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ABSTRACT

DNA PHOTOLYASE: AN ELECTRON PARAMAGNETIC
RESONANCE SPECTROSCOPY STUDY

By

Kristi Lee Westphal

DNA photolyase is an enzyme that repairs thymine dimers formed by exposure of
the DNA strand to far UV light. This enzyme is activated when it is in the presence of
visible light. The basic mechanism of photolyase is as follows: (1) photolyase binds to
the dimer in a light independent step (2) upon absorption of a photon the dimer is split (3)
photolyase dissociates from the DNA. Photolyase has been successfully overproduced in
E. coli cells and can now be isolated in a stable, nearly pure form.

Electron Paramagnetic Resonance (EPR) experiments have been conducted on
photolyase in order to better understand the repair mechanism. A spin polarized EPR
signal has been detected using time resolved spectroscopy. Labeling techniques have
been used in order to identify the active species involved in the spin polarization process.

Experiments which have been performed and future work in this area will be discussed.
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Chapter 1: Introduction

DNA photolyase is an enzyme that repairs cyclopyrimidine dimers found in DNA.
These dimers are formed by adjacent bases on the same strand when the DNA has been
exposed to far UV light (200-300nm). The two main bases that are affected are purine
and pyrimidine that absorb at A ,, = 250-270nm, with pyrimidine (pyr, see page 25 for
abbreviations) photoproducts predominating.! Four isomers of pyrimidine dimers are
shown in Figure 1.1, with the cis, syn isomer being the natural substrate of photolyase.
The pyr<pyr kills cells by blocking replication and transcription and by causing a
mutation at the site of the lesion. Cells protect themselves from these effects by
eliminating photodimers from their genome either by excision repair or by
photoreactivation. The latter process is carried out by DNA photolyase, which prevents
the harmful effects (cancer, mutations, death) of far UV light by concurrent or subsequent
exposure to near UV light (350-500nm).* The DNA photolyases are a group of enzymes
that catalyze this photoreactivation of damaged cells by breaking the cyclobutane bonds
of the pyrimidine dimer, thereby restoring the pyrimidine monomers. These light-
activated repair enzymes are widespread in nature and have been found in many bacteria,
blue green algae, fungi, higher plants, and all major groups of vertebrates with the
possible exception of placental mammals. Its presence in humans has been a

controversial issue with the most recent conclusion being that photolyase is found in

humans.?







Figure 1.1. The four isomers of pyrimidine dimers.
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Photoreactivation was discovered in the late 1940’s by Albert Kelner when he
showed that after UV inactivation Streptomyces Griseus cells could be reactivated by
subsequent irradiation with visible light In 1962, Rupert, et al. showed that
photoreactivation restores pyrimidine dimers to the original pyrimidines in DNA.’ By
1960 the basic mechanism was thought to occur in three steps: (1) Photolyase binds to
pyrimidine dimers in DNA in a light independent step (2) upon absorption of a photon
the cyclobutane dimers are split to yield two pyrimidines (3) photolyase then dissociates
from the DNA. Figure 1.2 shows a diagram of this basic mechanism.

The photolyase gene was cloned by Sancar and Rupert in 1978.° In 1983 Sancar,
et al. described the construction of a fac-phr plasmid that greatly over produces
photolyase in Escherichia coli.’ These achievements in the cloning and overproducing of
photolyase made it possible to study this enzyme in considerable detail. Now with a
more efficient method for purification (described in chapter 2) substantial quantities of
the enzyme can be produced and isolated in a relatively short period of time.

DNA photolyases are monomeric proteins of molecular weight 55-65 kDa. Their
action is described by classic Michaelis-Menten enzyme kinetics with the exception that
the catalysis is light initiated. All contain stoichiometric amounts of two light absorbing
cofactors, one of which is 1,5-dihydroflavin adenine dinucleotide (FADH) and the other
either methenyltetrahydrofolate or 8-hydroxy-5-deazariboflavin.® The structures of the
two chromophores are shown in Figure 1.3. The folate class includes enzymes from
Escherichia coli, Neurospora crassa, Bucillus firmus, and Saccharomyces cerevisiae, and

the deazaflavin class includes photolyases from Anacystis nidulans, Streptomyces griseus,






Figure 1.2. Basic mechanism of dimer splitting by photolyase. PRE is the
photoreactivating enzyme, and pyr<pyr is a pyrimidine dimer in
damaged DNA.
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Figure 1.3. Chromophores of DNA photolyase.
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Scenedesmus acutus, Halobacterium halobium, and Methanobacterium
thermoautotrophicum.

In photolyase, the flavin chromophore can by found in all three of its oxidation
states: the fully oxidized FAD,,, the semiquinone FADH', and the fully reduced FADH,
(FADH). The E-FAD,, form is catalytically inert’ and the E-FADH' form is active, but
with low quantum yield. The FADH™ form is the active form of the enzyme with a
quantum yield between 0.5 and 0.9.'° Flavin is required for catalysis because it is the
photoactive species in the enzyme. It may also play a structural role, however, as the
flavin cofactor may provide extra stabilization to the enzyme by keeping the two helix
clusters together; the clusters probably have to move apart for binding of FAD to the
apoenzyme."

In E. coli the second chromophore, MTHF, functions as a light harvesting
molecule. It absorbs a photon of light and transfers this energy to FADH. It is not
necessary for substrate binding and does not have to be present for dimer cleavage to
occur. The MTHF cofactor is located on the periphery of the enzyme. This explains why
enzyme lacking this cofactor retains its natural conformation and thymine dimer binding
affinity. Moreover, since the MTHF cofactor is solvent accessible, it readily dissociates
from the enzyme during isolation.

Why does photolyase need two chromophores when flavin is able to absorb light
directly and can donate an electron to the dimer? Flavins are ubiquitous as redox-active
components of many enzymes. Although flavins can absorb light, they are not very

efficient (¢ = 5,000 M~'cm™ at 350nm for FADH"). The folate is much more efficient at
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this task (¢ = 25,000 M"'cm™ at 390nm)."> The folate is thus used in an antenna function

to absorb light and to transfer it to the flavin, which is used for chemistry. Therefore
both chromophores are needed for efficient dimer repair.

The native form of the enzyme contains one mole of MTHF and one mole of
FADH per mole of apoenzyme. Its absorption spectrum is characterized by a peak at
280nm due to aromatic amino acid residues and a peak at 384nm due to enzyme bound
MTHF. All three oxidation states of the flavin cofactor in the enzyme have characteristic
absorption spectra,”’ as can be seen in Figure 1.4. The semiquinone, or one electron
reduced form of the enzyme, is blue in color and the enzyme readily turns blue during
purification due to oxidation of flavin to the semiquinone form. The absorption spectrum
of the semiquinone form has peaks at 480, 580, and 625nm typical of the neutral flavin
radical. The oxidized form is bright yellow in color due to its high extinction coefficient
at its absorption maxima of 450nm (e = 11,300 M c¢cm™”). Upon full reduction, the
enzyme turns a pale yellow and absorbs at 366nm (g = 5680 M cm™).

In 1995, the crystal structure of photolyase was reported by Park et al. The
enzyme is made up of a single polypeptide chain of 471 amino acids and the light
harvesting and catalytic chromophores, both of which are noncovalently attached
chromophores. The polypeptide chain is folded into five B strands, 20 a helices, five
short 3,, helices, and connecting segments. There are two major domains, an o/ domain
which contains the MTHF chromophore, and the helical domain that binds the FADH
chromophore. The two chromophores are separated by 16.8 A; the excitation energy is

transferred from MTHF to FADH™ with a time constant of about 200ps and 62%
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Figure 1.4. Absorption spectra of the oxidized, semiquinone, and reduced
oxidation states of DNA photolyase.
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efficiency."

Substrate binding depends on both pyr<>pyr structure and the local structure
about the dimer in the DNA backbone with pyr<>pyr binding to the flat surface of the
enzyme’s helical domain. The enzyme binds a T<T-containing substrate by contacting
the first phosphate 3’ to T<T on the damaged strand and the phosphate opposite the
T<T across the minor groove on the undamaged strand of a duplex. There is a
depression or “hole” in the helical domain of the enzyme that leads directly to the FAD
binding site. This hole has the right dimension to allow a thymine dimer to fit precisely
and come within van der Waals contact distance of the FAD. A thymine dimer has
asymmetric polarity, which fits well with the asymmetry of the hole as the residues lining
the hole are hydrophobic on one side and polar on the other. Binding in this fashion
would allow electron transfer between FAD and the substrate to occur over a short
distance and with high efficiency. The pyr<>pyr is proposed to bind in this way by
flipping out of the helix and into the hole.

Photolyase is a “structure specific” protein. This means that its catalytic
specificity is determined by the overall structure of the DNA in contrast to a “sequence
specific” protein, which relies on the sequence of the DNA for binding. The natural
substrate for the enzyme is a pyr<>pyr duplex. A minimum length of DNA is required
and the substrate must be at least a 5-mer of the form NpT<>TpNpNp." Most of the
binding free energy comes from the DNA backbone where the enzyme makes close
contact with the pentose part of the backbone. The base composition of the dimer is also

important with the T<T composition giving the highest affinity for binding. The
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secondary structure of the DNA strand also plays a role in binding. Photolyase can bind

to either UV-irradiated single- or double-stranded DNA with similar affinity.'® The
tertiary structure has no effect on activity and photolyase can repair relaxed and
supercoiled DNA with equal efficiency. The T<c,s>T is the natural substrate for the
enzyme.

The proposed repair mechanism of pyrimidine dimers formed in DNA is shown in
Figure 1.5. Photolyase binds to the dimer formed in the DNA strand independent of
light. The folate chromophore absorbs a 350-450nm photon and transfers the excitation
energy to the flavin chromophore. The photoexcited flavin then transfers an electron to
pyr<>pyr and the 5-5 and 6-6 bonds of the cyclobutane ring are broken leaving a pyr and
a pyr. The pyr~ donates an electron back to the one-electron oxidized flavin
chromophore to regenerate FADH™ along with two neutral pyrimidine molecules. The
enzyme then dissociates from the DNA fully intact and able to repair another dimer.'”'*°

In addition to the light-induced electron transfer process that underlies dimer
repair, a second photoinduced electron transfer can be observed. When DNA photolyase
is isolated, one electron oxidation of the fully reduced active form of the enzyme may
occur. This semiquinone form is dark stable and catalytically inactive. Studies have
shown that in vitro photoreactivation proceeds by photoreduction of the flavin radical
before dimer repair can take place.® *' Excitation of the flavin radical results in
intramolecular electron or hydrogen atom transfer from an amino acid residue to the
radical. Heelis, et al. studied the exited-state properties of photolyase in the semiquinone

form to investigate the identity of this amino acid.”> They acquired a flash-induced
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Figure 1.5. Proposed mechanism for dimer repair.
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difference spectrum of photolyase and compared it to spectra of the only three amino

acids with absorptions above 350nm: tryptophan, tyrosine, and histidine. Only the
addition of the tryptophan spectrum to the enzyme spectrum coincided with the spectrum
observed following laser excitation of the enzyme. These results suggested that
tryptophan is the amino acid donor in the photolyase enzyme system.

Li et al. carried these results one step further to determine the specific tryptophan
in the enzyme that was responsible for donating the electron or hydrogen atom.” This
study involved the use of site-directed mutagenesis to replace all fifteen tryptophan
residues individually by phenylalanine. Using flash photolysis they found the trp-306
mutation caused photoreduction of FADH' to cease without effecting the excited state
properties of FADH: or the substrate binding. This led to the conclusion that trp-306 was
the photoreductant. Kim et al. confirmed this assignment by the use of time-resolved
EPR studies.** They obtained a transient EPR spectrum of Enz-FADH' induced by a flash
of light. The spectrum showed emissive and absorptive patterns, typical of spin-polarized
states, consisting of three components split by about 15G. Superimposed on each of the
three components is partially resolved fine structure with splittings of about 5G.
Photolyase grown in poor medium containing isotopically labeled tryptophan was used
to test the identity of the amino acid donor. Upon deuteration the fine structure collapses,
but the three major components are still observable, suggesting that the radical did arise
from a tryptophan molecule. To identify the particular tryptophan in photolyase that
photoreduces the flavin, site directed mutagenesis was performed, as above, with the

exception that EPR was used for analysis. The transient spectrum disappeared when trp-



.
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306 was mutated, while for all other tryptophans no change in the transient could be

observed. From the results of these studies, the conclusion was made that the donor was
indeed a tryptophan molecule and further that it was trp-306.

These experiments led to the proposal that trp-306 is the amino acid donor in the
reactivation process that reduces the flavin semiquinone to its active fully reduced form.
In this mechanism, the trp-306 can either donate an electron or a hydrogen atom to the
photoexcited flavin, thereby producing the active form of the enzyme. These two
possibilities raise the issue of the ionization state of the reduced flavin cofactor in the
active enzyme and a number of studies have been carried out to determine whether the
neutral or anionic flavin hydroquinone is physiologically the more important. Hartman
and Rose studied reduced flavin model compounds and concluded that the anionic, single
protonated form is more active in dimer repair than the doubly protonated form.”
Photolysis of 1.2x10°M flavin and 3.4mM N(1), N(3)-dimethyluracil cis-syn-cyclobutane
dimer in solutions ranging from pH 5.5 to 9.1 was carried out. A titration curve of the
splitting efficiency, centered at pH 7.7, clearly showed the flavin anion was
approximately eight times more active in dimer repair than the neutral form. In another
study, Ghisla et al. showed that the absorption spectra of reduced flavins are influenced
by the degree of planarity of the flavin molecule.”® Neutral reduced flavins posses
maximum planarity with a typical A,,,~390nm. Ionization at N1 allows flexing along
the N5-N10 axis which results in a blue shift to 350+£10nm. The reduced flavin in the
active form of photolyase has A, =366nm*’ which may correspond to this flexing upon

ionization.
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Isotopic labeling is a third route used in identifying whether the donated species is
an electron or a hydrogen atom. Isotopic labeling studies have been conducted on the
tryptophan responsible for the donation of the electron or hydrogen atom. The neutral
and cationic forms of the tryptophan radical differ in unpaired electron spin densities. The
tryptophan cation radical has high spin density at the C(2) a-proton and at the C(3) B-
methylene carbon position while the neutral tryptophan radical has significant spin
density at the N(1) nitrogen and C(3) B-methylene carbon position.”® Therefore the two
forms can be discriminated by EPR spectroscopy when the tryptophan has been
isotopically labeled at these positions. A sample was specifically labeled at the a-ring
proton positions causing the smaller hyperfine couplings (~5G) to disappear. These
results suggest that the transient EPR spectrum arises from a cation rather than a neutral
tryptophan radical.  Although these labeling studies were conducted on the FAD_,-trp
radical pair, the results may be carried over to the FADH™ -trp system because the

tryptophan radical, not the flavin, of the radical pair is believed to give the transient EPR
signal.”’ The observation that the active reduced flavin is present in its anionic form in
photolyase coincides with the conclusions that most photoexcited flavins reacting with a
tryptophan molecule are primarily electron transfer types of reactions.*

Now that an electron rather than a hydrogen atom transfer mechanism has been
proposed for photo-repair a question arises as to the direction of the electron transfer,
from reduced flavin to dimer or the reverse? When FADH™ absorbs a photon, an electron

is promoted from the HOMO (n-orbital) to the LUMO (=" orbital). Therefore 'FADH

becomes a good electron donor and an electron can be transferred from the n* orbital of
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'FADH: to the LUMO of the dimer. The reverse case, electron transfer from dimer to

FADH, would be unlikely because reduced flavins are much better donors than
acceptors.’'

Another way to determine the direction of electron transfer is to calculate the free
energy change for both reactions. The equation used is as follows:

AG(kJ mol") =96.5 [E° (D* D) - E° (A A) - 0.026] - E,,
where E° (D*/D) and E°(A/A”) represent the reduction potentials of the donor and
acceptor, and E_, is the energy of the excited state of the flavin chromophore. The free
energy change for electron transfer from flavin to dimer is calculated to be AG = -125 kJ
mol™ and from dimer to flavin is AG = +180 kJ mol”. Therefore electron transfer from
flavin to dimer is energetically more favorable®.

The purpose of the project described in this thesis is investigation of the spin
polarized EPR signal of photolyase and the mechanism of electron transfer in dimer
repair. A new isolation procedure facilitated this research by providing a more stable
sample with which to work. This improved procedure has cut the time needed for
isolation of the enzyme by over two-thirds. In addition, a new buffer system has been
employed to improve the stability of the enzyme. Due to shorter preparation time and
increased stabilization, one can consistently expect to get a purified product in the one
electron reduced semiquinone form. Consistency of the end product and optical
spectroscopy allows for accurate characterization of the samples being used for

experimentation.






20
'FADH' to the LUMO of the dimer. The reverse case, electron transfer from dimer to

FADH, would be unlikely because reduced flavins are much better donors than
acceptors.”!
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experimentation.
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The identification of the spin polarized species giving the transient signal has also
been investigated by using deuterium labeled samples and EPR spectroscopy. The spin
polarized EPR signal observed may originate from either or both of the species making
up the spin polarized pair. Using labeled tryptophan species, we have observed that only
the trp radical contributes to the transient EPR spectrum as shown in chapter 4. These
results can contribute to the better understanding of this photobiochemical reaction that
perserves the integrity of the DNA strand. The dimer repair process performed by
photolyase is becoming especially crucial as the result of the increased incidence of UV

light reaching the earth’s surface over the past several years.
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Chapter 2: Isolation and Characterization of Photolyase

Exposure of DNA to ultraviolet radiation causes cyclobutane pyrimidine dimers
to form on the DNA strand. If left unrepaired, pyrimidine dimers can cause mutation,
cancer, and death.' Photoreactivation is mediated by DNA photolyase which binds to
DNA-containing pyrimidine dimers independent of light and splits the dimers upon
exposure to near-UV light2 To be able to study effectively the mechanism of action of
photolyase, large quantities of the enzyme are needed. Since very low concentrations of
photolyase are found in cells (10 to 20 molecules per cell in E. coli) the study of this
enzyme was difficult until 1978 when the photolyase gene was cloned® and a photolyase
over-producing strain of E. coli was constructed in 1983.* Sancar ef al. were successful in
constructing a photolyase over-producing plasmid by joining a tac promoter to the
photolyase apoenzyme gene, phr. In this strain, photolyase constituted 15% of total
cellular proteins and the tac-phr plasmid amplified E. coli DNA photolyase
approximately 15,000-fold in the cell. By using this strain carrying the over-producing
plasmid, several milligrams of enzyme could be purified per gram of cells.

The buffer conditions (50mM Tris-HCI at pH 7.4) used in the lab of A. Sancar in
the purification procedure left the enzyme highly susceptible to air oxidation and
denaturation. The isolation procedure involved sonication, centrifugation, three dialysis
steps, an affinity column purification, gel filtration, and an hydroxyapatite column, all of
which lengthened the isolation procedure to several days.” Owing to the time required for
this procedure, the enzyme had a greater chance of reacting with oxygen, causing the

oxidation state of the final product to be a mixture of semiquinone and oxidized states.
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Since knowing the oxidation state of the enzyme is crucial to studying the mechanism of

repair, this isolation procedure was unsatisfactory and improvement was necessary.

MATERIALS AND METHODS

Bacterial Strains and Plasmids

Escherichia coli CSR603 was obtained from the E. coli Genetic Stock Center, Yale
University. MS09 is identical to CSR603 with the exception that it is carrying the rac-
phr plasmid pMS969, the DNA photolyase strain. MS09 was obtained from A. Sancar at
the North Carolina School of Medicine, Chapel Hill.

Chemicals

Isopropyl-p-D-thiogalactopyranoside (IPTG) used to induce the cells was obtained from
Boehringer Mannheim GmbH. The RNase and DNase used to cleave the RNA and DNA
strands were obtained from Sigma. The column materials used in the purification steps of
the isolation were Blue Sepharose CL-6B and Heparin Sepharose CL6B obtained from
Pharmacia LKB Biotechnology. @ The desalting columns packed with P-6DG
polyacrylamide gel (exclusion size of 6000 D) were obtained from Bio-Rad. The SDS-
PAGE molecular weight standard was from Bio-Rad.

Buffers

The lysis buffer was made up of 50 mM Hepes, pH 7.0 with 100 mM NaCl, 10%(w/w)
sucrose, and 10 mM 2-mercaptoethanol. Buffer A consisted of 50 mM Hepes, pH 7.0,

10%(v/v) glycerol, and 10 mM 2-mercaptoethanol. Buffer B and Buffer C were identical
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to Buffer A with the addition of 0.1 M KClI to Buffer B and the addition of 2.0 M KCl to

Buffer C.

Equipment

The French press used to break the cell walls in the initial step was obtained from SLM
Aminco, Urbana, IL. The optical spectra were obtained by using an AVIV
Spectrophotometer, Model 14DS UV-VIS, Lakewood, NJ. The centrifugations were
accomplished with the use of a Dupont Sorvall RC-5B Refrigerated Superspeed
Centrifuge, Hoffman Estates, IL. The SDS-polyacrylamide gels were produced by
utilizing a Bio-Rad Mini-PROTEAN II Electrophoresis Cell, Hercules, 