25, 30, 35,
40, 45, 50, 55, 60, 70, 80, 90, 100, 110 and 120 min after onset of the light.
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2 Crystal structure of PhrA

Table 2.2 Mutants generated by site-directed mutagenesis. Primer sequences are given in

the second column; the mutated sites are underlined.

Mutant Primer soluble or insoluble (14°C
expression)

WT soluble

fw: 5’ -GCGTCCAATGCCGCCAACGCGCAATGGGTGGCAGG-3" insoluble
W384A

rew: 5’ -CCTGCCACCCATTGCGCGTTGGCGGCATTGGACGC-3"

fw: 5’'-GCGTCCAATGCCGCCAACTTCCAATGGGTGGCAGG-3’ soluble
W384F

rew: 5’ -CCTGCCACCCATTGGAAGTTGGCGGCATTGGACGC-3’

fw: 5’ -CCTTCAAGGCCGCGACGCGCGGCATGACGGGTTACCC-3" insoluble
W318A

rew: 5’ -GGGTAACCCGTCATGCCGCGCGTCGCGGCCTTGAAGG-3"

fw: 5’ -CCTTCAAGGCCTTCACGCGCGGCATGACGGGTTACCC-3" soluble
W318F

rew: 5’-GGGTAACCCGTCATGCCGCGCGTGAAGGCCTTGAAGG-3'

fw: 5’ -CTGCTGATCGACGCGCGGAAGGGCGAGAAGTGG-3" soluble
W361A

rew: 5’-CCACTTCTCGCCCTTCCGCGCGTCGATCAGCAG-3'

fw: 5’ -GGAAGGGCGAGAAGGCGTTTCGCGATACGCTCGTCGATGC-3" soluble
W367A

rew: 5’-GCATCGACGAGCGTATCGCGAAACGCCTTCTCGCCCTTCC-3"

fw: 5’ -CCCACCAAGCCGGACGCGGCAAAGGATTTCAGCG-3" soluble
W196A

rew: 5’ -CGCTGAAATCCTTTGCCGCGTCCGGCTTGGTGGG-3"

fw: 5’ -CGGCATGCGGCAATTGGCGCAACATGGCACCATGC-3" soluble
W336A

rew: 5’ -GCATGGTGCCATGTTGCGCCAATTGCCGCATGCCG-3’

fw: 5’ -CGACAGTTTCGACGCCTTTTCCGCGCGGGACGATG-3" soluble
W308A

rew:5’ -CATCGTCCCGCGCGGAARAAGGCGTCGAAACTGTCG-3"
W308F/ W361F soluble
W308A /W367A insoluble
W308F/W367F soluble
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2.2 Results and Discussion

2.2.1 Crystallization of PhrA

Primary crystallization screening for PhrA yielded 2 hits within 1 week at 277 K, while no
hit found at 298 K. Under the first condition, 2 M ammonium sulfate was used as precipitant
and 2 M sodium chloride as additive. This combination yielded needle-shaped yellow
crystals (Fig. 2.1A) which stopped growing after 1 week (Fig. 2.1B). The second
combination contains 3 M ammonium sulfate and 10% glycerol. The rectangular-like yellow
crystal had obvious defects as indicated by cracks on the surfaces (Fig. 2.1C). Increasing the
time of growth showed that the crystals consist of numerous bundled thin strips (Fig. 2.1D),

which are not suitable for X-ray diffraction data collection.

Subsequent optimization was performed based on the clues obtained from the primary screen.
Firstly, ammonium sulfate is the most promising precipitant as it is contained in both
solutions where crystals grew. Secondly, sodium chloride tends to produce needle crystals
since the crystals that grew without sodium chloride are obviously bigger. Thirdly, PhrA
protein seems more stable at low temperature as no hit was found at 298 K. Finally, glycerol

also seems good for PhrA stabilization and crystallization.

As for the first condition (2 M ammonium sulfate 2 M sodium chloride), the drop size, the
concentration of precipitant, additive or protein and the pH of solution were varied. These
variations either changed the size of needle crystals or led to the disappearance of crystals but
no improvement for the quality of crystals shape. For the second condition (3 M ammonium
sulfate and 10% glycerol), the concentration of precipitant and the pH of solution were varied.
In this case, there was also no improvement of the crystal quality. Interestingly, the best
shaped crystals were obtained from exactly the original conditions after increasing the drop
size 2 times (Fig. 2.2). Under these conditions, the yellow rectangular PhrB crystals appeared
within one week and grew to their final size of about 0.08 x 0.1 x 0.2 mm?® after 3 weeks.
Such PhrA crystals were directly flash frozen in liquid nitrogen for subsequently X-ray
diffraction data collection.
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2 Crystal structure of PhrA

Fig. 2.1. Crystals from 2 hits in the primary screen. The protein concentration was always

11 mg/mL and the temperature 277 K. Drops were set after mixing 2 pl protein solution and
2 ul reservoir solution. (A) and (B) Crystals were grown in 2 M ammonium sulfate as
precipitant and 2 M sodium chloride, for 1 week and 2 weeks incubation, respectively. (C)
and (D) Crystals were grown in 3 M ammonium sulfate and 10% glycerol for 1 week and 4

weeks respectively.
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S0 pym

Fig. 2.2. Crystals that grown from the 3 M ammonium sulfate and 10% glycerol condition.
Protein concentration is 11 mg/ml. Temperature is 277 K. Drops are set by mixing of 4 ul
protein solution and 4 pl reservoir solution. (A) Crystals in the mother liquid. (B) Crystal

mounted and frozen in a 0.3 mm loop at 100 K.
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2.2.2 Overall structure of PhrA

The best crystals diffracted with a resolution of 1.67 A and the structure of PhrA was solved
by molecular replacement using the crystal structure of A. thaliana Cryl (Arath-Cryl, PDB
entry 1U3C) as initial search model. The atomic model contains 482 residues (aa 2-478 plus
5 residues of the N-terminal tag) that reveal a typical overall fold of CPF proteins (Fig. 2.3).
The structure of the plant cryptochrome Arath-Cryl matches best with PhrA (rmsd = 1.8 A),
in accordance with phylogenetic studies in which both proteins belong to sister groups.
Structures with the second and third best matches are from A. nidulans photolyase (Anani-PL,
PDB entry 1TEZ, rmsd = 1.9 A) and E. coli photolyase (Escco-PL, PDB entry 1DNP, rmsd =
2.2 A), Structures of other CPF members yielded rmsd values between 2.2 and 3.8 A. The N-
terminal o/ domain (residues 2-130) and the C-terminal helical domain (residues 208-478)
are connected via a long loop of 77 amino acids (residues 131-207). The U-shaped catalytic
chromophore FAD is deeply buried in the center of the protein within the helical domain, as
in other CPF proteins. Structure determination showed that the antenna cofactor of PhrA is
MTHF, as proposed by UV-Vis spectrometry (Oberpichler et al., 2011).
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2 Crystal structure of PhrA

Inter domain loop U MTHF

Fig. 2.3. Overall structure and cofactor arrangement of PhrA. The ribbon representation
shows the a/B subdomain (green) and the helical subdomain (blue) connected by a long
inter domain linker (orange). The cofactors MTHF (magenta) and FAD (yellow) are

illustrated in ball-and-stick representation.
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2.2.3 MTHF binding in PhrA

In Escco-PL and Arath-Cry3, MTHF is bound to the same site within a groove at the surface
of the protein, around 17 A away from FAD. In those cases, MTHF is coordinated by amino
acids from helices a2, a5, and a14 (Huang et al., 2006; Klar et al., 2007; Park et al., 1995).
The PhrA crystal structure reveals a different MTHF binding site in which MTHF is 19 A
away from FAD (Fig. 2.4A) and located on the opposed side relative to the isoalloxazine ring
of FAD. The angle that is formed between the conjugated ring system of MTHF and the
isoalloxazine rings of FAD is similar to that of Escco-PL. Thus, MTHF of PhrA serves
equally well as antenna chromophore for light capture and Forster energy transfer to FAD(H).
The binding pocket is formed by helices a2, a7, al5, al7 and one loop that connects helix a6
and o7. Nine amino acids, Ala50, Pro194, Trp196, Phe200, Leu 335, Trp336, Gly339,
Asp370 and Thr371, interact with MTHF (Fig. 2.4B). The backbone carbonyl groups of
Leu335, Trp336, Asp370 and Thr371 form hydrogen bonds with nitrogen atoms of the pterin
ring system. Trp196 and Trp336 side chains interact by n-stacking with MTHF: their ring
systems are located at 3.5 A distances on both sides of the pterin-imidazole ring system. The
conjugated systems of both Trp residues are aligned parallel to that of MTHF. Ala50, Phe200
and Gly339 form additional hydrophobic interactions with the ring system of MTHF. The
benzyl/glutamic acid end of MTHF reaches out of the pocket, as the MTHF cofactor of other

photolyases, and is stabilized from one side by a hydrophobic interaction with Pro194.

The n-stacking interaction is exceptional for chromophores in the CPF family. We therefore
tested the role of either Trp by site-directed mutagenesis. The spectra of purified W196A and
W336A mutants are devoid of the strong 380 nm absorption characteristic for MTHF which
is found for the wild type protein or other mutants and resemble those of free oxidized FAD
(Fig. 2.4C). Thus, both Trp residues are required for efficient interaction. The W196A and
W336A mutants do either not bind MTHF or bind MTHF weakly so that it is lost during
purification. As expected, the PhrA MTHF binding pocket could not be found in the structure
of Escco-PL (Park et al., 1995) or other photolyase structures.
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Fig. 2.4. MTHF binding sites of PhrA and other MTHF binding CPFs. (A) MTHF
chromophores of MTHF binding CPFs after superpositioning of the proteins. PhrA is
illustrated in ribbon representation. FAD and MTHF of PhrA, E. coli CPD photolyase (Escco-
PL, PDB entry 1DNP) and A. thaliana Cry3 (Arath-Cry3, PDB entry 2VTB) are drawn as sticks.
(B) MTHF binding in PhrA. Potential hydrogen bonds or van der Waals contacts are shown in
dashed lines. The MTHF interacting amino acids are drawn as sticks. (C) UV-Vis spectra of
wild type PhrA and the mutants W196A and W336A. (D) Superposition of PhrA and A.
thaliana Cry1, (Arath-Cry1, PDB entry 1U3C), MTHF cavity. Protein backbones of PhrA and
Arath-Cryl are drawn as ribbon in green and gray, respectively. MTHF of PhrA and the

potential MTHF interacting amino acids of Arath-Cry1 are drawn in sticks.
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2.2.4 MTHF binding in CPD Il Photolyase

To investigate the conservation of MTHF binding site in CPD Il photolyase, we aligned 35
members, based on which the phylogenetic studies led to the definition of class Il
photolyases (Partch, 2006). Except Phe200 and Pro194, the MTHF coordinating residues are
conserved to 80%-97% (Table 2.3). The two =m-stacking residues, Trp196 and Trp336 are
conserved in 33 and 32 of the 35 sequences, respectively. In photolyases gb ABA78296 from
Rhodobacter sphaeroides and gb AAV95194 from Ruegeria pomeroyi, Trp196 is replaced by
Arg and Trp336 by Phe and Tyr, respectively; in photolyase gi 53686955 from Nostoc
punctiforme, Trp336 is replaced by Asn. Three class III representatives thus have only one 7-
stacking amino acid (Trp, Tyr or Phe). The results of our W196A or W336A mutants of PhrA
described above suggests that these proteins have either lost their capacity to attach MTHF or
that they bind MTHF with a lower affinity. To this end, we propose that the other 31 CPD IlI

photolyases incorporate MTHF in the same tight manner as PhrA.

Table 2. 3. The conservation of the MTHF interacted residues of PhrA in CPD Ill, CryDASH
and CPD | subfamilies. 35 CPD Il members, 22 PlantCry members, 85 CPD | and 15 CryDASH

o-n

members were used for conservation analysis. indicates that there is no residue at the
homologous position. Percentages show the degree of conservation. Amino acids that can

also appear at the same position are given in brackets.

PhrA

A50

P194

w196

F200

L335

W336

G339

D370

T371

CPDIII

A97%(V)

P71%(G,N,1)

W94%(R)

L51%

L94%(M)

W91%(N,F,Y)

G100%

D85%(E,N,K)

T80%(C,A,H)

PlantCry

V72%

K77%

5100%

L100%

90%(1,A)

W95%(L)

G100%

D100%

T80%(A,V)

CPDI

F29%

L81%

N47%

Q22%

H24%

CryDASH

V20%

L100%

A26%

T46%

L20%
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2.2.5 Potential MTHF binding site in plant cryptochrome

The question whether plant cryptochromes have an antenna chromophore is not yet settled.
Indirect evidence suggested that purified recombinant Arabidopsis Cryl (=HY4) contains
MTHF (Malhotra et al., 1995), but in other preparations only FAD was present as
chromophore (Brautigam et al., 2004). It therefore seems that plant cryptochromes do not
incorporate an antenna chromophore or that a chromophore binds weakly in vivo which is
then lost during purification. As the sister group of class Il photolyases, plant cryptochromes
might use the same MTHF binding site as PhrA. Indeed, the Escco-PL MTHF binding cavity
is also filled in Arath-Cryl (Brautigam et al., 2004; Park et al., 1995), whereas a groove of
proper size is found at the position of the PhrA MTHF binding pocket. All four hydrogen
bond forming residues including Trp336 are highly conserved in plant cryptochromes and the
hydrogen bond forming atoms are at the same positions in Arath-Cryl. The ring system of
the Trp336 homolog of Arath-Cryl (Trp352) is rotated out of the prospective binding pocket
but a rotation around a C-atom could bring it to the same position as in PhrA. (Fig. 2.4D).
The other m-stacking Trp of PhrA, Trpl96, is replaced by a Ser in plant cryptochromes
(Ser205 in Arath-Cryl). We conclude that MTHF would fit into the pocket of plant
cryptochromes and interact with the protein but that the interaction is weaker than in PhrA.
Whether or not the affinity is high enough to ensure MTHF binding in vivo requires further

investigations.

2.2.6 Two Trp-triads in PhrA

In PhrA, the transition of FAD from the oxidized to the enzymatically active reduced form
has been confirmed as a blue light dependent process in vitro (Oberpichler et al., 2011). In
the "classical" way of photoreduction, electrons are tunneled from the surface via a triad of
three conserved Trp residues to FAD (Oberpichler et al., 2011). PhrA has the same three Trp
residues (Trp308, Trp361 and Trp384), which are located at edge-to-edge distances of 4.4,
4.8 and 4 A to each other and to the isoalloxazine ring of FAD, respectively. The PhrA
crystal structure revealed also a second Trp-triad as a putative electron pathway (Fig. 2.5A),
Trp367-Trp318-Trp384, with edge-to-edge distances of 3.8, 3.8 and 4 A, respectively.
Trp384 is shared by both triads and is at the same time the nearest one to FAD. To
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investigate whether both Trp-triads function as electron pathways for FAD photoreduction,
we mutated each of the involved Trp to Ala or Phe and analyzed photoreduction properties

through UV-Vis spectroscopy.

The wild type and mutant proteins showed bright-yellow color after experiencing the same
purification procedure under aerobic conditions except W384F that had a greenish color.
This color is due to a strong absorption in the 510-560 nm range, which is related to semi-
reduced FAD. All other mutants and the wild type protein showed insignificant absorption in
this range and have spectral characteristic of fully-oxidized FAD (Fig. 2.6A). Apparently,
FAD oxidation in W384F is arrested in the semi-reduced form. For photoreduction assays, all
purified proteins are incubated overnight under oxidative conditions. After this time, the
W384F mutant could also convert into the oxidized state (Fig. 2.6A). Hence, the Trp384 is
required for efficient oxidation.

Photoreduction of the wild type protein as characterized by the loss of absorbance at 450 nm
follows a typical pattern and is almost complete at 50 min after onset of light. Like the wild
type protein, all proteins with a single mutation are capable of photoreduction by blue light in
the presence of DTT (Fig. 2.6B), but the reduction is slower than in the wild type whereas the
initial decrease was very slow in W384F, a mutant in which according to our hypothesis both
pathways are affected by replacement of the shared Trp. The double mutant W308F/W361F
(both amino acids within the classical pathway) is also characterized by an initial delay,
which lasts however only a few minutes. Thereafter, a very rapid reduction was observed.
The double mutant W308F/W367F in which the surface Trps of both triads were exchanged
showed the slowest photoreduction. However, the rate was still not zero and the curve was
again complex. In PhrA mutants, the second component could result from a light induced
protein conformational change that facilitates electron flow. Although these complex
photoreduction pattern are not clearly understood, our results show that both Trp-triads are
required for normal photoreduction. The results also suggest that possibly other pathway
exists, since the W384F mutant and the W308F/W367F double mutant still undergo

photoreduction.
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Fig. 2.5. Trp-triads of PhrA and comparison with other PCF structures. (A) Two Trp-triads in
PhrA. The classical Trp-triad is shown in blue sticks, while the new one is shown in orange
sticks. (B) Superposition of the residues of PhrA Trp-triads with E. coli photolyase (Escco-PL),

A. thaliana cryptochrome 1 (Arath-Cry1) and A. thaliana cryptochrome 3 (Arath-Cry3).
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2 Crystal structure of PhrA

Fig. 2.6. Photoreduction of PhrA. UV-vis spectral properties (A) and photoreduction of PhrA
wild type (WT) and mutated proteins (B). Absorption values at 450 nm were taken from UV-
vis spectra measured at indicated time points upon onset of blue-light irradiation. For each

protein, these values were normalized against the value measured at t= 0 min.
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2.2.7 The unique Trp-triad in other classes of CPF

The classical photoreduction pathway is conserved in all class | photolyases, Cry-DASH
proteins, cryptochromes, eukaryotic (6-4) photolyases and class 11l photolyases. We found
Trp367 and Trp318 of the second electron pathway of PhrA conserved in 34 out of 35
investigated class 111 photolyases. In the one remaining sequence, the surface located Trp367
is substituted by a Tyr. The new Trp-triad is also conserved in 60% of 15 analyzed Cry-
DASH members, including Arath-Cry3 (Fig. 2.5B) (PDB entry 2VTB, Trp415-Trp366-
Trp432). In Escco-PL and Arath-Cryl, Trp318 of PhrA is conserved (Trp316 and Trp366,
respectively), whereas Trp367 of PhrA is replaced by a Tyr residue (Tyr365 and Tyr383,
respectively). Of the 85 and 22 investigated class | and plant Cry members, 57% and 95%
follow the same pattern, respectively. Our above results with PhrA suggest that other CPF
proteins that share the Trp residues of the alternative triad might also have two electron
pathways. Since besides Trp also Tyr can serve as electron transmitter in photolyases (Aubert
et al.,, 1999; Aubert et al., 2000), also those CPF members in which one of the Trp is
replaced by Tyr might have a second functional electron pathway. Photolyase mutants in
which Trp residues of the classical pathway are replaced are usually characterized by a
reduced or completely blocked photoreduction. These results speak for one pathway only.
However, the alternative pathway could be active in vivo. The Escco-PL W306F mutant in
which the classical pathway is blocked can repair DNA in vivo (Kavakli & Sancar, 2004).
Based on these experiments it has been proposed that photoreduction is not required for in
vivo function and that FAD of photolyases is always in the reduced state, due to the redox
properties inside the cell. However, if a second pathway is present, these data can be
interpreted in a different way. It could be that during DNA repair (which involves an electron
cycle between FADH™ and DNA) electrons are leaking out and that FADH must be reduced

with electrons from the surrounding medium via one of the triads.
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2.2.8 Darkness bleach of MTHF in PhrA mutants

The mutated proteins reveal bleaching of MTHF absorption bands in the 370-420 nm range
during 24 hours dark incubation, while the wild type protein shows only negligible UV-Vis
spectral changes (Fig. 2.6). Except W367, which is located 6.2 A away from the MTHF, all
other mutated tryptophans are more than 10 A away from MTHF, excluding a direct impact
on the chromophore (Fig. 2.7). Interestingly, the W308 and W381 as the two farthest located
ones showed the most significant darkness bleach among all tryptophan mutants (Fig. 2.6).
The fact that W318A and W384A are insoluble while W318F and W384F are soluble clearly
hints to a structural importance of these residues. In contrasts to the MTHF bleach of
photolyases under strong light condition (Hammalvarez et al., 1989; Heelis et al., 1987,
Moldt et al., 2009), the MTHF bleach of PhrA mutants occurred in darkness which is very
likely arisen from the degradation of MTHF. The stability of MTHF in mutants is obviously

decreased due to the mutation caused structural changes.
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Fig. 2.7. The edge-to-edge distances between the Trp-Triads consisting tryptophans and
MTHF.
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2.2.9 Surface charge of PhrA

Consistent with other photolyases, PhrA possesses a positive surface charge at the FAD-
accessing cavity region (Fig. 2.8). The predominantly negatively charged surface of plant
cryptochromes at this region is one of the main causes for their missing DNA binding and
repair capacity. The surface property of the cavity is defined by twelve residues , which
differ between Arath Cryl and photolyases (Brautigam et al., 2004). Also, the FAD-
accessing cavity of Arath-Cryl is more commodious than that of photolyases or CRY-DASH
(Huang et al., 2006; Klar et al., 2007; Mees et al., 2004; Park et al., 1995). Although PhrA is
closely related to plant cryptochromes, the surface of the FAD-accessing cavity is positively
charged, in line with that of Escco-PL, Anani-PL and Arath-CryDASH. Six out of the twelve
residues are strictly conserved in PhrA, Escco-PL and Anani-PL but different in Arath-Cryl
(Fig. 2.8D). The positive charge in PhrA is related to Asn343 and GIn406. At these positions
Arath-Cry has negatively charged Asp393 and Glu422 residues. Thus, despite the close
relationship between PhrA and Arath-Cryl, the surface in the FAD cavity of PhrA is more
similar to that of other photolyases, with which it shares the common function. The change of
surface charge properties must be closely related to the functional change from photorepair to

photoreceptor.
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Fig. 2.8. Surface charge of PhrA and comparison with E. coli photolyase and A. thaliana
cryptochrome 1. Electrostatic surface potentials were calculated using the program APBS
with the non-linear Poisson-Boltzmann equation and contoured at +/- 5kT/e. Negatively and
positively charged surface areas are colored in red and blue, respectively. (A) Electrostatic
surface representation of PhrA. (B) Electrostatic surface representation of E. coli photolyase
(1DNP). (C) Electrostatic surface representation of A. thaliana cryptochrome 1 (1U3C). (D)
Superposition of PhrA, E. coli photolyase and A. thaliana cryptochrome 1. A transparent
mode was selected for the PhrA surface. FAD and the 12 residues that are important the

properties of FAD-accessing cavities are shown as balls-and-sticks.
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2.2.10 Putative DNA lesion-binding mode in PhrA

In class | photolyases, six conserved residues (Arg232, Glu283, Trp286, Asn349, Met353
and Trp392 of Anani-PL) (Fig. 2.9A) (Mees et al., 2004), form the majority of the concave
surface of the CPD-binding cavity and interact directly with the CPD lesion. These amino
acids are identical in Anani-PL and PhrA (Trp 230, Met 277, Trp 280, Arg 343, Met 347 and
Trp386) and almost all have the same spatial orientation. Only the aromatic side chain of
Trp386 is rotated away from the putative CPD lesion; its NE1 atom interacts with Argl47
and Asp393 via a water molecule WAT1129 (Fig. 2.9 and 2.10). Trp392 of Anani-PL forms
a van der Waals contact with the methyl group of one of the thymines. When the homologous
Trp384 in Escco-PL was mutated to Phe, the catalytic activity was decreased 100 fold (Li et
al., 1991). Arath-Cry3 has a Tyr (Tyr434) at the homologous position. The side chain of this
Tyr is also moved away from the lesion site and forms a direct interaction with Asp441 (of
Arath-Cry3) (Huang et al., 2006). In the presence of damaged DNA, this side chain rotates
towards the lesion and forms a close interaction (Klar et al., 2007). The side chain of Trp386
in PhrA is located at about the same position as that of Tyr434 in Arath-Cry3 although both
aromatic planes are almost perpendicular to one another. Nevertheless, Trp386 of PhrA could
rotate to the functional position as the Tyr434 of Arath-Cry3 does upon the DNA substrate
binding as outlined in Fig. 2.9B. Given the structural conservation within each CPF

subfamilies, this “rotate and bind” mode probably occurs in other CPD I11 members.
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A

M353 W392 Anani-PL

Rotamer-W386 PhrA
Y434 Afatlﬂ—Ct’yé (2\/TB)
Fig. 2.9. Putative CPD lesion binding of PhrA. (A) Superposition of the six residues that
directly interact with the CPD lesion. DNA is shown in the cartoon mode. The TT-dimer is
shown in the ball-and-sticks mode in yellow color. Amino acids are also shown in the ball-
and-sticks mode. (B) Potential rotamer of W386 (drawn in blue) that could interact with the

CPD lesion in the same manner as W392 of Anani-PL.
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Fig. 2.10. Hydrogen bonding network of Trp386 in PhrA. The NE1 atom of Trp386 interacts
with Argl47 and Asp393 via a water molecule WAT1129. PhrA is shown in green (ribbon
model). Trp386 (colored in pink), Arg147, Asp393 (colored in blue) and FAD (colored in

yellow) are shown as sticks.
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3 Function and crystal structure of PhrB

3.1 Materials and Methods

3.1.1 PhrB protein purification and crystallization

Recombinant His-tagged PhrB protein was expressed in E. coli and purified via Ni-affinity
chromatography and size-exclusion chromatography as described and used for crystallization
(Oberpichler et al., 2011) at concentrations of 4-6 mg/ml under dim light conditions or in
darkness. Crystallization screens were carried out by the sparse matrix method (Jancarik &
Kim, 1991) in a sitting-drop vapour diffusion approach testing more than 1,000
crystallization conditions at 277 K and 298 K in 96-well MRC plates. Promising conditions
were systematically screened further by changing protein concentration, pH and the
concentration of precipitation agents. After optimization, crystals were grown by hanging
drop vapour diffusion at 298 K in 24-well Linbro plates. Each hanging drop was prepared on
a siliconized glass plate by mixing 5 pl PhrB with 5 pl reservoir solution. The protein
solution contained 125 mM tris (hydroxymethyl) amino methane, 1.25 mM
ethylenediaminetetraacetic acid, 2.5 % glycerol, 75 mM sodium chloride, pH 7.8. The
reservoir solution contained 2-6 % polyethylene glycol 400, 100 mM 2-(N-morpholino)
ethanesulfonic acid buffer, pH 6.0. The obtained PhrB crystals were flash frozen in liquid
nitrogen after cryosoaking with 4 M trimethylamine N-oxide for a few minutes (Mueller-
Dieckmann et al., 2011).

3.1.2 Structure analysis (Structure determination and refinement was done in
cooperation with Patrick Scheerer and Norbert KrauR)

Diffraction data collection was performed at 100 K using synchrotron X-ray sources at ESRF,

Grenoble, France, and BESSY II, Berlin, Germany. Best diffraction of anomalous and native

data were collected at beamline BL 14.2 at BESSY Il / Helmholtz Zentrum Berlin fir

Materialien und Energie with an MAR-225CCD detector at A= 1.7409 A and A= 0.91841 A,

respectively. All images were indexed, integrated and scaled using the XDS program
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package (Kabsch, 2010) and the CCP4 program SCALA (Bailey, 1994; Evans, 2006). The
single-wavelength anomalous dispersion (SAD) dataset at A= 1.7409 A (peak) was collected
to 1.95 A resolution. Initial experimental phases were determined to 1.95 A resolution by the
SAD method based on this dataset by using SHELXC/D (Sheldrick, 2008) and a beta version
of SHELXE (Sheldrick, 2010) to solve the iron-atom substructure. Substructure solution with
SHELXD was successful for space group P2:2:2, yielding 4 iron sites (with occupancies
greater than 0.62). With this solution a mean figure-of-merit of 0.640 was obtained after
initial phasing, polyalanine-chain tracing and density modification with SHELXE (Sheldrick,
2010) (that increased to 0.770 after density modification with the program DM (Emsley et al.,
2010) Subsequent steps of crystallographic refinement, consisting of torsion angle molecular
dynamics, simulated annealing using a slow-cooling protocol and a maximum likelihood
target function, energy minimisation, and B-factor refinement by the program CNS (Brunger
et al., 1998) were carried out using a high resolution native data set in the resolution range
19.95-1.45 A. After the first round of refinement, the [4Fe-4S] cluster, the FAD and 6,7-
dimethyl-8-ribityl-lumazine were clearly visible in the electron density of both oa - weighted
2F, — F. maps, as well as in the oa - weighted simulated annealing omitted density maps. The
electron density map was readily interpretable, and the phases were input for initial
automated model building using ARP/WARP 7.0.2 (Langer et al., 2008). Restrained,
individual B-factors were refined and the crystal structure was finalised by the CCP4
program REFMACS5 and CCP4 (Bailey, 1994) and PHENIX (Adams et al., 2010). The final
model has agreement factors Ryree and Reryst OF 18.0 % and 13.8 %. Table 3.3 summarises the
statistics for crystallographic data collection and structural refinement. Manual rebuilding of
the PhrB model and electron density interpretation was performed after each refinement
cycle using the program COOT (Emsley & Cowtan, 2004) and WHAT_CHECK (Hooft et al.,
1996). Potential hydrogen bonds and van der Waals contacts were analysed using the
programs HBPLUS (McDonald & Thornton, 1995) and LIGPLOT (Wallace et al., 1995). All
crystal structure superpositions of backbone a carbon traces were performed using the the
DALI server (Holm & Rosenstrom, 2010). The PhrB structure was analyzed for salt bridges
utilizing the WHAT IF server (Rodriguez et al., 1998) Electrostatic surface potentials were

calculated through solution of the Poisson-Boltzmann equation using the program APBS
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(Baker et al., 2001). All molecular graphics representations were created using PyMOL
(DeLano, 2002)

3.1.3 Analytical HPLC

An Agilent 1200 Series HPLC system managed by Chem Station Software, equipped with a
DAD detector (Agilent, Waldbronn Germany) and a Nucleosil 100-5 analytical column (250
x 4.6 mm, Macherey and Nagel, Duren Germany) was used for analysis of organic cofactors.
For DNA analysis the same system with a Nucleodur 100-3 column (250x4.0mm, Macherey

and Nagel, Duren Germany) was used.

A protocol established for CryB (Hendrischk et al., 2009) was used for analyses of organic
cofactors: Purified PhrB was mixed with 7.2 % trichloroaceticacid followed by 1 h shaking at
100 rpm on ice, and then mixed with 5 % (v/v) of 0.1 % formic acid (HCO.H) in acetonitrile
(ACN) and 0.35 mM NaOH (final concentrations). The mixture was centrifuged at 13,000 g
for 10 min, and the supernatant was analyzed by HPLC. Synthetic 6,7-dimetyl-8-ribityl-
lumazin (DMRL, a generous gift of Prof. Bacher) and FAD were used as references. Eluting
buffers of HPLC were buffer A (0.1% HCO,H in ACN) and buffer B (0.1% HCO;H in H,0).
After injection of 10 pl sample, separation was achieved at 298 K and a flow rate of 1 ml/min;
a 5 min isocratical run with 95% (v/v) of buffer B was followed by a gradient from 95-25%
buffer B in 20 min. Elution was monitored at 264 nm and UV-Vis spectra of were

automatically recorded.

For the (6-4) photoproduct repair assay, HPLC was conducted as described (Glas et al.,
2010). The UV-damaged DNA (GCGGT(6-4)TGGCG paired with TCGCCAACCGCT (100
pmol/L)) were dissolved in repair buffer (50 mM Tris/Cl, 100 mM NaCl, 5 mM DTT, 1 mM
EDTA, 5 % glycerol, pH 7.5) and incubated with PhrB (300 pmol/L in repair buffer). The
reaction mixture was irradiated with a 405 nm light emitting diode (GB333UV1C/L1, Farnell
Diodes) at an intensity of 40 umol m? s; controls in which (6-4)PP was incubated with
PhrB in darkness were performed in parallel. The reaction was stopped by heating to 368 K
for 10 min and the sample was centrifuged at 13000 g for 10 min. The supernatant was

subjected to HPLC. For comparison, untreated (6-4) photoproduct mixing with undamaged
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DNA was processed analogously. Eluting buffers of HPLC were buffer C (0.1 M TEAA
(triethylammonium acetate) in H,O) and buffer D (0.1 M TEAA in H,O/ACN 20/80). The
gradient was 0-17 % buffer D in 60 min with a flow rate of 0.5 mL/min. Elution was
monitored at 260 nm and 325 nm. Based on the elution retention time and UV-Vis spectral
properties, the (6-4) photoproduct and repaired or undamaged DNA can easily be
distinguished.

57



3 Function and crystal structure of PhrB

3.2 Results and Discussion

3.2.1 Function of PhrB

Our previous repair assay for PhrB failed to detect either CPD photolyase or (6-4) photolyase
enzymatic activity in vitro (Oberpichler et al., 2011). However, while the CPD repair assay
result was reliable since PhrA as a CPD 11l photolyase could be clearly confirmed through
that repair assay, the results of the (6-4) photoproduct repair assays were not conclusive
because of the uncertain reproducibility, which might be attributed to two main reasons.
Firstly, the yield and purity of the (6-4) photoproduct substrate was poor. The (6-4)
photoproduct was prepared through UV-C irradiation without experiencing any further
purification. This together with other yet unknown factors might lead to a low efficiency of
the repair. Secondly, the UV-Vis spectroscopy that was used for monitoring of the repair
assay could not meet the requirement of the low repair efficiency. Therefore the previous
work could only claim that no (6-4) photoproduct repair activity was detected under the
investigated conditions rather than clearly supporting or denying the (6-4) photoproduct

repair activity of PhrB.

To investigate whether PhrB could function as a (6-4) photolyase with trustable accuracy, we
then used highly purified single stranded or double stranded DNA oligonucleotides with a (6-
4) lesion as substrates and performed an enzyme assay (Glas et al., 2010). As shown by the
HPLC analysis, in the ssDNA (6-4) photoproduct repair assay, 60 and 120 min incubation
with PhrB led to the conversion of about 5% and 15% into normal DNA, respectively (Fig.
3.1A). In the dsDNA (6-4) photoproduct repair assay, after 5 and 15 min incubation with
PhrB, about 20% and 80% of substrate were converted into normal DNA, respectively
(Fig.3.1B). PhrB thus repairs both ssSDNA and dsDNA in a blue light and irradiation time
dependent manner, in line with activity studies for eukaryotic (6-4) photolyases (Sancar,
2004). We have thus shown that PhrB is a (6-4) photolyase and that prokaryotes are also to
repair (6-4) photoproducts by photolyases.

PhrB showed much higher repair efficiency for dsDNA than for sSDNA under the same
condition indicating that the complementary strand could improve the PhrB repair efficiency

through enhanced recognition or binding. However, more detailed conclusions can only be
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drawn after more quantitative experiments on repair efficiency with single strand and double

strand DNA are performed.
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Fig. 3.1. HPLC analysis of PhrB DNA repair assay. (A) HPLC analysis of PhrB (6-4)
photoproduct repair assay with single stranded DNA. The "Standard" is a mixture of
damaged DNA with a TT (6-4) lesion and undamaged DNA (black dotted line). In the other
samples, damaged DNA was incubated with PhrB for 60 and 120 min under blue light (BL,
purple and magenta lines, respectively) or 60 min in darkness (orange line). Thereafter, DNA
was separated from the protein and subjected to HPLC. (B) HPLC analysis of PhrB (6-4)
photoproduct repair assay with double stranded DNA. The "Standard" is a mixture of
damaged DNA with a TT (6-4) lesion and undamaged DNA (black dashed line). In the other
samples, damaged DNA was incubated with PhrB for 5 and 15 min under blue light (BL, blue
and red lines, respectively) or 15 min in darkness (green line). Thereafter, DNA was

separated from the protein and subjected to HPLC. (C) Spectra from the repair assay with
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single stranded DNA under blue light for 120 min. (D) Spectra from the repair assay with
double stranded DNA under blue light for 15 min.

3.2.2 Function of FeS-BCPs

Our latest phylogenetic studies showed that PhrB belongs to a newly designated sub-family
of CPF whose members are widely distributed in prokaryotes (Oberpichler et al., 2011). In a
Uniprot-KB BLAST survey we found 462 bacterial and archaeal PhrB homologs (FeS-BCPs)
(Table 3.1), which form a group distantly separate from other CPF subfamilies. In the
catalytic region between amino acids 276 and 474 that encompasses the FAD binding and
DNA binding regions, residues are highly conserved. Therefore we propose that most if not
all FeS-BCP members are (6-4) photolyases. This hypothesis is supported by our further

structural studies.

Surprisingly but interestingly, a latest published study on another FeS-BCP member called
CryB from Rhodobacter sphaeroides showed no in vitro DNA repair activity (Geisselbrecht
et al., 2012). Although there is a 4 residues deletion in the protein linker region, CryB shares
66% of sequence similarity with PhrB (Fig. 3.2). Besides this, several other features are in
support of a same function of CryB as PhrB: the protein is required for full in vivo
photorepair in R. sphaeroides (Hendrischk et al., 2009), as is PhrB in A. tumefaciens
(Oberpichler et al., 2011). The surface charge and DNA binding properties of CryB
(Geisselbrecht et al., 2012; Hendrischk et al., 2009) are also compatible with DNA repair
activity. We thus reasoned that the negative result of the CryB DNA repair assay might arise

from inappropriate in vitro conditions.

Meanwhile, on the other hand, there are evidences from previous studies supporting
photoreceptor function for PhrB and CryB (Geisselbrecht et al., 2012; Hendrischk et al.,
2007; Hendrischk et al., 2009; Oberpichler et al., 2011). Consequently, one could not
exclude that CryB and PhrB and their homologs also have the cryptochrome function besides
the (6-4) photolyase function. The iron-sulfur cluster, which distinguishes PhrB and its

homologs from other CPF members, might be required for the possible dual function.
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Table 3.1. List of the accession codes of PhrB homologs. Sequences were identified by

BLAST in the Uniprot/KB database using default values. All entries with an E-value < 10 were

selected; sequences with < 400 amino acids were discarded. Besides one viral and one

eukaryotic entry, all sequences are from prokaryotes.

C1FSW1_ACIC5

B4V0S3_9ACTO

A5PBY1_9SPHN

B9KWA9_RHOSK

A4COK4_9FLAO

E6VB64_VARPD

E8WYU4_ACISM

B5GIH2_9ACTO

QOG5E4_9RHIZ

F3U3L2_RHOSH

A2UOA7_9FLAO

A2SHH4_METPP

C7M2C5_ACIFD

DOUEU9_9ACTO

A9D5J0_SRHIZ

B6AXP8_9RHOB

Q1VSI9_9FLAO

D7DKP6_METSO

E2SE89_9ACTO

F3ZAK4_SACTO

QOC2A4_HYPNA
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Hil N EEER IR1N IR 1}

M--L-L-LGDQLS----AL---D---D--V--EVM-E--YV-HH--KIA-1--AMR-FA-

61 ELRGEGYRVR IBBABNAGSF TGEVKRANIDBL TPSRII CVTEPG VRSEMDGFAGAF 120

61 RLQERGFRVA LDDPDITGPS | GAELLRRAAEITEGAREAVATRPG LI EALEAMP- - - 117
-L---G-RV-Y-R-DD-D---8---E--R

121 @1laVDfiiRsBRRFLs s HEEF rRNiA ACRKs LTIV GLLMNGEGP VGG FBA 180

118 - LPVRELP FLCPADEFARWTEGRKQLRM GLLMEGDEPAGG FDT 176

---V----D-RFL----EF--W--GRK-L-ME-FYREMRR-TGLLM- G- - P- GG-WNFD -

181 .QPARPIL LIPrPVFAPIK [ TIEV | ITVIRL FPDNFGILENFGFAVTITIAEIALSA 240
177 kKPAAPDLLRPRPLRFEPDAE VREAVLDL VEARFPRHFGRLRPEHWATDRAEAL RALDH 236

ENR-PA-PDLLRP----F-PD----- V-D-VE--FP--FG-L--F--A--R--A-RAL--
241 FIDBrLENFEA TEBBAML cBBP NENFASLLEF YINCEL L DALBVERARERANHECEAPLNAY 300
237 FIRESLPRFGDEQDAML ADDPFLSHALLSSSMNLGLLGPMEVCRRAETEWREGRAPLNAV 296

HIIENIININ B IEm

Fl---L--FG--QDAML-DDP-L-H-LLS---N-GLL----VC--AE----EG-APLNAV
301 EGFIRQI 16 MRG | ¥wiL AGPBY VDENFFENDRSLPVFNNT EKFHMNEMAK VT TER | B 360
297 EGF IRQILG VRG IWTLSGPDY I RSNGLGHSAALPPL KPTRMACLSAAVAQTRD 356

EGF IRQIl - GWREY-RGI - -L-GPDY--SN------ - LP--YW---T-M-C-------
361 NAIA.I.LM I IGIFAL LAGI IPKAVIR“L EVIAIA‘:VIL PIV [ GM.F AIGGF LG 420
357 LAYAHH I QRLMVTGNFALLAGVDPAEVHEWYLSVY IDALEWVEAPNT | GMSQF ADHGLLG 416

-AYAHHI QRLM- TGNFALLAG-DP--VH-WYL-VY-DA-EWVE-PN-|GMSQFAD-G-LG

421 PYAASGNY | NRM CDTCRYDP LGDNACPFNAL DFLARNREKLKS L AQP 480
417 PYVSSGAX | DEM CRGCANAV TGPRACPFNLL HELNEHEARFERNPRMVQM 476

-KPY--SG-Y|-RMSDYC--C-Y--K-R-G--ACPFN-LYW-FL-R-R----- N-R- - Q-

481 ¥ATWA D\f DLRAKAAAFLRELDAAALE 512

477 ¥RIWD ARVLTEAEAFLGRLHAGEPRV 508
Y-TW-RM-E- -R--- - - - A-AFL--L-A----

Fig. 3.2. Sequence alignment of PhrB and CryB. The alignment was performed with ClustalX

2.0.12 (Thompson et al., 2002) and presented by Jalview 2.7. Coloring by ClustalX mode.
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3.2.3 Crystallization of PhrB

Primary crystallization screening for PhrB vyielded 31 hits (Table 3.2) within 3 days. All
crystals were yellow but most of them were poorly shaped (Fig. 3.3). Only under one
condition with PEG 400 as precipitant, cubic crystals were obtained. These were too small to
be mounted for diffraction measurements (Fig. 3.3A). Longer growing times did not result in

a significant improvement of crystal sizes.

Several clues were obtained for further optimization. The most important hint was that
polyethylene glycol (PEG) is the best precipitant for PhrB crystallization. The molecular
weight of commercial PEG could ranges from 400 to 20000. Potassium, lithium and sodium
salts were found to be favorite additives. The pH of the crystallization buffer could be as low
as 4.6 and as high as 8.0. The fact that all crystals were not in a good shape suggested that
they grew too fast. Thus, decreasing protein or precipitant concentration and lowering the

temperature were considered during subsequent optimization.

PEG 400, PEG 4000 and PEG 5000 were selected precipitants. Protein concentration,
precipitant concentration, additive salts, pH and temperature were varied and/or combined
according to a strategy called dilution method (Dunlop & Hazes, 2003). Well shaped crystals
were eventually obtained from conditions that derived from all three selected PEG
precipitants (Fig. 3.4, 3.5 and 3.6). However, only crystals grown in the presence of PEG 400
(Fig. 3.6) could be successfully cryocooled and mounted for data collection. These yellow
rectangular PhrB crystals appeared within 3 days and grew further for 4 days. The fully
grown crystals had dimensions of approximately 0.9 x 0.3 x 0.3 mm?®. PhrB crystals were
flash frozen in liquid nitrogen after cryosoaking with 4 M trimethylamine N-oxide for a few
minutes (Mueller-Dieckmann et al., 2011).
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Table 3.2 The crystallization solutions that yielded crystals in the primary screening. The

protein concentration was 6 mg/mL and the temperature 298 K. Drops were set after

mixing of 2 ul protein solution with 2 ul reservoir solution.

Hits No. Reservoir solution

1 20% PEG 3350, 200 mM di-Ammonium Tartrate

2 20% PEG 3350, 200 mM Lithium Nitrate

3 20% PEG 3350, 200 mM Potassium Chloride

4 20% PEG 3350, 200 mM Potassium Nitrate

5 20% PEG 3350, 200 mM Potassium Thiocyanate

6 20% PEG 3350, 200 mM Sodium Nitrate

7 4 % PEG 4000, 100 mM Sodium Acetate, pH4.6

8 8 % PEG 4000

9 8 % PEG 4000,100 mM Sodium Acetate, pH4.6

10 18 % PEG 4000, 100 mM Sodium Acetate,pH4.6

11 10 % PEG 4000, 10 % 2-Propanol, 100 mM Sodium Citrate, pH5.6
12 10 % PEG 4000, 5 % 2-Propanol, 100 mM HEPES, pH7.5

13 15 % MPD, 5 % PEG 4000, 100 mM Imidazole-HCI, pH8.0

14 20% PEG 4000, 20% 2-Propanol, 100 mM Sodium Citrate, pH5.6
15 20% PEG 4000,10% 2-Propanol, 100 mM HEPES, pH7.5

16 20% PEG 5000, 200 mM Ammonium Formate

17 20% PEG 5000, 200 mM Ammonium Sulfate

18 20% PEG 5000, 200 mM di-Ammonium Tartrate

19 20% PEG 5000, 200 mM Lithium Nitrate

20 20% PEG 5000, 200 mM Potassium Chloride

21 20% PEG 5000, 200 mM Potassium Thiocyanate

22 20% PEG 5000, 200 mM Sodium Nitrate

23 10% PEG 6000, 5% MPD, 100 mM HEPES, pH7.5

24 4 % PEG 8000

25 12 % PEG 8000, 5 % Glycerol, 100 mM Potassium Chloride

26 15 % PEG 8000, 100 mM MES, 200 mM Sodium Acetate, pH6.5
27 20 % PEG 8000, 100 mM MES, 200 mM Sodium Acetate, pH6.5
28 8 % PEG 10000,100 mM Sodium Acetate, pH4.6

29 10 % PEG 20000, 100 mM MES, pH6.5

30 12% PEG 20000, 100 mM MES, pH6.5

31 15 % w/v PEG 400, 100 mM MES Sodium Salt, pH6.5

65




3 Function and crystal structure of PhrB

Fig. 3.3. Example for crystals from the primary screen. The protein concentration was 6
mg/mL and the temperature 298 K. Drops were made by mixing of 2 ul protein solution with
2 ul reservoir solution. (A) 15% PEG 400, pH 6.5, 100 mM MES sodium chloride. (B) 20% PEG
3350 200 mM Lithium Nitrate. (C) 8% PEG 4000, pH 4.6, 100 mM sodium acetate. (D) 20%
PEG 5000 MME 200 mM sodium nitrate.
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Fig. 3.4. Examples for PhrB crystals. Condition: 13.5% PEG 5000, pH 4.6, 200 mM sodium
acetate 6 mg/mL protein, 298 K. The volume of protein solution/reservoir solution was 3

ul/2 ul (A), 3 pl/1.5 pl (B), and 5 pl/2.5 pl (C), respectively.
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Fig. 3.5. Examples for PhrB crystals. Condition: 10 % PEG 4000, 10 % 2-Propanol, 100 mM
sodium citrate ,pH 5.6, 6 mg/mL protein, 4 ul protein solution mixed to 4 pl reservoir

solution at 277K (A) and 298K (B).
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-

Fig. 3.6. Crystals that grown in the presence of PEG 400. (A) and (B) 4 % PEG 400, 100 mM

MES, pH 6.0. 5 pl protein solution mixed with 5 ul reservoir solution at 298K and 289K
respectively. (C) and (D) 5% PEG 400, 110 mM MES, pH 6.0, 5 ul protein solution mixed with

5 ul reservoir solution at 298K and 289K respectively.
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3.2.4 Crystal structure of PhrB

The crystal structure of PhrB was determined at a resolution of 1.45 A, which is the best
resolution for a CPF structure so far. The presence of the [4Fe-4S] cluster was confirmed by
a strong anomalous scattering signal in the X-ray diffraction data collected at the iron
absorption edge (Table 3.3) and allowed phasing through the single-wavelength anomalous

dispersion (SAD) strategy.

The PhrB structural model (Fig. 3.7) represents 508 of the 512 amino acids and reveals 5 [3-
sheets, 21 a helices and 5 31 helices, which displays a typical overall fold of CPFs (Muller &
Carell, 2009). All the B-sheets and al to a5 form the o/R-domain (Ser2 to Argl27), the a9 to
a2l and all the 33p helices (Arg231 to Glu512) form the a-domain. Both domains are
connected via a long loop (Serl28 to Thr230). The first residue (Metl) and another 3
residues (Alal80 to Asnl182) are not visible in the electron density map. The FAD
chromophore assumes the prototypical U-shaped conformation. As the second organic

cofactor, 6,7-dimethyl-8-ribityl-lumazine (DMRL) was identified.

The overall structure of PhrB is comparable with other members of the cryptochrome /
photolyase family (CPF) (Brudler et al., 2003; Fujihashi et al., 2007; Hitomi et al., 2009;
Huang et al., 2006; Kiontke et al., 2011; Komori et al., 2001; Maul et al., 2008; Park et al.,
1995; Pokorny et al., 2008; Tamada et al., 1997). Superimpositions (Holm & Rosenstrom,
2010) yielded rmsd values between 2.8 and 3.5 A. The rmsd values for D. melanogaster / A.
thaliana (6-4) photolyases (Drome (6-4) PL and Arath (6-4) PL) were 3.2 and 3.5 A,
respectively. In phylogenetic studies, the prokaryotic and eukaryotic (6-4) photolyases appear
as the most distantly related proteins within CPF (Fig. 3.8A). While our PhrB manuscript
was under preparation, the structure of one of the PhrB homologs, CryB was published
(Geisselbrecht et al., 2012). Both structures matched closely (rmsd = 0.8 A).
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3 Function and crystal structure of PhrB

Table 3.3. Data collection and refinement statistics.

native PhrB? (Fe-edge) SAD-PhrB?

Data collection

Wavelength (1)

Space group

Cell dimensions
a, b, c(A)

a fy (°)
Resolution (A)

Rimerge
I/ol
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections
Rwork/ Reree
No. atoms / residues
(12 monomer per asymmetric unit)
Protein (PhrB)
Others:
Water
Flavin-adenine dinucleotide (FAD)
6,7-dimethyl-8-ribityl-
lumazine (DMRL)

BESSY II, BL 14.2  BESSY Il, BL 14.2

0.9184 1.7409
P2:2:2
98.39, 106.79, 55.91
90.0, 90.0, 90.0
7236 - 145 3346-1.95  (2.06-
(1.53 - 1.45)" 1.95)

0.037 (0.377) 0.034 (0.124)

22.0 (2.7) 58.8 (10.1)
95.6 (78.0)

4.4 (3.1)

97.6 (91.0)
6.9 (5.6)

19.95-1.45
92395
13.8/18.0

4267 /512
141 /15
836 /836
53/1
23/1
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3 Function and crystal structure of PhrB

Iron/sulfur cluster ([4Fe-4S]) 8/1
Propane-1,2,3-triol 121/2
Sodium 1/1
Mean B-factor (all atoms; A?) 19.1

R.m.s. deviations
Bond lengths (A) 0.011
Bond angles (°) 1.517
Rampage plot*
% most favored 98.8

allowed 1.2

Note: One crystal was used. bHighest resolution shell is shown in parentheses. “As defined

in the program RAMPAGE (Lovell et al., 2003).
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3 Function and crystal structure of PhrB

DMRL

Fig. 3.7. Overall structure and cofactor arrangement with distances of PhrB. The o/B-
domain is presented in blue and the helical-domain in green; the long inter-domain linker is
orange. The cofactors DMRL, FAD and the [4Fe-4S] cluster are illustrated in the ball-and-

sticks mode. In the lower part of the figure, the cofactors are shown in an enlarged view.
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3 Function and crystal structure of PhrB

Escco CPD |

Sulto CPD | Anani CPD | SynspDA HArathCry3

ArathCry3

Sulto CPD |
Theth CPD |

Theth CPD |

AgrtuPhrB

SynspDASH HomsaPriL

AgrtuPhrB

Metma CPD Il

SaccePriL
ArathCry1 ArathCry1
Escco CPD |
Anani CPD |

Metma CPD ||

Drome (6-4) PL Drome (6-4) PL
Arath (6-4) PL Arath (6-4) PL

Fig. 3.8. Phylogenetic trees based on structural alignments. Both trees were constructed
with the PROTPARS program of the PHIYLIP program package (Felsenstein, 2005). Bootstrap
values (in %) are printed along the branches if < 95 %. (A) Analysis based on a structural
alignment of full length CPFs. The weak relationship between PhrB and eukaryotic (6-4)
photolyases is also obtained with maximum likelihood and distance based algorithms. (B)
Analysis based on a structural alignment of the protein fold common to PriL and CPFs, core
region (amino acid 348 to 398 of PhrB). PhrB and PriL are placed in one monophyletic group,
a result that is also obtained with distance based and Bayesian algorithms, and with the
same algorithms and a longer homologous stretch (amino acids 333 to 465). Color code: red,
(6-4) photolyases; cyan, CPD class | photolyases; green, CPD class Il photolyases; black, plant
cryptochromes and Cry-DASH proteins; blue, Primase PriL subunits. AgrtuPhrB: (6-4)
photolyase of A. tumefaciens, PDB entry 4DJA; Anani CPD I: CPD class | photolyase of
Anacystis nidulans, PDB code 10WL; Arath-Cryl: cryptochrome 1 of A. thaliana, PDB entry
1U3C; Arath-Cry3: cryptochrome 3 (Cry-DASH) of Arabidopsis thaliana, PDB entry 2J4D;
Arath (6-4) PL: (6-4) photolyase of Arabidopsis thaliana, PDB entry 3FY4; Drome (6-4) PL, (6-
4) photolyase of D. melanogaster, PDB entry 3CVW; Escco CPD |: CPD class | photolyase of
Escherichia coli, PDB entry 1DNP; HomsaPriL: DNA primase large subunit of Homo sapiens,
PDB entry 3Q36; Metma CPD II: CPD class Il photolyase of Methanosarcina mazei, PDB entry

2XRZ; SaccePriL: DNA primase large subunit of Saccharomyces cerevisiae, PDB entry 3LGB;
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3 Function and crystal structure of PhrB

Sulto CPD I: CPD class | photolyase of PDB entry Sulfolobus tokodaii, PDB entry 2EOI;
SynspDASH: Cry-DASH of Synechocystis PCC 6803, PDB entry 1NP7; Theth CPD |: Thermus

thermophilus CPD class | photolyase, PDB entry 1IQR.

3.2.5 The His365-His366-X-X-Arg369 motif

To investigate specific structural features for (6-4) photolyases, we performed a structure-
based sequence alignment (Holm & Rosenstrom, 2010) with representative CPF structures
from PDB. Major variations could be clearly seen in the inter-domain linker region and C-
terminal tail as expected. This alignment also allowed us to conclude that the former
proposed functional motifs of Arath (6-4) PL (Hitomi et al., 2009), including the 3D adjacent
phosphate-binding (Asp-235-Ala-256) and PKL protrusion motifs (Tyr-282—Leu-300), or the
sulfur loop (Met-318-Cys-324) do not exist in PhrB and its homologs (Fig. 3.9).

Instead, the structural alignment showed that PhrB, Arath (6-4) PL and Drome (6-4) PL share
34 common residues, 10 of them are highly conserved (99%-100%) in all FeS-BCPs. Three
of these amino acids cluster together in the His365-His366-X-X-Arg369 motif. These amino
acids are located at the bottom of the DNA lesion’s entrance channel. His365 and Arg369 are
conserved in (6-4) photolyases and in many CPD homologs. His366 is conserved in FeS-
BCPs, in eukaryotic (6-4) photolyases and in animal cryptochromes; CPD photolyases have
an Asn at the homologous position. The His366 homolog of eukaryotic (6-4) photolyases is
essential for DNA-repair; it serves as a donor/acceptor in catalytic proton transfer which

accompanies the light-driven electron transfer (Li et al., 2010; Maul et al., 2008).

The characterization of this motif also revealed a significant difference from the eukaryotic
(6-4) photolyases structure. In eukaryotic (6-4) photolyases, there is an additionally
conserved His (His369 in Drome (6-4) PL) behind common Arg residue (Arg 368 in Drome
(6-4) PL). Without knowing Fe-BCPs the motif of conserved amino acids in (6-4)
photolyases has been proposed as His-His-X-X-Arg-His. The last His of this motif was
believed essential for the (6-4) photorepair as the substitution by Met lead to a drastically
decreased repair activity of Drome (6-4) PL (Maul et al., 2008). However, this His is
substituted by the Leu370 in PhrB.
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3 Function and crystal structure of PhrB

The orientation of PhrB-His366 matches with the homologous His residue of Drome (6-4)
PL suggesting functional identity. His366 is stabilized by van der Waals contacts with
Leu370 and Met410 (Fig. 3.10), whereas the homologous His in eukaryotic (6-4) photolyases
is stabilized by a hydrogen bonding network (Hitomi et al., 2009; Maul et al., 2008). GIn306,
conserved in FeS-BCPs and eukaryotic (6-4) photolyases, forms hydrogen bonds to the DNA

lesion (Table 3.4). CPD photolyases have a conserved Glu at the homologous positions.
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: ESFPSWAKESLNAHRNDVRSHIYTLEEFEAGKTH---DPLWNASQMELLSTGKMHGY TRM-YWAKKIL--EWSESPEKALEIAICLNDRYELDG---RDPNGYAGIA : 419
: ---PLDPRFQAF---PWQE-DEALFQAWYEGKTG-~-VPLVDAAMRELHATGFLSNRARM-NAAQFAV--KHLLLPWKRCEEAFRHLLLDG-~~-~~ DRAVNLQGWQ : 352
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: ---G-GPRNVQG---KWSQ-DOKLFESWRDAKTG-~~YPLIDANMKELSTTGFMSNRGRQ-IVCSFLV-~RDMGLDWRMGAEWFETCLLDY -~~~ DPCSNYGNWT : 432
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: -WLSASA----FFH--QYFR--VYSPVAFGKKT------ DPQGHYIRKYVPELSKYPAGCIYE-PWKASLVDQR-————-=-== AYGCVLGTDYPHRIVK------- 496
: -WLSCSS----FFY--QFNR--IYSPISFGKKY------ DPDGKY IRHFLPVLKDMPKQYIYE-PWIAPLSVQT-—-—---=-~- KANCIVGKDYPKPMVL------~- 1 477
: -WSIGGVHDRAWGEREVTGKIRYMSYEGCKRKF------ D---VKLYIEKYSAL 1 463
: -WAGGL--GVDAAP--Y-FR--VFNPVLQGERH-----~ DPEGRWLKRWAPE YPS YAPKDPVVD : 402
: -WSASSG---MDPK-PL--R--IFNPASQAKKF-----~ DATATYIKRWLPELRHVH----==~ PKDLISGEIT---========== PIERRGYPAPIVN------- : 455
: -YGAGVG--NDPRE--D--R--YFSIPKQAQNY------ DPEGEYVAFWLQOLRRLP-—-=-=-=- KEKRHWPGRLM-—--YMDTVVP----LKHGNGPMAG------~ : 502
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H19 H20 H21
: -- PENALYWDFLARNREKLKSNHRLAQPYATWARMSEDVRHDLRAKAAAFLRKLDARALE : 512
-HEVVHKENIKRMGAAYKVNREVGAAYKVNREVR 1 529
~HDSASKECKRKMGEAYALNKKMDGKVD—-—~———-—— EENLRDLRRKLQKDEH--—-—-—-— 1 520
-LEEARRRYLRLARDLARG 1 420
-HNLROKQFKALYNQLKAAT 1 474
-GSKSGGGFRGSHSGRRSRHNGP : 524
-FHOSVEARRKIE 483
-HKEARVQTLAAYEAARKGK 471
-WLERVNYVKSEYKNV : 428
-DEAKARLHEALSQMWQLEAA 485
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3 Function and crystal structure of PhrB

Fig. 3.9. Tertiary structure based alignment of PhrB with 10 representative CPF members.
B-sheets and o helices are highlighted by yellow and grey, respectively. The helix numbering
of PhrB is given above the aligned sequences. DMRL, FAD, iron-sulfur cluster coordinating
residues and electron transfer pathways of PhrB are printed in red, blue, magenta and cyan,
respectively. The phosphate binding motif, the Pro-Lys-Leu (PKL) protrusion motif, the NLS
Sequence and the sulfur loop of Arath (6-4)PL (Hitomi et al., 2009) are highlighted by red,
green, magenta and blue frames, respectively. The alignment was performed using the

Daliserver (Holm & Rosenstrom, 2010) with manually corrections.
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3 Function and crystal structure of PhrB

DNA (6-4)

lesion
Met410/Trp409 ©

Ala426

Fig. 3.10. The active site of PhrB and Drome (6-4) PL. Drome (6-4) PL complex with
photodamaged DNA (PDB entry 3CVU, DNA in magenta, amino acids in purple and FAD in
blue) and PhrB (amino acids in green and FAD in yellow) after superposition of the FAD
molecules. Amino acid residues in Drome (6-4) PL which interact with the DNA lesion and

the homologous residues of PhrB are shown.
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3 Function and crystal structure of PhrB

Table 3.4. Eight amino acids of PhrB that are conserved within FeS-BCPs interact with the

DNA lesion. The DNA interaction is calculated on the Hex-Server (http://hexserver.loria.fr)

DNA-protein interaction model.

Amino Conservation Conservation Contact with
acids
in FeS-BCPs in other CPFs Damaged DNA
His366 100% Present in eukaryotic first (5’) T in the DNA lesion
(6-4) PL and animal
Cry
Tyr424 100% Not conserved second T
GIn306 99% Present in Drome (6- first T
4) PL, Glu in other
CPF
Trp310 100% Present in eukaryotic first T
(6-4) PL and other
CPF
Argl183 98% Not present central phosphate residue in the TT lesion
Met410 100% Not conserved probably in contact with DNA lesion
Leu370 100% His in eukaryotic (6- the second T
4) PL
11e367 99% Leu in eukaryotic (6- the second T

4) PL

80


http://hexserver.loria.fr/

3 Function and crystal structure of PhrB

3.2.6 (6-4) Photoproduct binding and the inter-domain linker loop

According to a DNA-protein interaction model as calculated by the Hex-Server
(http://hexserver.loria.fr) (Macindoe et al., 2010), 8 amino acids of PhrB that are all
conserved within FeS-BCPs interact with the DNA lesion (Table 3.4). One of them, Arg183
belongs to the inter-domain linker loop region. This loop region connecting a7 in the N-
terminal o-p domain and o8 in the C-terminal a-helical domain of PhrB (Ser128 to Val229)
is longer in FeS-BCPs than in other PCF members (Fig. 3.11). Surprisingly, the loop is
located at a completely different position as that of other PCF members. Superimposition
with the Drome (6-4) PL-DNA complex suggested that this loop interacts with DNA in PhrB.
In PhrB, this loop encompasses a flexible segment of three amino acids (Alal80 to Asn182)
that are not visible in the electron density map (Fig. 3. 12, A and B). These amino acids

might be stabilized by the DNA to acquire a more ordered conformation.

Argl183 could change its orientation to interact via its positively charged guanidinium group
by forming a salt bridge with the phosphate within the DNA lesion, thereby stabilizing the
flip-out of the lesion (Fig. 3.12, A and B). In this respect, PhrB differs from prototypical
CPFs, in which another Arg residue (Arg421 in Drome (6-4) PL) within the al7-018
connecting loop stabilizes the flip out of the lesion (Fig. 3.12, C and D) (Kiontke et al., 2011;
Mees et al., 2004; Pokorny et al., 2008). This Arg is missing in FeS-BCPs. We therefore
suggest that FeS-BCPs bind UV-damaged DNA in a mode significantly different from
prototypical photolyases.
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Rhosp CryB (3ZXS) Pro124-Thr225

Arath Cry3 (2VTB) Trp173-Glu251
Metma CPD [I(2XRZ) Asp142-Glu234
Drome (6-4) PL(3CVU) Cys137-Glu224
Arath (6-4) PL(3FY4) Pro138-Glu222
Fig. 3.11. Comparison of the linker region of PhrB and other PCFs. The DNA is from the

3CVU structure. The PhrB surface is shown in transparent mode. FAD, and DMRL are shown

in the ball-and- sticks mode with yellow and magenta color respectively. The iron-sulfur

cluster of PhrB is shown in the spheres mode.
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(6-4) lesion
stabilising loop

Fig. 3.12. Potential role of the PhrB a7-a8 loop region in binding of the (6-4) DNA lesion in
comparison with Drome (6-4) PL. PhrB and Drome (6-4) PL are illustrated in ribbon
representation and a -helices are shown as cylinders in green and brown, respectively. The
a7-a8 loop is drawn in black, the (6-4) lesion stabilizing loop of Drome (6-4) PL is drawn in
yellow. This loop is located between al7 and al8 and stabilizes the flip-out of the (6-4)
photoproduct by inserting a pair of amino acid side chains (GIn418 and Arg421) into the
resulting gap in the double-stranded DNA oligomer. Numberings according to PhrB. (A) The
DNA fragment with the (6-4) lesion (shown as ball-and-sticks) from 3CVU superimposed
onto the PhrB structure. (B) A close up view of (A). Two side chain conformations shown for
Argl183 (as sticks), the original one as seen in the crystal structure (yellow) and a second one

(brown) being a rotamer which is in close contact (< 4A) with the central phosphate as
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indicated by the dotted lines. (C) Drome (6-4) PL complex with photodamaged DNA
oligomer. The DNA is drawn as sticks with the (6-4) lesion highlighted as ball-and-sticks (PDB
entry 3CVU). Only a portion of the DNA oligomer is shown for clarity. (D) A close up view of
(C). Arg421 (shown as sticks in purple) forms a salt bridge with the DNA (6-4) lesion (shown

as ball-and-sticks).
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3.2.7 C-terminal extension of PhrB

Prototypical photolyases have a common set of helices corresponding to al-al19 in PhrB, and
the last common helix a19 forms a part of the DNA binding pocket. Arath (6-4) PL has an
additional a-helix (Hitomi et al., 2009), corresponding to a20, as C-terminal extension. This
helix forms an antiparallel two-helix bundle with al19 and (assuming a prototypical binding
mode) faces away from bound DNA. The C-terminus of PhrB is extended by two additional
helices 020 and o21 (Fig. 3.13), of which a2l displays sequence similarity with the C-
terminal helix of Arath (6-4) PL (Fig. 3.9). Sequence alignments show that 020 and a21 are
present in all FeS-BCPs. In a complex compatible with a prototypical binding mode helix
a20 of PhrB interacts with the DNA, whereas a21 faces away from the DNA. The surface
region of 020 displays a positive charge (Fig. 3.14), consistent with its predicted role in DNA
binding.
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C-Terminus
Drome (6-4) PL

Fig. 3.13. Comparison of C-terminal helices in superimposed (6-4) photolyases. Drome (6-4)
PL and Arath (6-4) PL are illustrated in ribbon representation in blue and orange,
respectively; PhrB is drawn in ribbon representation and transparent surface in green. Helix
a19 of PhrB is common to all three photolyases, Drome (6-4) PL ends with this helix. Arath

(6-4) PL has one additional helix and PhrB has two additional helices, a20 and a21.
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Fig. 3.14. Electrostatic surface representation of PhrB. Electrostatic surface potentials were
calculated using the program APBS with the non-linear Poisson-Boltzmann equation and
contoured at +/- 5kT/e. Negatively and positively charged surface areas are coloured in red
and blue, respectively. The cofactors DMRL, FAD and Fe-S cluster are illustrated in ball-and-
sticks representation. The DNA binding cavity is characterized by its positive charge; the
helix a20 of the C-terminal extension with its positive surface charge appears to delimit this

cavity.
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3.2.8 FAD binding and photoreduction

In PhrB, the transition of FAD from the oxidized to the enzymatically active reduced form
has been experimentally revealed as a blue light dependent process (Oberpichler et al., 2011).
The FAD binding site of PhrB is in many respects similar to other PCF members. In
prototypical photolyases the side chain of an invariant Asn interacts with the N5 atom of the
isoalloxazine ring, this Asn stabilizes protonated N5 during photoreduction and catalysis
(Kiontke et al., 2011; Xu et al., 2008). In plant cryptochromes, the homologous amino acid is
Asp, which interacts with the N5 atom and prevents the formation of FADH" during
photoreduction by electrostatic repulsion (Banerjee et al., 2007). In PhrB, a buried water
molecule forms a hydrogen bond to the N5 atom (Fig. 3.15). Interestingly, Glu403 in PhrB,
which corresponds to the conserved Asn of other photolyases (Asn379 in E. coli CPD
photolyase) or Asp of plant cryptochromes faces away from the FAD’s N5 atom. The same
FAD binding mode is found in CryB. Given that the essential residues involved in FAD
binding are highly conserved (Fig. 3.16), it is reasonable to expand this FAD binding mode
to other FeS-BCPs.

In prototypical photolyases, photoreduction involves electron flow via a cascade of three
conserved Trp residues to the deeply buried catalytic FAD(Park et al., 1995) (Maul et al.,
2008),, and an alternative route has been shown for class Il photolyases (Kiontke et al., 2011).
These Trp residues are missing in PhrB and its homologs (Oberpichler et al., 2011) The PhrB
structure reveals a spatially distinct electron transfer pathway for FeS-BCPs leading from the
surface to Trp342 via Trp390 and Tyr391 to FAD (Fig. 3.17). Edge to edge distances for the
aromatic ring systems are 3.9 A, 4.0 A and 4.1 A, respectively; these residues are conserved
to 84%, 99% and 70% among FeS-BCPs, respectively. Photoreduction of FADH" occurs by
stepwise electron transfer (Brettel & Byrdin, 2010; Oberpichler et al., 2011). The oxidation
of Trp390 by Tyr391, which would follow the electron transfer from Tyr391 to the
electronically excited FADH", is counterintuitive since the standard redox potential is higher
for the one electron oxidation of tryptophan than that of tyrosine (Harriman, 1987). However,
we speculate that Tyr391 is involved in the cascade of electron transfer reactions because the
structure shows that there is no nearby base which after oxidation of the tyrosine could
accept a proton from the highly acidic phenoxyl radical cation (TyrOH®") which is even more

oxidizing than a tryptophan radical cation.
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The electron transfer pathway of PhrB was further investigated via site-direct-mutagenesis by
Janine Wesslowski (Unpublished data). The Y391F showed the same light induced
photoreduction as the wild type protein, whereas W390F, W342F and W390F/Y391F did not
undergo spectral changes upon irradiation. Thus, only W390 and W342 are required for
photoreduction. In the Y391F mutant, electrons flow probably directly from W390 to FAD
over a distance of 7.9 A. The same pathway could be realized in the wild type, although an
involvement of Y391 can presently not be excluded. These results are consistent to the
analogous studies on CryB (Geisselbrecht et al., 2012), suggesting that the electron transfer
mode of photoreduction is highly conserved in FeS-BCPs as indicated by their amino acids

conservation.

4
His388
A\ .G|403
y
o3

A

Fig. 3.15. Water W731 stabilization of FAD. Water W731 of PhrB (green) forms a potential
hydrogen bond with the N5 atom of FAD (C atoms in yellow), replacing the role of Asn378 of
the class | CPD photolyase from E. coli (PDB entry 1DNP), drawn in purple. Its PhrB homolog,
Glu403, faces away from FAD and interacts with His388.
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AHSLLSNFQ IWRYHRLYDVNYV

Fig. 3.16. Compare of the conservation of FAD interacting residues in FeS-BCP and non-
FeS-BCP members. (A) A weblogo presentation (Crooks et al., 2004) of the FAD interacting
residues of 462 PhrB homologs. The sequence alignment was performed with ClustalX
2.0.12. (B) A weblogo presentation of the structural counterpart of the PhrB FAD interacting
residues of 10 representative non-FeS-BCP members that structures available from PDB.

The alignment that used is same as that in Fig. 3.9.

FAD Escco-PL

Fig. 3.17. Compare of electron pathway in PhrB, Escco-PL (1DNP) and Drome (6-4) PL

(3CVU). PhrB is illustrated in ribbon representation.
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3.2.9 DMRL binding

The electron density of the other organic cofactor, which is bound to amino acids in the N-
terminal Rossman fold, does not fit with antenna chromophores found in photolyases or
cryptochromes (Chaves et al., 2011), but could be fitted to 6,7-dimethyl-8-ribityl lumazine
(DMRL) (Fig. 3.18). We confirmed the identity of this cofactor by HPLC. In the elution
profile, the major peak was found at the same position as that of synthetic DMRL and
spectral properties of both compounds are identical (Fig. 3.19). DMRL is the last
intermediate in the biosynthesis pathway of riboflavin, the precursor of FMN and FAD
(Fischer & Bacher, 2011).

The binding sites for the dicyclic DMRL in PhrB is comparable with that for 8-HDF, FAD or
FMN in other photolyases (Fig. 3.20) (Fujihashi et al., 2007; Klar et al., 2006; Tamada et al.,
1997). Because of the same binding site and the similar pi system orientation DMRL serves
equally well as antenna chromophore in PhrB as do the other chromophores in other
photolyases. MTHF antenna chromophores have a different binding location (Chaves et al.,
2011).

In the DMRL chromophore pocket, the lumazine ring system forms hydrogen bonds only
with the polypeptide backbone and a water molecule, and is in van der Waals contact with
four amino acid residues. All but one hydroxyl group of the cofactor’s side chain form
hydrogen bonds with the protein environment (Fig. 3.18). His43 of PhrB prevents binding of
tricyclic cofactors by steric hindrance, and is in van der Waals contact with the two methyl
groups of DMRL (Fig. 3.18). This residue is 67% conserved in FeS-BCPs (Fig. 3.21), and is
replaced by bulky Tyr and Phe residues in other FeS-BCPs. We therefore predict that none of
these proteins binds a tricyclic antenna chromophore which is in line with the fact that most

of the DMRL interacting residues are highly conserved in the FeS-BCP family (Fig. 3.21).
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lle7

al6

ol7

Fig. 3.18. DMRL binding site. (A) DMRL chromophore with ox-weighted 2F,-F. electron
density map contoured at 1.0 ¢ (blue mesh) and residues in potential hydrogen bonding or
van der Waals contacts (lle51 is omitted for clarity). Hydrogen bonds between DMRL and

surrounding amino acids shown by black dotted lines, van der Waals contacts shown in red.
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Fig. 3.19. HPLC and UV-Vis verification of the 6, 7-dimethyl 8-ribityl-lumazine (DMRL)
antenna chromophore. (A) HPLC profiles, released PhrB cofactors (black line) and mixture
of authentic FAD and DMRL (red line). Peaks 1 and 8 and 9 refer to DMRL. (B) UV-Vis spectra
of DMRL fractions (HPLC peaks 1, 8 and 9). (C) UV-Vis spectra of FAD-containing fractions
(HPLC peaks 4, 5, 7, 11, 12 and 13). (D) UV-Vis spectra of UV-absorbing compounds of
unknown identity (HPLC peaks 2, 3, 6 and 10).

93



3 Function and crystal structure of PhrB
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Fig. 3.20. Antenna chromophores of photolyases superimposed onto the PhrB structure.
Overall view and close up of antenna chromophores. PhrB is illustrated in ribbon
representation and a-helices of PhrB are shown as cylinders (green), FAD and the DMRL
antenna of PhrB are drawn as ball-and-sticks, the corresponding antenna chromophores are
shown in stick representation. The same binding pocket is used by 8-HDF in Anacystis
nidulans CPD photolyase (PDB entry 1TEZ), 8-HDF in Thermus thermophilus CPD photolyase
(PDB entry 2J07), 8-HDF in D. melanogaster (6-4) photolyase (soaked chromophore, PDB
entry 3CVV) or the isoalloxazine ring of FAD in Sulfolobus tokodaii CPD photolyase (PDB
entry 2EQI). A different binding pocket is used by MTHF in Escherichia coli CPD photolyase
(PDB entry 1DNP) or MTHF in Arabidopsis thaliana Cry3 (PDB entry 2VTB).
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Fig. 3.21. Conserved amino acids of DMRL interacting residues in the 462 FeS-BCP
members.
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3.2.10 The [4Fe-4S] cluster of PhrB

The [4Fe-4S] cluster of PhrB is coordinated by Cys350, Cys438, Cys441 and Cys453. Not all
FeS-BCPs have an FeS cluster at the corresponding position, because this set of Cys residues
is conserved in only 89% of the family members (Fig. 3.22C). By contrast, among the
sequences of non-FeS-BCP PCF members that structure available from PDB, we found no
Cys residues at the homologous positions (Fig. 3.22D), suggesting that none of these proteins

have an Fe-S cluster.

Structural homology between PriL-Carboxy-Terminal domain (PriL-CTD) of eukaryotic and
archaeal primases, which also contain [4Fe-4S] clusters, and CPF members suggests that
both groups of proteins have a common ancestor (Sauguet et al., 2010). Structural similarity
of variable degree can be seen between PhrB and PriL for a stretch from amino acids 348 to
434 of PhrB which comprises helices a13-a19 (Fig. 3.22A; the rmsd value for PhrB and S.
cerevisiae PriL (PDB entry 3LGB) is 3.3 A), the structurally most conserved core region
stretches from amino acids 348 to 398. The iron sulfur clusters are found at almost the same
positions in the superimposed structures, but are tilted against each other (Fig. 3.22B). This is
consistent with the fact that only the first cysteines in the core regions of both structures are
strictly conserved, whereas of the remaining three Cys residues, which bind the [4Fe-4S]
clusters, the side chains are only located at roughly similar positions, and even the sequential
order of corresponding cysteines differs (PriL: 336/417/434/474; PhrB: 350/454/438/441).
We therefore assume that outside the core region the protein fold diverged and the
coordinating Cys residues were exchanged during evolution.

The function of Fe-S clusters in DNA interacting proteins is still a matter of debate (Barton et
al., 2011; Vaithiyalingam et al., 2010) although in the particular case of human PriL it has
been shown that the Fe-S cluster is required for initiation of primer synthesis
(\Vaithiyalingam et al., 2010). We propose that future molecular studies on PhrB or other
FeS-BCPs will give a clue on the molecular function of the Fe-S clusters in DNA interacting

proteins or primases.
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A
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Fig. 3.22. Structural comparison between PhrB and the primase S. cerevisiae large subunit
PriL. Overall structural comparison of PhrB and PriL-Carboxy-Terminal domain (PriL-CTD) are
drawn in green and blue respectively; coordinating Cys residues and Fe-S clusters in
orange/yellow and black/red, respectively. Numbers of Cys residues and a-helices refer to
PhrB. (A) The Fe-S clusters comparison between PhrB and Superposition of PhrB and PriL
(Sacce PriL, PDB Entry 3LGB), yielding an rmsd of 3.3A. The homologous regions are drawn
in ribbon representation; the rest of the protein is transparent. (B) Close-up view of [4Fe-4S]
clusters, coordinating Cys residues and relevant portions of the protein backbones. (C)
Weblogo presentation of the conservation of the [4Fe-4S] coordinating Cys residues of 462
FeS-BCP members. (D) Weblogo presentation of the homologous amino acids in 10
representative non-FeS-BCP members that structures available from PDB. The alignment

that used is same as that in Fig. 3.9.
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3.2.11 Evolutionary scenario of CPF

To gain a deeper insight into evolutionary relationships between primase and CPF, we
performed phylogenetic studies based on structurally aligned sequences, using parsimony
and distance based algorithms. Irrespective of whether the entire homologous region (348-
434) or the more conserved core region (348-398) were used as input, primases and PhrB
were placed in one monophyletic group (Fig. 3.8). We conclude that the primases, FeS-BCPs,
and other CPFs diverged early in the evolution and that the first common ancestor of CPF
was a (6-4) photolyase with an Fe-S cluster. The Fe-S cluster was lost in the early evolution
of non-FeS-BCP CPF members. In several independent steps, antenna chromophores were
replaced, (6-4) repair changed to CPD repair, and DNA repair activity was replaced by signal
transduction, a transition from photolyases to cryptochromes (Fig. 3.23).

Photolyases are regarded as ancient DNA repair enzymes already present before the
formation of the oxygen-rich atmosphere (Eisen & Hanawalt, 1999), and our results imply
that the (6-4) photorepair occurred early in the evolution of photolyases. However, CPD
repair might have also evolved so early. Most essential features such as DNA binding, the
cavity for the DNA lesion, photoreduction, an FAD chromophore close to that cavity, and the
overall protein fold are identical in CPD and (6-4) photolyases. The combination of CPD and
(6-4) photorepair provides a major evolutionary advantage. Our survey showed that a large
number of prokaryotes living today still relies on the combined photorepair of CPD and (6-4)
photoproducts: 80% of those prokaryotes that contain an FeS-BCP member (Table 3.1) also
contain a CPD photolyase homolog.
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Fig. 3.23. Two possible evolutionary pathways from the ancestor of primase PriL and CPFs
to present PriL and CPF group members. Proposed major functional changes are indicated
by colored dots. The lower tree has fewer functional changes. In this preferred scenario, the
first photolyase was a (6-4) photolyases with iron sulfur cluster. Eu(6-4)PL: eukaryotic (6-4)

photolyases; Cry: cryptochromes; CPD PL: CPD photolyases; CryDASH: DASH type

cryptochromes.
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A. tumefaciens bears two photolyase-like proteins, termed PhrA and PhrB, which belong to class
I11 CPD photolyases and FeS-BCPs, respectively. These two subfamilies are the only remain that
have not been structurally characterized. In the present study, we identified PhrB as a (6-4)
photolyase and thus discovered the first prokaryotic (6-4) photolyase. We determined the crystal
structures of both PhrA and PhrB through X-ray crystallography. Significant differences and
essential common features were identified in comparative analyses of these crystal structures
with those of other CPFs.

The PhrA crystal structure studies revealed structural features that are unique for this photolyase
clade. The MTHF binding site of PhrA is different from that of antenna chromophores in other
photolyases, including E. coli photolyase, which also contains MTHF as antenna. Two Trp
residues that are conserved within class III photolyases stabilize MTHF by = - stacking contacts.
Both of them are essential for MTHF binding as substitution of either of them with alanine led to
the loss of MTHF in the purified PhrA mutants. Such a & - stacking represents a novel binding
mode for antenna chromophores in photolyases. Six of the nine amino acids that interact with
MTHF are conserved in plant cryptochromes, which also form an analogous pocket that could
accommodate MTHF. We thus propose that plant cryptochromes possess a potential MTHF
binding site. If they bind an antenna chromophore, it should be MTHF at this proposed location.
However, one of the m — stacking forming residue (W196 of PhrA) is substituted by Ser (Ser205
of Arath-Cryl) in plant cryptochromes, which may explain why no MTHF is bound in purified
plant cryptochromes. The classical photoreduction pathway consisting of three Trp is present in
PhrA (Trp308-Trp361-Trp384). In addition, PhrA possess a second Trp-triad (Trp367-Trp318-
Trp384). Mutational analyses revealed that both can be used for photoreduction. The PhrA
structure is thus the first photolyase that employs two functional Trp-triads as electron pathway
for FAD photoreduction among CPFs. This alternative electron pathway is highly conserved in
class Il photolyases and exists also in some Cry-DASH members. Surprisingly, we found this
alternative pathway also existed in class | photolyases and plant cryptochromes although with a
difference that the surface located Trp (Trp367 of PhrA) is replaced by a Tyr (Tyr365 in E. coli
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photolyase). Since besides Trp also Tyr can serve as electron transmitter in photolyases, we
propose that those CPF members in which one of the Trp is replaced by Tyr might also have this
alternative electron pathway. This finding lead to a new explanation for the former mutagenesis
studies on E. coli photolyase, based on which it has been proposed that the Trp-triad is redundant
for photoreduction of photolyases in vivo. The role of Trp-triad for photolyase photoreactivation

might have to be redefined.

The functional study of recombinant PhrB with an HPLC-based in vitro DNA repair assay
identified it as a (6-4) photolyase. We thus discovered the first prokaryotic (6-4) photolyase. The
phylogenetic studies indicated that the PhrB-like (6-4) photolyases are broadly distributed in
bacteria and archaea. This finding completely changed the previous view that the (6-4)
photolyase function is restricted to eukaryotes. We further determined the PhrB crystal structure
at 1.45 A resolution, which is the best resolution among the CPF structures in PDB. The 6,7-
dimethyl-8-ribityllumazine was identified as the photoantenna of PhrB based on the combined
crystallographic and HPLC studies, adding a new molecule into the photolyase antenna family.
The crystal structure of PhrB suggests that the flip-out of the DNA lesion is stabilized by the
Arg183 of the inter-domain linker. This binding mode is different from that of prototypical CPFs,
in which another Arg residue (Arg421 in Drosophila (6-4) photolyase) within the al7-018
connecting loop stabilizes the flip-out of the lesion. The Arg is missing in FeS-BCPs. We
therefore suggest that FeS-BCPs bind UV-damaged DNA in a mode significantly different from
prototypical photolyases. A His-His-X-X-Arg motif is located within the proposed DNA lesion
contact site of PhrB. This motif is structurally conserved in eukaryotic (6-4) photolyases for
which the second His is essential for the (6-4) photolyase function, suggesting a preserved
catalytic mechanism between prokaryotic (6-4) photolyases and their eukaryotic counterparts.
Unlike prototypical structures of CPFs, the PhrB structure contains a [4Fe-4S] cluster bound to
the catalytic domain. The point mutation of any one of the four Cys that coordinate the [4Fe-4S]
cluster of PhrB led to either insoluble protein or no protein expression at all, indicating their
essential role for protein structure integrity. Interestingly, a significant part of the Fe-S fold of
PhrB strikingly resembles that of PriL, the large subunit of eukaryotic and archaeal primases,
suggesting that the PhrB-like (6-4) photolyases branched at the base of the evolution of the CPF.
PhrB therefore represents an ancient type of photolyase speaking for that PhrB-like (6-4)
photolyases were the ancestors of the cryptochrome/photolyase family. We propose that both
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CPD and (6-4) UV lesions can be repaired by photolyases in many prokaryotic organisms. The
combination of CPD and (6-4) photorepair provides a major evolutionary advantage, especially
before the formation of the oxygen-rich atmosphere. Our phylogenetic and molecular data imply
that (6-4) photolyases evolved before the evolution of modern CPD photolyases, eukaryotic (6-4)

photolyases and cryptochromes.

So far, the functions and the crystal structures from all the seven CPF subfamilies have been

determined.
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5 Future directions

5.1 The potential MTHF binding site in plant cryptochromes

Structural comparison between Arath-Cryl and PhrA structures and phylogenetic studies
allowed us proposing a potential MTHF binding site in plant cryptochromes similar to that of
class III photolyases. However, one of the essential n-stacking forming tryptophan (Trp196 of
PhrA) is substituted by a highly conserved serine (Ser205 of Arath-Cryl) in Plant-Cry. Given
that the W196A mutant of PhrA lost MTHF binding capability, it is reasonable to assume this
single residue difference is a sufficient cause for the absence of MTHF in Plant-Cry. To address
this question, the Ser205 of Arath-Cryl could be replaced by a tryptophan through site-directed
mutagenesis. If the mutated Arath-Cryl protein S205W would bind MTHF tightly as PhrA does,

the MTHF binding site in Plant-Cry and its evolutionary scenery would be clear.

5.2 The DNA recognizing mechanism of class 111 photolyases

Superposition of PhrA structure with other photolyases and DNA complex co-crystal structures
suggested a common DNA substrate binding pocket formed by highly conserved residues.
However, unlike class | photolyase, the aromatic side chain of Trp386 in PhrA is rotated away
from the putative CPD lesion, which is surprisingly analogous to that of Tyr434 in CryDASH
rather than class | photolyases. Accordingly, we proposed a “rotate and bind” DNA binding
mode for PhrA, which could be further extended to the whole class Il photolyases. To
understand the DNA recognizing mechanism of class 111 photolyases, co-crystallization of PhrA
with DNA substrate could be performed.

5.3 The role of Trp-triad for in vivo photoreduction of photolyase
Mutagenesis studies on the Trp-triad of E. coli photolyase in vivo and in vitro led to a conclusion
by Sancar and colleagues that the Trp-triad is not required for in vivo photoreduction of

photolyase. This opinion is however counterintuitive since the Trp-triad is highly conserved

102



5 Future directions

among most of the CPF subfamilies. In the two exceptional cases, class Il and FeS-BCP
subfamilies, other Trp-triads are characterized taking over the role. Hence, there is a strong
evolutionary pressure on Trp-triads. With the PhrA studies, we are able to identify an additional
Trp-triad besides the classical one. The new Trp-triad is also found in E. coli photolyase,
although the surface located Tryptophan (Trp367 in PhrA) is replaced by a Tyrosine (Tyr365 in
E. coli photolyase), which might restrict its functional capability in vitro. We assume that if one
pathway is blocked by mutagenesis in E. coli photolyase, the other one could be used for FAD
photoreduction in vivo. To test this hypothesis, an E. coli mutant could be constructed for UV
sensitivity comparison studies. In this E. coli mutant strain, the Trp306 and Tyr365 of photolyase

could mutated into Phe simultaneously.

5.4 The DNA recognizing mechanism of the prokaryotic (6-4) photolyases

The in vitro repair assay showed that the PhrB repair efficiency of (6-4) photoproducts in
dsDNA is significantly higher than in ssDNA. However, more systematic and quantitative
investigations on PhrB repair efficiency for specific substrates are required. The crystal structure
of PhrB suggested a DNA substrate stabilization mode by using the inter-domain linker loop,
which is distinguished from all the known photolyases. This assumption is based on a
comparison with the structure of the Drosophila (6-4) photolyase-DNA complex. To obtain clear
structural information about the DNA-PhrB interaction, co-crystallization of PhrB with ssDNA

and dsDNA that contain (6-4) photoproducts could be performed.

5.5 The function of [4Fe-4S] cluster of the prokaryotic (6-4) photolyases

The [4Fe-4S] cluster exists specifically in the FeS-BCP subfamily. Since all other photolyases
function without it, we questioned whether the [4Fe-4S] cluster could be redundant or whether it
has any role in this protein. The point mutation of any one of the four Cys that coordinate the
[4Fe-4S] cluster of PhrB led to either insoluble protein or no protein expression at all, thus any
further functional characterization of the [4Fe-4S] cluster can be hardly performed in vitro at the
moment. However, we believe that the catalytic mechanism and more detailed functional studies

will offer new clues for this interesting question.
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5 Future directions

5.6 The function conflicts between PhrB and CryB

Another FeS-BCP member, CryB from R. sphaeroides, shares high structural similarity with
PhrB and all the essential amino acids are completely conserved, but showed no in vitro DNA
repair activity. It is hard to understand this difference. We suspect that the in vitro repair
condition for CryB activity assay might not be proper. Therefore, performing the in vitro DNA

repair assays for both CryB and PhrB in parallel would be very helpful to answer this question.
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