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’ INTRODUCTION

One of the most common types of UV-induced damage to
DNA is the cis,syn-cyclobutane pyrimidine dimer (CPD). The
lesion is potentially mutagenic, and a number of repair mechanisms
have evolved to protect organisms from this type of damage.1Oneof
the simpler proposed mechanisms for repair of the CPD comes
from DNA photolyase (PL), a DNA repair enzyme widely found
throughout all kingdoms of life with the exception of placental
mammals.2,3 PL recognizes and binds to the CPD lesion and then
uses a light-driven electron transfer to reverse the damage on the
DNA. The mechanism of the light-driven electron transfer repair
has been well studied, but the mechanism by which the enzyme is
able to recognize and bind the CPD damage, uncoupled from the
light-driven repair process, is less understood.

PL requires flavin adenine dinucleotide (FAD) cofactor for
CPD repair.2 In repair, the fully reduced flavin cofactor
(FADH�) donates an electron to the CPD upon excitation with
blue light. The lesion spontaneously repairs followed by an
electron transfer back to the flavin. PL, as isolated from E. coli,
is a monomeric 56 kD protein with the flavin cofactor in an
inactive neutral semiquinone state (FADH•). A two-electron
oxidized state, FAD, is also observed with the protein. The
protein with any of three oxidation states of FAD present is able
to bind CPD but is unable to bind CPD if the FAD cofactor is
absent.4,5 A second chromophore, methenyltetrahydrofolate
(MTHF) in E. coli PL, is generally present; it may play a role
as a light-harvesting pigment with energy transfer to FAD, but it
is not required for enzymatic activity.

Several crystal structures have been published for free PL, but
only one is available for the enzyme substrate complex with

enzyme from Anacystis nidulans along with a CPD analog that is
apparently repaired during acquisition of the crystal structure
data.6�9 In 2002, work by the Stanley group provided evidence
that the CPD lesion was flipped out of the base-stacking
conformation upon binding to PL,10 and the crystal structure
of the complex later confirmed this conclusion. The adenine ring
of the FAD resides 3.1 Å from the bound, repaired CPD, while
the isoalloxazine ring of the FAD appears to be within 7 Å of the
CPD.9 The mechanism by which the CPD is flipped out of the
intrahelical DNA and bound to PL is unclear.

One can imagine a number of possible pathways for the
binding of the CPD to occur.11 First, as the protein binds to
the DNA, it could simultaneously flip out the CPD into a binding
pocket as part of the binding interaction. In a second possible
pathway, PL could simply recognize a CPD that has sponta-
neously flipped out of the intrahelical DNA into a solvent-
exposed position. Third, as PL binds to the DNA, it could bend
the DNA in such a way that it destabilizes the base stacking
around the CPD lesion. The lesion is then more likely to flip out
to a position where it could be captured by the enzyme. The best
characterized base-flipping systems are the DNA glycosylase
enzymes in which three forms of the repair enzyme are observed:
a search complex that can easily slide along the DNA, an
interrogation complex that is able to test the DNA for damaged
bases, and an excision complex which is involved in flipping the
damaged base out for repair.12 Upon the basis of its lack of
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ABSTRACT: Binding of a cis,syn-cyclobutane pyrimidine dimer
(CPD) to Escherichia coli DNA photolyase was examined as a
function of temperature, enzyme oxidation state, salt, and substrate
conformation using isothermal titration calorimetry. While the over-
allΔG� of binding was relatively insensitive to most of the conditions
examined, the enthalpic and entropic terms that make up the free
energy of binding are sensitive to the conditions of the experiment.
Substrate binding to DNA photolyase is generally driven by a
negative change in enthalpy. Electrostatic interactions and proton-
ation are affected by the oxidation state of the required FAD cofactor and substrate conformation. The fully reduced enzyme appears
to bind approximately two additional water molecules as part of substrate binding. More significantly, the experimental change in
heat capacity strongly suggests that the CPD lesion must be flipped out of the intrahelical base stacking prior to binding to the
protein; the DNA repair enzyme appears to recognize a solvent-exposed CPD as part of its damage recognition mechanism.
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similarity to the glycosylase enzymes, it is unlikely that PL follows
a similar mechanism; PL lacks a protruding “reading head” for an
interrogation complex.11

Interactions between the FAD cofactor and substrate appear
to be important since we find the presence of the substrate
increases the reduction potential of the FADH�/FADH• couple
in PL;13 the reduction potential is important for the light-driven
repair process. In addition, substrate binding induces changes in
both the Raman and the absorption spectra of FADH•,14 the
neutral semiquinone form of the FAD cofactor that absorbs light
from 500 to 650 nm.

The ability to control the oxidation state of a cofactor so close
to the binding site allows us to make local modifications
immediate to the binding site. In addition, PL is somewhat
unusual for a site-specific DNA binding protein in that it has the
ability to bind and repair CPD lesions, regardless of the DNA
conformation.2 To further elucidate the roles of the flavin
cofactor and the DNA conformation in the CPD damage
recognition mechanism, we completed isothermal titration cal-
orimetry studies (ITC) to measure the thermodynamics of
substrate binding to PL.15�17 We examined substrate binding
as a function of temperature, oxidation state of FAD, salt
concentration, and substrate conformation. In addition, we
examined the role of the MTHF cofactor in binding. Given the
large quantities of substrate required for these studies, our single-
strandDNA substrate (ssDNA) is UV irradiated p(dT)10 with an
average of one CPD dimer randomly distributed per strand.14

Our double-stranded substrate is the UV-p(dT)10 titrated with
p(dA)10, also with one lesion per unit.

’EXPERIMENTAL METHODS

Chemicals and Enzyme Used in Experiments. PL was
purified as previously described.18 The enzyme was stored as
the semiquinone at �80 �C in 20 mM potassium phosphate,
0.400 M K2SO4 (storage buffer) at pH 7.0. Undamaged p(dT)10
and p(dA)10 were obtained from TriLink Biotechnologies and
used without further purification. The UV-damaged single-
strand and double-strand substrates were produced as described
earlier after dissolution of the DNA into the appropriate buffer.14

All other chemicals used were obtained from Sigma-Aldrich.
Preparation of Samples for Temperature-Dependent

Binding Studies. The semiquinone enzyme, in the storage
buffer, was diluted to ∼30 μM using appropriate buffer to reach
a final buffer composition of 20 mM potassium phosphate and
88 mM K2SO4 (Buffer A, μ = 300 mM) at pH 7.0. The
semiquinone samples for ITC were made fresh each day and
stored on ice until use.
Samples with fully reduced enzyme were prepared using three

cycles of dilution into Buffer A followed by centrifugal concen-
tration (Amicon Ultra, 30 kD cutoff). The protein was diluted to
∼35 μM and reduced using the procedure described earlier.19

Samples were removed for ITC experiments immediately prior
to the start of the experiment, while the rest of the reduced
enzyme was kept anaerobic on ice.
Samples with fully oxidized enzyme were prepared by diluting

the semiquinone protein to ∼35 μM in Buffer A along with a
25molar excess of potassium ferricyanide. The sample, in a capped
quartz cuvette, was placed on ice and illuminated with white light
(2 in. from Philips F20T12 20 W fluorescence light) for 20 min.
The absorption spectrum of the sample was measured to ensure
there was complete loss of the semiquinone state. The protein

was then exchanged into fresh Buffer A using a small desalting
column (Bio-Rad 10 DG) and concentrated using a centrifugal
concentrator. Oxidized enzyme was prepared fresh and stored on
ice for each day of experiments.
Preparation of Samples for Ionic Strength-Dependent

Binding Studies. The solutions, all at pH 7.0 with 50 mM
Hepes (μ = 12 mM), used to obtain the salt concentration data
were as follows: 188 mM KCl (μ = 200 mM), 238 mM KCl (μ =
250 mM), 263 mM KCl (μ = 275 mM), 288 mM KCl (μ =
300 mM), 313 mM KCl (μ = 325 mM), 338 mM KCl (μ =
350 mM), 388 mM KCl (μ = 400 mM), and 488 mM KCl (μ =
500 mM). The semiquinone protein was diluted and concen-
trated (three cycles, Amicon Ultra, 30 kD cutoff) into the
appropriate buffer prior to use. The reduced and oxidized forms,
prepared as described above, were exchanged into the appro-
priate buffer using a small desalting column and then concen-
trated using centrifugal concentrators.
Preparation of Samples for Proton Ionization Studies.The

four buffers, all at pH 7.0 with 88 mM K2SO4, used in this study
were as follows: 20 mM potassium phosphate (ΔHion =
1.22 kcal/mol), 20 mM Hepes (ΔHion = 5.02 kcal/mol),
20 mM Mops (ΔHion = 5.29 kcal/mol), and 20 mM imidazole
(ΔHion = 8.75 kcal/mol).20,21 The semiquinone protein was
exchanged into the appropriate buffer using a small desalting
column (Bio-Rad 10 DG) and concentrated using a centrifugal
concentrator. The reduced and oxidized forms, prepared as
described above, were exchanged into the appropriate buffer
and concentrated as described above.
Activity Assay. The activity of PL was measured using the

procedure described earlier19 with the modifications de-
scribed below for the fully oxidized state. Oxidized PL (750 μL
of ∼15 μM in Buffer A) was purged for 10 min with N2 gas at
4 �C in a quartz cuvette equipped with a septum. A solution of
sodium dithionite (10 mg/mL) was purged for 5 min with N2

gas. Sodium dithionite (30 μL) was added to the anaerobic PL
solution, and the solution was allowed to stand at 25 �C until
complete reduction of the PL was observed using UV�vis
absorption spectroscopy. Fully reduced enzyme
was then added to an anaerobic solution of UV-p(dT)10,
and the rest of the activity assay was carried out as described
previously.19

Isothermal Titration Calorimetry Measurments. Binding
studies were completed with a MicroCal ITC200 microcalori-
meter (GE Biosciences) at 25 �C, unless otherwise noted. PL
exchanged into the appropriate buffer and, at concentrations
ranging from 25 to 40 μM, was placed in the sample cell. The
DNA substrate, in identical buffer, was loaded in the syringe at
concentrations ranging from 375 to 500 μM. The substrate was
added to the fully reduced enzyme in 19 aliquots (1 � 0.4 μL,
18� 2.0μL) with 80 s of spacing between each addition, while the
other oxidation states were titrated with 24 aliquots (1 � 0.4 μL,
23 � 1.6 μL) spaced 90 s apart. The reduced enzyme titration
required approximately 35 min, while the other oxidation states
required approximately 45 min. Protein and DNA controls
were run under identical conditions to correct for simple
dilution of the DNA and protein along with any effect of excess
sodium dithionite in the reduced enzyme. The protein sample
was recovered from the ITC after each experiment, and the
absorption spectrum of the solution was measured to determine
the concentration of oxidized and semiquinone PL present.
Three to ten replicates were completed for each set of experi-
mental conditions.
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DNAMelt Experiments.The integrity of the double-stranded
DNA made from UV-p(dT)10 and p(dA)10 was checked using a
DNAmelt experiment. The substrate (10 μM) in the appropriate
buffer was placed in a reduced volume quartz cuvette. The
temperature of the sample was controlled using a Peltier cuvette
holder in a Cary 50 (Varian) UV�vis spectrometer. The
temperature of the solution was changed in 5 �C steps (from 5
to 70 �C) with an equilibration time of 10 min per step, and the
spectrum was measured at each temperature.
Preparation of PL with Stochiometric Quantities of MTHF

Cofactor. Synthetic MTHF was produced as described earlier.22

TheMTHF was dissolved in Buffer A and titrated into∼100 μM
semiquinone PL as described earlier.22 The 360 and 380 nm
MTHF absorption bands were monitored to ensure that all of the
protein had MTHF bound; unbound MTHF absorbs at 360 nm,
while PL-boundMTHF absorbs at 380 nm. The protein with the
additional MTHF was diluted to ∼35 μM, and ITC data was
obtained with ssDNA at 25 �C. Control data were collected on
the same day using semiquinone PL from the same preparation in
the same buffer.

’RESULTS

Integrity of Protein and Substrate Before and After ITC
Experiments. Typical ITC data obtained for PL are shown in
Figures 1 and 2, showing ssDNA and dsDNA binding, respec-
tively. Figure 1 is an example of the titration of the FADox state
with ssDNA (UV-p(dT)10). The top panel, Figure 1A, displays
the titration of FADox with ssDNA along with buffer into FADox,
labeled as protein control, and ssDNA in buffer, labeled as DNA
control. The two controls take into account the heat of dilution of
protein and substrate. The binding curve generated from the
titration, after correcting for the dilution enthalpies, is shown in

Figure 1B. The data fit to a one-site binding model using the
propriety software supplied by MicroCal. Figure 2A is typical
data obtained for FADH� titrated with dsDNA (UV-p(dT)10
with a slight excess of p(dA)10) along with the controls for both
the PL and the dsDNA alone. The ssDNA control is different
from the dsDNA control; the dsDNA control is endothermic,
while the ssDNA is slightly exothermic under our buffer condi-
tions. The difference in appearance between our dsDNA and
ssDNA controls gives us confidence that our dsDNA is, in fact,
double-stranded DNA since dilution of that substrate would be
expected to have an endothermic heat of dilution.
While the UV-p(dT)10 substrate with its random CPD loca-

tion is not optimal for these studies, we believe it is adequate to
map out differences in the binding site as the FAD undergoes
changes in oxidation state. In general, the number of binding sites
for PL binding to both dsDNA and ssDNA is very close to 1; for
example, averaging all 44 titrations obtained for the FADH• state
with ssDNA for our temperature study from 10 to 25 �C we
obtain an average of 0.99 ((0.1) binding sites per PL. The
number of binding sites decreases slightly (by 0.08) for data at 32
and 37 �C; we ascribe the slight decrease to loss of viable protein
rather than to any problem with the ssDNA. In a separate
experiment, we monitored the DNA absorbance as a function
of temperature and found our dsDNA appeared to melt at
∼42 �C under the buffer conditions used in the temperature-
dependent ITC experiments.
Since we could easily recover the protein after each titration,

we also measured the oxidation state of the protein after
experiment. Studies at low ionic strengths caused the largest
decrease in initial oxidation state with the FADH� and FADH•

states becoming oxidized over the course of the experiment. In
contrast, the FADox appeared to be relatively stable under the
experimental conditions, though a trace amount of the protein

Figure 2. Typical titration of FADH� with dsDNA and resulting
binding curve. The conditions for the ITC shown in panel A were as
follows: [FADox] = 36.5 μM, [dsDNA] = 375 μM, in 20 mM potassium
phosphate, 88 mMK2SO4, pH 7.0,T = 15 �C. Parameters obtained from
the best fit of the binding curve shown in panel B:N = 0.92( 0.01, KA =
1.0 ((0.1) � 106, ΔH� = �57.9 ((0.8) kJ/mol.

Figure 1. Typical titration of FADox with ssDNA and resulting binding
curve. The conditions for the ITC shown in panel A were as follows:
[FADox] = 35 μM, [UV-p(dT)10] = 438 μM, in 20 mM potassium
phosphate, 88 mMK2SO4 pH 7.0. T = 20 �C. Parameters obtained from
the best fit of the binding curve shown in panel B:N = 0.92( 0.01, KA =
1.0 ((0.1) � 106, ΔH� = �31.3 ((0.6) kJ/mol.
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would precipitate during the experiment. At low ionic strengths
we lost less than 15% of the FADH• state (to FADox) but asmuch
as 45% of FADH� (to FADH•). Under the conditions of the
temperature study with 20 mM potassium phosphate, 88 mM
K2SO4 at pH 7.0, PL was more resistant to oxidation with losses
of less than 10% and 30% of the FADH• and FADH� states,
respectively. Each titration took 40�50 min, and we diluted the
ITC sample to obtain the absorption spectrum required to deter-
mine the oxidation state of the enzyme. The amounts of the reduced
PL lost to oxidation, as given above, is most likely an overestimation
of the oxidation present during the crucial, initial phase of the
binding experiment.We did not attempt to correct for any change in
oxidation state during the course of the titration.
We used multiple buffer systems for the work; the buffer and

salt present did slightly affect the enthalpies obtained. The
temperature studies were completed in 20 mM potassium
phosphate, 88 mM K2SO4 at pH 7.0 (ionic strength =
300 mM); since the salt studies require a monovalent salt, the
buffer was changed to 50 mM Hepes pH 7.0 and KCl to achieve
the appropriate salt concentration. For our proton-exchange
experiments, we added 88 mM K2SO4 cosolvent to 20 mM
buffer of known ionization enthalpy (potassium phosphate,
Hepes, Mops, imidazole). In addition, we attempted to obtain
ITC data using the solvent conditions (10 mM Tris, pH 7.4 with
1 mM EDTA, 1 mM β-mercaptoethanol, 100 μg/mL bovine
serum albumin, and 125 mMNaCl) described for earlier binding
assays;23 wewere unable to obtain any binding data with this solvent
system since the protein almost immediately oxidized to FADox

from the stable seminquinone state and rapidly precipitated.
Preparation of stable oxidized PL has generally been a problem

since the oxidized enzyme tends to precipitate out of solution.
We developed a novel preparation that uses excess ferricyanide in
the presence of white light to obtain stable oxidized enzyme that
is resistant to precipitation; illumination of the semiquinone
sample in the presence of the oxidant accelerates the oxidation
reaction by an order of magnitude. The mechanism by which the
oxidation occurs is unclear, but active protein is recovered upon
reduction of the FAD cofactor. The oxidized protein does not
survive freeze/thaw cycles well, so oxidation was done immedi-
ately prior to experiment.
As discussed more extensively below, the apparent binding

constants,KA, wemeasured are∼106 for specific binding to CPD
and ∼102 for nonspecific binding to undamaged DNA.19 Our
values are up to 3 orders of magnitude smaller than the binding
constants reported earlier that were obtained through nitrocel-
lose filter and gel retardation assays.23�28 Our results are similar
to those obtained from emission quenching29 and surface
plasmon resonance spectroscopy.30 The origin of the difference
appears to be the identity of the substrate: much of the earlier
work used a 43 base duplex with a central CPD or the pBR322
plasmid with multiple CPDs, while the emission and surface
plasmon resonance assays along with our work used short oligothy-
midylates with either centrally located CPD or randomly located
CPD.This conclusion is tentative sincewe are unable to exclude any
effect of the particular solvent used in the earlier studies.
We did investigate if there was any influence of MTHF on

binding. Our PL, as isolated from E. coli, contains ∼0.7 MTHF
molecules per FAD.14 Using a previously published procedure, we
titrated MTHF into PL to ensure there was 1 MTHF bound per
FAD.22We obtained binding constants for PL with stoichiometric
amounts ofMTHF thatwere indistinguishable from those obtained
with PL containing substoichiometric amounts of MTHF.

Temperature Dependence of Substrate Binding. Binding
of PL to damaged DNA was measured for all three oxidation
states from 10 to above 30 �C, Table 1. Upon closer inspection of
Table 1, one will note that although the Gibbs energy of binding
is relatively unchanged with temperature, oxidation state, and
substrate, the enthalpy (ΔH�) and entropy (ΔS�) are drastically
affected by these parameters, as discussed further below.
The temperature dependence of the apparent enthalpy of

binding (ΔH�) of PL to ssDNA is plotted in Figure 3 for all three
oxidation states. It is readily apparent that the enthalpy of all of
the oxidation states has the same linear dependence upon
temperature in the range examined but that the value of enthalpy
measured is affected by the FAD oxidation state. The fully
oxidized state has the smallest binding enthalpy, while the fully
reduced state has the most exothermic binding enthalpy.
Change in heat capacity,31 ΔCp, is defined as the change in

enthalpy of binding with temperature at constant pressure

ΔCp ¼ ðΔH=ΔTÞp ð1Þ

Table 1. Summary of Temperature-Dependent Thermody-
namics Parameters

components

temperature,

K

ΔG�binding,
kJ/mol

ΔH�binding,
kJ/mol

ΔS�binding,
J/Kmol

Ox+ssDNA 283 �31.9 ((0.7)a �21.7 ((1)b +36 ((5)c

288 �33.6 ((0.7) �26.9 ((2) +23 ((6)

293 �33.7 ((0.3) �31.2 ((2) +9 ((7)

298 �34.2 ((0.5) �37.2 ((2) �10 ((7)

303 �33.2 ((1) �43.2 ((4) �33 ((10)

Sq+ssDNA 283 �34.1 ((0.7) �26.2 ((2) +28 ((8)

290 �34.3 ((0.8) �33.9 ((2) +1 ((7)

298 �35.1 ((0.7) �42.6 ((5) �25 ((20)

305 �36.3 ((0.5) �53.3 ((3) �56 ((9)

310 �36.7 ((0.5) �55.0 ((4) �59 ((10)

Red+ssDNA 283 �33.3 ((0.8) �34.9 ((2) �6 ((8)

288 �33.6 ((0.2) �40.4 ((0.7) �24 ((3)

293 �34.3 ((0.6) �46.8 ((3) �43 ((10)

298 �34.5 ((0.8) �52.7 ((3) �61 ((10)

303 �34.6 ((0.6) �57.9 ((1) �77 ((5)

Ox+dsDNA 283 �30.4 ((0.7) �39.6 ((8) �32 ((30)

288 �30.9 ((1) �47.7 ((2) �58 ((8)

293 �33.1 ((0.1) �51.0 ((1) �61 ((5)

298 �34.0 ((0.7) �54.4 ((4) �58 ((10)

303 �34.6 ((0.6) �50.2 ((2) �51 ((8)

Sq+dsDNA 283 �32.6 ((0.5) �38.8 ((2) �22 ((6)

290 �33.5 ((0.7) �49.7 ((2) �56 ((7)

298 �35.4 ((0.8) �56.7 ((3) �71 ((10)

305 �35.3 ((1) �62.5 ((2) �89 ((7)

Red+dsDNA 283 �32.6 ((0.7) �45.0 ((5) �44 ((20)

285.5 �33.0 ((1) �54.2 ((6) �74 ((20)

288 �32.9 ((0.7) �57.4 ((3) �85 ((9)

293 �33.4 ((0.7) �64.3 ((5) �106 ((20)

298 �34.6 ((0.8) �63.7 ((4) �98 ((10)

303 �35.0 ((2) �61.1 ((7) �86 ((20)
a Error calculated from the standard deviation of measured K. b Error
calculated from the standard deviation of measured values. c Error
propagated from ΔG� and ΔH�.



13750 dx.doi.org/10.1021/jp208129a |J. Phys. Chem. B 2011, 115, 13746–13754

The Journal of Physical Chemistry B ARTICLE

The change in oxidation state of PL upon ssDNA binding
appears to have virtually no effect on the ΔCp; taking into
account the error calculated from least-squares analysis of the
linear fits shown in Figure 3, ΔCp =�1120 J/K mol for all three
states. As found with most DNA binding proteins, the change in
heat capacity is negative.
The temperature dependence of the binding enthalpy for

dsDNA ismore complicated, as shown in Figure 4. The change in
heat capacity for the semiquinone state is virtually unchanged
from Figure 3 with ΔCp = �1000 ( 90 J/K mol, but the
binding enthalpies for the reduced and oxidized states no
longer display a linear relationship with temperature. Both
enthalpies curve upward with increasing temperature; a sec-
ond, endothermic process appears to be contributing to the
dsDNA binding enthalpy at higher temperatures for the
reduced and oxidized protein.
Salt Dependence of Substrate Binding. Studies that mea-

sure the salt dependence of substrate binding can allow one to
gain insight into the specific interactions that are important
between the substrate and the protein.32,33 An electrostatic
interaction will be specifically defined as an interaction between
charged groups, while the nonelectrostatic interactions are
mainly van der Waals and hydrogen-bonding interactions. A
recent paper by Privalov, Dragon, and Crane-Robinson34 appears
to validate a method that allows one to distinguish between
electrostatic and nonelectrostatic interactions, as described using
the following equation

log KA ¼ log Knonelectrical � Zψ log½Salt� ð2Þ
where KA is the observed binding constant at a specific salt
concentration, Knonelectrical is the binding constant due only to
nonelectrical interactions, Z is the number of phosphate groups
that interact with the protein, and ψ is the number of cations
displaced per phosphate group. The salt used is a monovalent salt
(KCl in this work). There appears to be a range of values used for
ψ. The work by Privalov, Dragon, and Crane-Robinson seems to
indicate that ψ = 0.70 is reasonable for dsDNA.34 Once
Knonelectrical is obtained from this type of analysis, ΔG�nonelectrical
and ΔS�nonelectrical can be calculated since is it generally assumed
that there is no electrostatic contribution to the enthalpy
(ΔH�observed = ΔH�nonelectrostatic), and the electrostatic compo-
nent of the Gibbs energy of binding is only entropic.35�37 Using

this assumption, we can use the equation below to calculate the
entropy of the nonelectrostatic contributions

ΔGo
nonelectrostatic ¼ ΔHo

observed � TΔSononelectroststic ð3Þ
We plotted the binding constants obtained at 25 �C as a function
of salt concentration in Figures 5 (ssDNA) and 6 (dsDNA); all of
our data fit well to the function described in eq 2. Using the
analysis outlined above along with the assumption that the
electrostatic component for the enthalpy of binding is zero, we
calculated the number of phosphate contacts and the none-
lectrostatic contributions to binding for each oxidation state of
PL, as shown in Table 2. Included in the table are ΔG�total and
ΔS�electrostatic as calculated from the data for a salt concentration
of 300 mM, the same ionic strength as the buffer used in the
temperature studies, to give some context for the contribution of
the nonelectrical interactions to the overall free energy. The
assumption that the electrostatic contribution is entirely
entropic36,37 appears to be valid for our system since we observed
no KCl dependence on our enthalpy values. The enthalpies
reported in Table 2 are the average and standard deviation for the
entire range of KCl data obtained for that oxidation state and
substrate.
From this analysis, it appears that the number of phosphate

contacts decreases for the oxidized (from 3 to 2) and reduced
(from 3 to 1) states going from ssDNA to dsDNA while the
semiquinone state contacts remains unchanged. The crystal
structure of the complex does show interactions between the
protein and one phosphate 50 to the lesion along with three
phosphates 30 to the lesion; the cofactor is most likely in the fully
reduced form in this structure.9 The discrepancy between our
results and that shown in the crystal structure may originate in
the heterogeneity of our dsDNA substrate.
Remarkably, although the total ΔG� (as calculated for a salt

concentration of 300 mM) is virtually unchanged with both
oxidation state and substrate, the components (ΔS�nonelectrostatic
and ΔH�nonelectrostatic) that go into ΔG� are significantly
affected by the oxidation state of PL. As noted above for the
temperature-dependent data, the fully reduced PL appears to
have the most negative nonelectrostatic entropy.
Proton Exchange upon Substrate Binding. The number of

protons lost or gained during substrate binding can be addressed

Figure 3. Temperature dependence for ssDNA binding. All experi-
ments were completed in 20 mM potassium phosphate, 88 mM K2SO4,
pH 7.0. Each point is the average of 3�12 individual experiments. The
lines are generated from least-squares analysis, and the slopes obtained
are shown.

Figure 4. Temperature dependence for dsDNA binding. All experi-
ments were completed in 20 mM potassium phosphate, 88 mM K2SO4,
pH 7.0. Each point is the average of 3�9 individual experiments. The
line is generated from least-squares analysis, and the slope obtained
is shown.
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using the approach outlined by Baker and Murphy;38 theΔH� of
binding is measured at a single pH in different buffers with the
resulting data fit to the following equation

ΔHo
observed ¼ ΔH0 þ NHþΔHi

buffer ð4Þ

The observed ΔH� is plotted against the buffer ionization
enthalpy (ΔHi

buffer) to get a slope (NH+) that corresponds to
the number of protons lost (�) or gained (+). The y intercept,
ΔH�, corresponds to the enthalpy of binding of the substrate for
the system in a buffer with an ionization enthalpy of zero. The
data are shown in the Supporting Information. Buffers of known
ionization enthalpies used included potassium phosphate,
Hepes, Mops, and imidazole.20,21 From this analysis, the fully
reduced and semiquinone states appear to show identical beha-
vior with the gain of ∼1 proton with binding of ssDNA and the
gain of ∼0.5 proton with binding of dsDNA. The oxidized state
appears to gain ∼0.25 protons upon substrate binding with no
discernible difference between the ssDNA and the dsDNA.
Further pH studies will be done to determine the pKa of the
exchangeable proton.

’DISCUSSION

We measured the enthalpy of binding over a limited tempera-
ture range to obtain the change in heat capacity of the system
upon DNA binding to PL, Figures 3 and 4. The enthalpy of
binding was different for each oxidation state with the fully
reduced form of PL having the most exothermic heat of binding.
TheΔCp that we obtained for ssDNAbinding was insensitive to the
oxidation state of the FAD cofactor with a value of�1120 J/Kmol
obtained for all three oxidation states. The relationship between
the binding enthalpy of ssDNA and temperature appeared to be
quite linear over the temperature range examined. The dsDNA
binding result was more complicated. The semiquinone form
of PL gave virtually the same linear enthalpic behavior as
observed with ssDNA and a ΔCp of ∼ �1000 J/Kmol, but the
other two oxidation states no longer displayed a linear relationship
between the enthalpy and the temperature; at least one other
endothermic process is apparently contributing to the overall
enthalpy of binding.

As discussed in Luque and Freire,39 the observed binding
enthalpy can be considered a combination of at least three terms

ΔHobserved ¼ ΔHintrinsic þ ΔHconformation þ ΔHprotonation

ð5Þ
where ΔHintrinsic is the interaction between the ligand and the
protein (the hydrogen bonds, van der Waals forces, solvation
change). ΔHintrinsic would equal ΔHobserved if protein and ligand
have the same conformational and protonation forms in the free
and bound states. The additional two terms correspond to
enthalpic contributions due to conformational changes of the
protein and/or ligand (ΔHconformation) along with any proton-
ation or deprotonation (ΔHprotonation) that arises upon binding.
The crystal structure of the PL complexed with dsDNA appears
to indicate only small, localized changes occur with the PL
structure upon substrate binding; a ridge of approximately 10
amino acids is displaced by roughly 4 Å (G397 to F406 in
Anacystis nidulans).9 In contrast, the crystal structure of the
complex shows that the structure of the dsDNA is grossly
distorted with a 50� bend along with the CPD lesion flipped
out of the intrahelical base stacking.9 At this point, we do not
have a value for the enthalpy of protonation, but it may be a
minor contribution since only one proton appears to be gained.
The enthalpy of binding is a fundamental thermodynamic
parameter that generally describes contributions important in
binding, but it is unrealistic to calculate these contributions based
upon structural data. The change in heat capacity, obtained from
the temperature dependence of the enthalpy, is generally used for
this purpose.
Interpretation of the Change in Heat Capacity. While the

individual contributions to binding enthalpies are difficult to
assess, one way to gain insight into the binding process is to
closely examine the change in heat capacity since dehydration of
the protein surface will cause significant changes to ΔCp. The
change in heat capacity will be affected by the other contributions
described in eq 5, but the extent of these contributions may be
gauged by the degree of linearity of the temperature dependence
for the enthalpy of binding. From the data shown in Figure 3,
binding of ssDNA does not appear to have significant conforma-
tional and/or protonation contributions to the binding enthalpy
since we obtain a linear relationship between enthalpy and
temperature. With the exception of the semiquinone form of
PL, that is not the case with the dsDNA, Figure 4. Since our

Figure 5. Salt dependence for ssDNA binding. All experiments were
completed in 50 mMHepes, pH 7.0 along with KCl at 25 �C. Each point
is the average of 3�7 individual experiments. The result of the least-
squares analysis for a linear fit is given for each data set.

Figure 6. Salt dependence for dsDNA binding. All experiments were
completed in 50 mMHepes, pH 7.0 along with KCl at 25 �C. Each point
is the average of 3�8 individual experiments. The result of the least-
squares analysis for a linear fit is given for each data set.
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protonation study at pH 7.0 appears to indicate∼0.5 protons are
gained, a conformational change to either the protein or the
substrate appears to be the more likely explanation for the
curvature in the enthalpy that arises at higher temperature.
While we cannot fully exclude conformational changes to the

protein that may be occurring upon binding of substrate, it
appears to be more likely that conformational changes to the
dsDNA are the origin of the endothermic contribution observed
with dsDNA. This conclusion is based upon two lines of
evidence; first, there does not appear to be any protein con-
formational changes upon binding of ssDNA substrate, and it
seems unlikely that the binding mechanism would change
drastically between ssDNA and dsDNA. Second, the results of
the salt study indicate that the number of phosphate contacts
between the protein and the substrate decreases for the reduced
and oxidized states as the substrate is changed from ssDNA to
dsDNA, Table 2. The number of contacts does not change for the
semiquinone state, which displays the same ΔCp for both
substrates. Therefore, it appears that our short double-stranded
substrate may get slightly frayed when the protein binds, an
endothermic process. This result is not surprising since the
crystal structure of the complex shows the CPD lesion is flipped
out of the base stacking along with a 50� bend in the dsDNA and
some partial unwinding around the CPD.9 We did measure a
melting temperature around 42 �C under the buffer conditions
used for the dsDNA, but it was a broadly defined transition,
most likely due to the heterogeneity of the CPD location on
the dsDNA.
We measured very similar changes in heat capacity for the

semiquinone state of PL upon binding of either ssDNA or
dsDNA, and we will use this value (�1120 to �1000 J/Kmol)
for further analysis of the binding site. The change in heat
capacity is closely tied to changes in exposed surface area,
nonpolar and polar, thus providing information on the extent
and polarity of the surface that is buried upon substrate
binding.40,41 Spolar and Record describe an empirical equation
that can be used to predict ΔCp based upon the changes in
accessible surface area as DNA binds to the protein41

ΔCp ¼ 1:34ðΔAnonpolarÞ � 0:586ðΔApolarÞ J=Kmol ð6Þ

In this equation, ΔAnonpolar and ΔApolar are the changes in
nonpolar and polar accessible surface area, respectively, in units
of Å2. We used this empirical equation to calculate an expected
ΔCp from crystal structure data. All accessible surface areas that
were calculated from the crystal and NMR structures are shown
in the Supporting Information and were obtained using Surface
Racer with a 1.4 Å probe.42 While there is not a crystal structure
for the E. coli PL in a complex, there is for PL from Anacystis

nidulans with a 14-mer of duplex DNA (1TEZ, complex A);9

there appears to be only a ∼3% difference in surface areas
between free PL from A. nidulans and E. coli, Supporting Infor-
mation. There are two crystal structures (1QNF, 1OWL) avail-
able for free PL from A. nidulans; we show the calculation for
1OWL since it appears to have slightly better resolution.7,43 Since
only 10 of the 14 base pairs were resolved in the 1TEZ complex,
we required the structure of a 10-mer of dsDNA with CPD for
free substrate but it was difficult to find an appropriate structure.
There is one crystal structure (1SM5)44 and one NMR structure
of a 10-mer with a centrally located CPD (1PIB).45 The NMR
structure is not entirely suitable since the CPD is opposite a GC
mismatch. The crystal structure of the 10-mer with the central
located CPD gave significantly smaller accessible surface areas
(a decrease of 10�20%) than any of the NMR structures
described above along with a 10-mer of undamaged DNA
(1BUT)47 and the 10-mer of DNA taken from 1TEZ (see
Supporting Information). Since the data obtained from 1SM5
was so anomalous to that obtained from the other structures, we
excluded any further analysis of this structure. Therefore, we used
the NMR structure of a 12-mer (1COC)46 with a centrally located
CPD in which we truncate the base pairs at the ends to artificially
create a 10-mer. We also calculated the ΔCp from the DNA and
protein in 1TEZ; the structurewas decomposed into the individual
components (PL and distorted duplex DNA), and the surface
areas of the individual pieces were calculated, all shown in
Supporting Information. To check the integrity of the software
used in the calculation of accessible surface area, we compared the
amount of buried interface we calculated in the 1TEZ complex to
that reported by Mees, Klar, Gnau et al., and obtain virtually the
same value (1208 Å2 compared to 1216 Å2).9

TheΔCp calculated from the changes in accessible surface area
using the 1OWL PL structure, the truncated 1COC dsDNA,
structure and 1TEZ for the complex was �189 J/K mol.
Calculated values using the other structures described above
are shown in the Supporting Information, but no calculatedΔCp

was close to that which we found experimentally (ΔCp =�1120
to �1000 J/Kmol). When we repeat the same calculation using
the distorted DNA structure with the flipped out CPD taken
directly from the complex (1TEZ), we get ΔCp =�923 kJ/mol,
very close to our experimental value. We interpret this finding to
mean that PL recognizes the CPD lesion when it is exposed to the
solvent; the protein does not actively flip out the CPD as part of
the damage recognition mechanism. The approach we have
taken has some limitations: we are using structural data from
PL obtained from a different species, and we are using an
empirical equation that may or may not hold for our particular
system.We are also ignoring the role watermoleculesmay play to
mediate substrate binding.

Table 2. Summary of Nonelectrostatic Interactions

components Z Knonelec ΔG�nonelec, kJ/mol ΔH�nonelec,a kJ/mol ΔS�nonelec, J/kmol ΔS�elec,b J/kmol ΔG�total,b kJ/mol

Ox+ssDNA 3.2 2.41 ((0.4)c� 104 �25.0 ((0.4)c �20.9 ((0.4)d 14 ((2)c 23 �31.7

Sq+ssDNA 2.0 1.22 ((0.05)� 105 �29.0 ((0.1) �26.0 ((1.7) 10 ((6) 14 �33.1

Red+ssDNA 3.3 5.46 ((0.5)� 104 �27.0 ((0.2) �32.8 ((3.9) �20 ((10) 23 �34.0

Ox+dsDNA 1.9 8.09 ((0.4) � 104 �28.0 ((0.1) �29.2 ((0.9) �4 ((3) 13 �32.0

Sq+dsDNA 2.0 1.57 ((0.4)� 105 �29.6 ((0.7) �33.4 ((3.9) �13 ((10) 14 �33.9

Red+dsDNA 1.1 1.62 (0.08) � 105 �29.7 ((0.1) �46.4 ((4.5) �56 ((20) 8 �32.0
aΔHelectrical = 0 kJ/mol .36, 37 bCalculated for [KCl] = 300 mM using least-squares analysis of data in Figures 5 and 6. c Errors calculated from least-
squares analysis of data shown in Figures 5 and 6. d Error used is the standard deviation of measured values.
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Further evidence for our proposal that the enzyme recognizes
a flipped out CPD comes from our experimental ΔCp results for
the ssDNA substrate. Upon the basis of optical and physical
property data, oligothymidylates appear to have little base
stacking in solution;48,49 therefore, we do not expect the UV-
p(dT)10 to be significantly base stacked. If the enzyme is pulling
the CPD out of the base stacking in dsDNA, it seems highly
unlikely that we wouldmeasure virtually identical changes in heat
capacity upon binding of dsDNA and ssDNA since that addi-
tional conformational change would contribute to the overall
enthalpy with a different temperature dependence.
Molecular dynamic simulations by the Wiest group provide

support that recognition of the flipped out CPD by PL is
plausible.50,51 They calculated the free energy required for a
thymine dimer to undergo base flipping to be 22�31 kJ/mol;
there appears to be some influence due to the bases adjacent to
the dimer. Earlier calculations by Guidice found that an unda-
maged thymine base required a significantly higher ΔG� of 54
kJ/mol for base flipping;52 the barrier for base flipping of the
CPD is significantly lower than what is observed for undamaged
DNA, so it is more likely that the CPD spends significantly more
time exposed to solvent.
It also appears we can exclude a two-step binding model in

which PL binds to dsDNA in such a manner as to cause the CPD
to be destabilized in the base stacking followed by a second step
in which the CPD now exposed to solvent finds the binding
cavity in PL. There would be three processes contributing to the
overall enthalpy including dehydration of the binding surface,
bending of the DNA, and binding of the CPD, making it unlikely
that a linear ΔCp for binding would be observed. The experi-
mental design of our ITC experiments does temper this conclu-
sion since it will be hard to see small nonlinear effects on the
enthalpy over a small temperature range.
What Role Does FAD Play in Substrate Binding? A number

of changes, enthalpy, electrical contacts, and proton exchange,
can be detected that appear to tie into the FAD oxidation state,
giving some hint of the role of the cofactor in DNA binding. The
oxidized, semiquinone, and reduced states appear to make three,
two, and three electrostatic contacts, respectively, with ssDNA;
for simplicity, we will assume that the electrostatic contact is
between a cationic group on the protein and the phosphate
backbone. The semiquinone and reduced states also appear to
gain one proton with ssDNA binding. In a simplistic entropic
approach, it appears that the oxidized state experiences the loss of
three ions, the semiquinone state has a net loss of one ion, and the
reduced state has a net loss of two ions upon ssDNA binding.
Since ΔS� should be more positive as more ions are lost upon
substrate binding, just based upon simple ion release arguments,
we would expectΔS�ox >ΔS�red >ΔS�sq. This result is similar to
what we observe for ΔS�electrical with ssDNA where ΔS�ox ≈
ΔS�red > ΔS�sq, Table 2. The thermodynamic parameters
obtained for the KCl buffer in Table 2 were slightly different
than the parameters obtained for the K2SO4 buffer used in the
temperature studies in Table 1, most likely due to differences in
the ionization enthalpies of the buffers.
The oxidation state of the FAD controls more than the

number of ions present in the binding pocket. The trend for
the nonelectrostatic entropy is ΔS�ox ≈ ΔS�sq > ΔS�red for both
ssDNA and dsDNA, Table 2. One would expect the entropic
decrease from the loss of rotational and vibrational degrees of
freedom to be similar for all oxidation states of the enzyme.
Therefore, two explanations are plausible for the significant

decrease in nonelectrostatic entropy observed with the fully
reduced (FADH�) state. The FADH� state is the only oxidation
state with a charge on the cofactor, and a negative charge on the
cofactor may impair binding of the negatively charged substrate.
Therefore, some type of shieldingmay be required. The shielding
could arise from a change in the hydrogen-bonding network
around the FAD cofactor or from addition of water molecules in
close proximity to the cofactor. Using a change in entropy for
water immobilization of ca.�22 J/Kmol as discussed by Dragan,
Frank, Liu et al.,53 the measured difference in nonelectrostatic
entropy of �34 (ssDNA) and �52 J/Kmol (dsDNA) could be
interpreted to mean that the reduced enzyme binds ∼2 addi-
tional water molecules compared to the oxidized state. This
explanation also would explain the decrease in enthalpy observed
with the fully reduced state since each additional hydrogen bond
would release ∼3 kJ/mol of heat. This hypothesis is consistent
with the crystal structure since there are a number of water
molecules present at the interface between the protein and
DNA.9

Use of the crystal structures of the free and complexed protein
to discern if changes in the hydrogen-bonding network occur
with oxidation state changes has been difficult since the flavin
appears to be reduced as it is exposed to X-rays during data
collection.43 In A. nidulans PL there does appear to be a
difference in the hydrogen bonding around the FAD. In free
PL (1QNF), the isoalloxazine ring N3 appears to be hydrogen
bound to ASP380 while O4 is hydrogen bound to ASP382.7 In
the PL complex there is an additional hydrogen bond between
N5 and ASN386.9 The adenine ring also appears to have no
hydrogen bonds in the free PL and two hydrogen bonds in the
complex.7,9 Therefore, as noted earlier in Raman studies,14 there
are changes in the hydrogen bonding around the cofactor which
also may play a role in the differences observed for the entropy
and enthalpy of binding with different oxidation states of PL.
More extensive hydrogen bonds to the FAD cofactor would
reduce the degrees of vibrational and rotational freedom of the
system, causing a decrease in the observed entropy of binding in
the reduced enzyme. Since the reduced state is the active state,
the changes in hydrogen bonding and/or water immobilization
may be important to the catalytic cycle in vivo.

’CONCLUSIONS

Although the oxidation state of the FAD cofactor present in
PL appears to have little effect on the Gibbs energy of binding, it
significantly affects the enthalpy and entropy values that go into
the Gibbs energy; the fully reduced state (active state) has
significantly more negative entropy and enthalpy of binding.
While electrostatic contributions are important and change with
FAD oxidation state, most of the Gibbs contributions arise from
nonelectrostatic interactions between the enzyme and the sub-
strate. The large decrease observed forΔH� andΔS�nonelectrostatic
found for the FADH� state compared to the FADox state may be
due to additional binding of∼2 water molecules around the FAD
cofactor/substrate interface and/or additional rigidity in the
hydrogen bonds around the reduced FAD cofactor.

In addition, we obtained enthalpy of binding from 10 to more
than 30 �C for all oxidation states of PL with both ssDNA and
dsDNA, and from our enthalpies, we obtained the change in heat
capacity upon binding, ΔCp. The ΔCp was insensitive to FAD
oxidation state with ssDNA binding with a value of ca. �1120
J/K mol; virtually the same result was observed for dsDNA
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binding to the semiquinone form of the enzyme. The dsDNA
substrate appeared to be fraying for the reduced and oxidized
enzymes since an endothermic contribution appeared at high-
er temperatures with dsDNA binding experiments. Using the
results obtained for the semiquinone form of the E. coli
enzyme, we compared our experimental ΔCp value to that
calculated from the accessible surface areas of existing A.
nidulans PL and dsDNA structures in the literature. Our
calculations strongly suggest that the CPD lesion is flipped
out of intrahelical base stacking prior to PL binding.
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