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The DNA binding protein RFX5 is a subunit of RFX complex involved in transcription regulation of MHCII
molecules. The RFX complex binds to the X-box DNA through the DNA binding domain of RFX5. We have
examined the formation of intramolecular tyrosine cross linking, dityrosine, in RFX5DBD under oxidative
stress, through UV irradiation and enzymatic action of H2O2/peroxidase by fluorescence spectroscopic
studies. Dityrosine (DT) was formed predominantly in alkaline condition showing its intense characteristic
fluorescence emission. Homology modeling indicated Y39 and Y42 could be the potential tyrosine residues
undergoing oxidative cross-linking. Conformational changes in RFX5DBD under oxidative stress were
observed by CD measurements. The in vitro association of X-box DNA with RFX5DBD increased DT
fluorescence significantly and protected RFX5DBD from UV irradiation as observed in SDS-PAGE followed by
mass spectrometric analysis. Results indicate cross protection in both RFX5DBD and DNA under oxidative
stress playing important role in protein modification.
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1. Introduction

Oxidative modification of proteins under oxidative stress is a well
known phenomenon in biological system [1–4]. The principle of
oxidative modification of proteins due to the exposure of ionizing
radiation is widely studied [5,6]. Under the influence of ionizing
radiation reactive oxygen species (ROS) are generated which are
mainly hydroxyl radical (OH•) and super oxide anion radical (O2

−•).
They not only oxidize protein backbone resulting in protein
fragmentation but also trigger side chain modification through
intra- or inter-molecular protein–protein cross-linkage [7]. Modifica-
tion in protein occurs most readily to the side chains of amino acid
residues Cys, Met, Trp, Tyr, His and Phe [8]. The two major intrinsic
fluorophores in protein are tryptophan and tyrosine. The tryptophan
oxidation products are kynurenine and N-formyl kynurenine. Kynur-
enine, a weak fluorescence emitter, has emission maxima in the
region of 490–525 nm. N-formyl kynurenine (NFK) has strong
emission at around 434 nm [9–11]. One of the common tyrosine
side chain modifications is the formation of dityrosine (DT) [12–14].
DT cross-links in proteins take place due to the coupling of two Tyr•
generated by OH• which snatches one H atom from the phenolic ring
of the Tyr residue. The steps involved in dityrosine formation are
radical isomerization, di-radical reaction and finally enolization [15].
DT formation has been schematically shown in Fig. 1 [16]. DT
formation is also initiated by photo ejection of electron upon UV
irradiation, catalyzed by peroxidase and is facilitated under alkaline
pH [17–21]. It is a good marker for protein modification, detectable
by its emission maxima at 400 nm upon excitation at 315–320 nm
[15–17] and is distinguished from another tyrosine oxidized product
dihydroxyphenylalanine (DOPA) which emits at 315 nm upon
excitation at 280 nm [22]. However Huggins et al. have reported the
formation of some uncharacterized DT like fluorescent products in
lysozyme and RNase along with DT whose contribution depended on
protein, type of oxidation and extent of oxidative damage [23].
Reducing agents like DTT and glutathione inhibit DT formation
[24,25]. We have investigated the formation of DT in the DNA binding
domain (DBD) of the regulatory factor X5 (RFX5) protein in the
presence and absence of X-box DNA.

RFX5 (75 kDa) is the largest subunit of a multimeric DNA binding
complex called RFX. Two other subunits are RFXAP (45 kDa) and
RFXANK (35 kDa). RFX is one of the major components in the
regulation and expression of major histocompatibility complex
(MHC) class II gene which is present in antigen presenting cells and
presents antigenic peptides to CD4+ T cells [26–29]. RFX binds to the
X-box sequence in upstream of the promoter of MHCII gene and
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Fig. 1. Scheme of formation of dityrosine. (1) Tyrosine, (2) tyrosine radical formation by UV treatment, (3) radical isomerization, (4) two radicals combined, (5) radical
recombination and (6) dityrosine formation.
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nucleates the formation of MHC II enhanceosome in which a number
other proteins namely cyclic AMP response element binding (CREB)
protein, nuclear factor Y (NF-Y) and class II transcriptional activator
(CIITA) are present [30–35]. RFX5 is the fifth member of a family of
mammalian DNA binding protein where the DBD is highly conserved
in all the proteins belonging to this family [36]. It is well known that
reactive oxygen species are generated within antigen presenting cells
as a byproduct of mitochondrial electron transport. In addition
NADPH oxidase holoenzyme induces the production of high level of
superoxide anion which generates reactive oxygen species (ROS)
when converted to hydrogen peroxide [37]. Increased ROS level
enhance the class II expression as a result of increased DNA binding
ability of NF-Y [37,38] which binds Y box in the upstream of promoter
region of MHC II. As the Y box binding protein has been found to be
redox sensitive, the effect of oxidative stress on X-box binding protein
or more specifically the DNA binding factor, RFX5DBD has been
investigated. We have studied the overall conformation of RFX5DBD
under oxidative stress and have identified modification of amino acid
side chains in RFX5DBD, for the first time, using a combination of
fluorescence spectroscopy, CD and mass spectrometry. The protein
has been cloned, expressed and purified and the intrinsic fluorescence
studies revealed facile formation of intra molecular DT derivatives in
vitro, more significantly under alkaline condition. From homology
modeling of the protein we found that the core Y39 and Y42 are
spatially in close proximity and are in more suitable position to form
DT than the other pairs of tyrosine residues (between Y42–Y45

and Y14–Y18). Borate quenches DT formation in RFX5DBD where as
H2O2/peroxidase treatment enhances it [17,39]. Circular dichroism
(CD) analysis of the protein before and after formation of DT, as
detected from its characteristic fluorescence emission at ∼400 nm,
indicated alteration of the secondary structure of the protein under
alkaline condition at pH 11 when DT formation is facilitated. The
presence of X-box DNA significantly increased the intensity of DT
fluorescence. Formation of DT in RFX5DBD followed pseudo first order
kinetics with enhancement in the rate of formation of DT in presence
of X-box DNA. We have also investigated the changes in RFX5DBD
under UV stress in presence and absence of DNA. SDS-PAGE analysis
showed that DNA protected RFX5DBD from UV induced oxidative
damage. We have also identified the peptide sequence in the protein,
prevented from oxidation, using MALDI ToF/ToF tandem mass
spectrometry which was in conformity with what we obtained from
the homology modeling studies.

2. Materials and methods

2.1. Materials

Deep VentR Taq DNA polymerase and all restriction enzymes
were purchased from New England Biolabs (MA, USA). SuperdexTM-
75 10/300 GL size exclusion column, pGEX vectors, Glutathione-
SepharoseTM 4 Fast Flow, Hybond-N+ positively charged nylon
membrane (0.45 μm) were obtained from GE Healthcare, Biosciences
AB (Sweden). Complete protease inhibitor cocktail was from Roche
(Mannheim, Germany). Restriction grade thrombin was obtained
from Novagen (Madison, WI). Ampicillin, IPTG and HRP, Type VI-A
(1000 units/mg), CHCAmatrix, acetonitrile, TFA were purchased from
Sigma-Aldrich (St. Louis, MO). Sequencing grade trypsin was obtained
from Promega (Madison, WI). Biotin 3′ End DNA Labeling Kit,
LightShift® chemiluminescent EMSA Kit, Chemiluminescent Nucleic
Acid Detection Module were purchased from Pierce (Rockford, IL).All
other chemicals were of analytical grade and were purchased locally.
Milli|Q grade water (Sartorious UF 116) or quartz distilled water was
used for the preparation of buffers and all other solutions.

2.1.1. Cloning of RFX5DBD
The human RFX5 cDNA was generously given by Dr. Jenny P.Y.

Ting, (UNC Lineberger Comprehensive Cancer Centre, University of
North Carolina). The DNA binding domain of RFX5 (76–158 amino
acids) was selected using SMART (ExPassy protparam tool). Human
RFX5 cDNA was used as templates for PCR amplification using the
Expand High Fidelity PCR system kit along with Deep VentR Taq DNA
polymerase. The primer used to amplify the cDNAs encoding the DNA
binding domain of RFX5 is mentioned below. The amplification
conditions for RFX5DBD were, 5 min at 95 °C, followed by 4 cycles of
1 min at 95 °C, 1 min at 58 °C, 1 min at 72 °C then 24 cycles of 1 min at
95 °C, 1 min at 65 °C, 1 min at 72 °C and finally 7 min at 72 °C. PCR
amplified DNAwas digested with ECoRI/XhoI restriction enzymes and
thenwas inserted at ECoRI/XhoI sites into pGEX-4 T1. The authenticity
of the construct was verified by DNA sequencing.

RFX5DBD-(F) (29mer) 5′ CCGGAATTCGGAGACAAAAGCTCAGAGCC
3′.

RFX5DBD-(R) (32mer) 5′ CCGCTCGAGTCAGCCACTGTAGCAA-
TATTTGG 3′.

2.1.2. Expression and purification of RFX5DBD
To express the recombinant RFX5DBD, competent Escherichia coli

BL21 cells were transformed with pGEX-4 T1 with cDNA encoding
RFX5DBD. Transformed cells were grown in 2 liter LBmedium at 37 °C
supplemented with 100 μg/ml ampicillin. After the cell density
reached 0.8 OD600nm IPTG at a final concentration of 0.9 mM was
added to induce the production of recombinant RFX5DBD at 20 °C.
After overnight induction the cells were collected by centrifugation.
Bacterial cell pellets were resuspended in 15 ml of lysis buffer (20 mM
Tris–HCl pH 8.0, 200 mM NaCl, 5% glycerol) supplemented with
complete protease inhibitor cocktail. Cells were lysed by sonication in
ice and subsequent freeze thawing. Lysateswere spun at 18,000×g for
30 min at 4 °C. Pre-equilibrated Glutathione-Sepharose 4B beadswere
added to the supernatants (3 ml packed bead for 2 liter cultured
medium) and treated on a rotary shaker for 2 h at 4 °C. It was then
spun for 5 min at 600×g and the supernatant was removed with the
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GST fused protein remained attach to the beads. Beads were washed
extensively with the lysis buffer to remove the non-specifically bound
proteins and were then incubated overnight at 4 °C with restriction
grade thrombin for in-bead digestion of the proteins. After collecting
GST free RFX5DBD, reaction was quenched with PMSF (0.2 mg/ml).
Further purity was achieved by HPLC (Unicorn Acta, GE Healthcare,
Sweden) using superdexTM-75 10/300 GL size exclusion column. The
column buffer contained 10 mM sodium phosphate, 150 mMNaCl, pH
7.5. The protein was concentrated using an Amicon ultra 5-kDa spun
column (Millipore, Bedford, MA, USA) and stored at 4 °C for less than
7 days.

2.1.3. Preparation of double stranded X-box DNA
The double stranded X-box DNAwas prepared by dissolving the high

purity single stranded oligonucleotides in 10 mMTris–HCl at pH 8, 1 mM
EDTA and 80 mM NaCl, mixing the complementary strands in equimolar
amounts and then heated at 95 °C for 5 min and slowly cooled to room
temperature. The purity was checked by gel electrophoresis. The X-box
sequence is as follows: (F), 5′-CCCCCCCTTCCCCTAGCAACAGATGCGT-
CATC-3′ (R), 5′-GATGACGCATCTGTTGCTAGGGGAAGGGGGGG-3′.

2.1.4. Electrophoretic mobility shift assay
EMSA, for protein–DNA interaction, was performed with X-box

DNA sequence and was detected by chemiluminescent method. For
this purpose complementary oligos were labeled separately with 1–3
biotinylated ribonucleotides onto the 3′ end of DNA strands using
terminal deoxynucleotidyl transferase according to the manufac-
turer's instructions. Annealing was done by mixing equal amounts of
the labeled complementary oligos and denaturing it at 90 °C for 1 min
and then slowly cooling at room temperature. Binding buffer for
EMSA contained 10 mM Tris pH 7.5, 50 mM KCl, 1 mM DTT, 2.5%
glycerol, 5 mM MgCl2, 0.05% NP-40, 50 ng/μl Poly(dI-dC) as non-
specific competitor DNA. The reaction mixture contained equal
amount of biotinylated DNA and 5 μM RFX5DBD in all sets. The
reaction was allowed to proceed for 30 min at room temperature and
finally quenched with 5× loading buffer. Samples were run in a 6%
non-denaturing mini polyacrylamide gel using 0.5× TBE buffer for
1.5 h at 100 V in a cooled atmosphere. Gel was then transferred to
hybond-N+ positively charged nylon membrane at 380 mA for 1 h.
The transferred DNAwas then cross-linked to the membrane using GS
Gene Linker® UV Chamber (Bio Rad Herculis, CA) equipped with
254 nm bulbs with energy of 120 mJ/cm2 for 60 s. Biotinylated DNA
was then detected by chemiluminescence method using “Chemilu-
minescent Nucleic Acid Detection Module” as per instruction of the
manufacturer. A control experiment was performed by treating
biotinylated X-box DNA with 5 μM BSA where all other steps were
exactly similar.

2.2. Fluorescence characterization of DT at various pHs

Steady state fluorescence spectra were recorded on Fluoromax-3
spectrofluorometer (Jovin Yvon Horiba, Edison, NJ). Fluorescence
emissions from tyrosine and DT were measured using excitation at
280 and 315 nm respectively. Slits with bandwidths of 5 nm were
used both for excitation and emission channels. Compositions of the
buffers used at various pHs were acetic acid-sodium acetate pH 5,
Mes-sodiumhydroxide pH 6, phosphate buffer pHs 7 and 7.5, Tris–HCl
pHs 8 and 8.5 and glycine-sodium hydroxide pHs 9, 9.5, 10, 10.5, 11,
and 11.5 respectively. For all pH titrations 0.03 mg/ml of protein was
incubated with the respective buffers containing 150 mM NaCl, for
10 min on ice before recording each emission spectrum. Control
baselines were subtracted for each spectrum in all fluorescence
measurements. All fluorescence experiments were performed at
different pH in presence and absence of 100 mM DTT to study the
formation of DT in RFX5DBD.
UV irradiation of RFX5DBD for the formation of DT was done in the
fluorescence spectrometer for 5 min using the excitation wavelength
at 280 nm and the excitation bandwidth kept at 10 nm. Similar
procedurewas followed in presence of equimolar pre incubated X-box
DNA with 15 min incubation time prior to UV irradiation. The rate
constants for DT formation in RFX5DBD with and without DNA were
determined non-linear curve fitting method using Origin 7.5.

2.3. H2O2/peroxidase catalyzed DT formation

The peroxidase catalyzed reaction mixture contained 5 μg/ml of
HRP, 0.03 mg/ml of RFX5DBD in 40 mM glycine-sodium hydroxide pH
11, in presence of 1 mM H2O2 [19].

2.4. Quenching of DT by borate/boric acid

0.03 mg/ml of RFX5DBD was incubated with 0.5 M sodium
monoborate-boric acid buffer at pH 8.7 for 10 min on ice and DT
formation was monitored by fluorescence measurements at ∼400 nm
upon excitation at 315 nm.

2.5. Circular dichroism measurement

CD spectra were recorded on a CD spectrometer of BioLogic
Science Instruments (France) using a rectangular quartz cell of path
length of 0.1 mm. Measurements were taken at wavelengths between
190 nm and 250 nm at a scan rate of 3 nm/min. A total of three scans
were averaged to obtain each spectrum and they were baseline sub-
tracted for buffer. 15 μM of RFX5DBD was taken for each measure-
ment at pHs 7.5 and 11 in presence and absence of HRP/H2O2

treatment as described above. The percentage of helicity was esti-
mated following standard protocol [40].

Percentageof helicity = 100 × cal θ½ �222 =max θ½ �222
� �

ð1Þ

where max[θ]222 stands for 100% helicity and is calculated using the
formula

max θ½ �222 = −40;000 × 1− 2:5= nð Þ½ � ð2Þ

where n is the total number of amino acid residues in the protein and
[θ]222 is the mean residue molar ellipticity in degrees cm2 dmol−1. cal

[θ]222 is obtained with the help of the following equation

cal θ½ �222 = 100Mrθð Þ= clNAð Þ ð3Þ

θ is the experimental ellipticities in degrees, Mr is the molecular
mass of the protein in Da, c is the concentration of the protein in
milligram per milliliter, l is the pathlength in centimeters, and NA is
the number of residues in protein.

Quantitative estimation of the secondary structure of the protein
under different conditions from the far UV-CD spectra were made by
CDSSTR using CDPro analysis software, “A Software Package for
Analyzing Protein CD Spectra” (http://lamar.colostate.edu/~sreeram/
CDPro/main.html).

2.6. Lifetime measurement of DT in RFX5DBD

Fluorescence lifetime was measured using a time-domain fluores-
cence spectrometer assembled in the laboratory with components
from Edinburgh Analytical Instruments (EIA, U.K.) and EG and G
ORTEC (U.S.A) and operated in the time-correlated single photon
counting mode. Excitation was provided by a pulsed high pressure
1.5 atm N2 lamp. 0.175 mg/ml of RFX5DBD at pH 11was UV irradiated
and steady state fluorescence spectra were taken to confirm DT
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Fig. 2. (a) Coomassie-stained gel of purified RFX5DBD after SDS-PAGE. Lanes show: 1,
molecularweightmarkers; 2, GST-cleaved RFX5DBDbefore gelfiltration; 3, GST-cleaved
RFX5DBD (12 kDa) after gel filtration. (b) Electromobility shift assay analyzed in a 6%
non-denaturing polyacrylamide gel. Lanes show: 1, biotinylated free X-box DNA; 2,
biotinylated X-boxDNA in presence of 5 μMpurified RFX5DBD and 3, biotinylated X-box
DNA in presence of 5 μM BSA, taken from another experiment.
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formation prior to lifetime measurement of the DT fluorophore. The
DT of RFX5DBD was excited at 315 nm and the emission decay profile
was monitored at 400 nm for DT. The time resolved measurements
were performed collecting 3500 photon counts in the peak channel.
Intensity decay curve was fitted to a bi-exponential series and details
of the mean lifetime determinations are elaborated in our earlier
works [41,42].

2.7. Homology modeling of RFX5DBD

Homologous protein for RFX5DBD is RFX1DBD (source organism
for both proteins is Homo sapiens) whose crystal structure is known.
The sequence identity and similarity between these two proteins as
obtained from psi blast are 33% and 60% respectively. Secondary
structure of RFX5DBDwas predicted using ‘Phyre’ version 0.2, (http://
www.sbg.bio.ic.ac.uk/phyre/). Homology model of RFX5DBD was
built using Modweb (http://modbase.compbio.ucsf.edu/ModWeb20-
html/modweb.html). Sequence was submitted with the default
settings of the program. No template was provided so that the
program could search most appropriate template from Protein Data
Bank. The model was built from amino acid sequence 19 to 83 of
RFX5DBD based on the sequence homology with RFX1DBD (PDB code
1DP7). First few amino acids of RFX5DBD, from 11 to 18were added to
the rest of the model with the help of Insight II software (98.0 version,
Accelrys Inc., running on a Silicon Graphics O2 workstation) as a
continuity of the first helix and energy minimization was performed
in Insight II. Themolecule was visualized and analyzed in VMD-XPLOR
software package [43] running on window.

2.8. DT formation in RFX5DBD in presence of X-box DNA

Equimolar mixture of RFX5DBD and X-box DNA (2.5 μM each)
were incubated at 4 °C for 30 min at two different pHs, 7.5 and 11
respectively, before recording emission spectra.

2.9. Oxidative damage of RFX5DBD in presence and absence of X-box
DNA

RFX5DBD (20 μM) was treated with 1 mM H2O2 and 5 μg/ml of
HRP at 25 °C for 15 min and then exposed to UV radiation at 254 nm
for bursts of 10 and 25 s respectively using GS Gene Linker® UV
Chamber (Bio Rad Herculis, CA). Similar treatment was done in
presence of X-box DNA while the protein was pre-incubated with
equimolar concentration of the target DNA for 10 min prior to
oxidative treatment. Samples were then loaded onto 15% SDS-PAGE
gel and densitometric analysis of the bands was performed on a Versa
Doc series 3000 imaging system using Quantity One software (version
7.1, BioRad).

2.10. In-gel tryptic digestion and MALDI mass spectrometry

Gel spots from Coomassie stained 1D gels were digested with
trypsin and mass spectrometry was performed following our earlier
work [44]. Briefly, the gel pieces were destained with 50% acetonitrile
in 25 mM ammonium bicarbonate followed by reduction and
alkylation. In gel tryptic digestion was performed using sequencing
grade trypsin overnight. The eluted peptides were analyzed in a
MALDI ToF/ToF tandem mass spectrometer (Applied Biosystems, AB
4700). The PMF was obtained in a positive reflector mode using CHCA
asmatrix. 10most intense peptides as well as few specific peptides for
RFX5DBDwhich were identifiable from PMFwere further analyzed by
MSMS. The PMF and MSMS spectra were annotated by in-house
MASCOT (Matrixscience, UK) database using GPS-Explorer software
(v 3.6).
3. Results

3.1. Expression and purification of GST tagged RFX5DBD

The GST fusion recombinant protein was induced with IPTG and
the protein was isolated and affinity purified on glutathione-
Sepharose 4B beads. RFX5DBD was further purified to N95%
homogeneity using superdex-75 size exclusion chromatography and
was analyzed by SDS-PAGE. Fig. 2a shows SDS-PAGE of purified
RFX5DBD. The identity of the protein was further verified using
MALDI mass spectrometry (data not shown).

3.2. Electrophoretic mobility shift assay

The association of RFX5DBD and X-box DNA was verified by EMSA.
Purified RFX5DBD was mixed with the oligonucleotide. Control
experiment was performed with BSA. RFX5DBD strongly bound to the
DNA (Fig. 2b, lane 2) and showed an up-shift of the band related to the
protein DNA complex and the free probe left was negligible. On the
other hand BSA showed no up-shift of the band regarding protein–DNA
complex (Fig. 2b, lane 3). Thus the specificity of the RFX5DBD-X-box
DNA complex was established.

3.3. Fluorescence study of the UV induced tyrosine cross linking
at various pHs

Six tyrosine residues and a single tryptophan residue are present
in the primary sequence of RFX5DBD. The protein when irradiated at
280 nm for 5 min the formation of dityrosine, a tyrosine modification
in protein [16,17,21,25] was observed by fluorescence measurements
of the sample using λex=315 nm [45] and λem∼400 nm. The newly
formed fluorophore was further characterized at various pH and with
reducing and non-reducing conditions in presence and absence of DTT
[24,25]. Results showed increased DT formation in the protein under
alkaline pH, at pH 11 (Fig. 3a) and in the absence of DTT. Fig. 3b shows
a histogram representation of the intensities of DT fluorescence for
the RFX5DBD at different alkaline pH, in presence and absence of DTT
showing inhibition of DT formation above pH 7 in presence of 100 mM
DTT. Addition of 100 mM DTT to RFX5DBD prior to UV irradiation
almost completely prevented DT formation as DTT transfer electron to
phenoxy radicals and convert tyrosyl radical to tyrosine. The protein
after formation of DT in a buffer of pH 7.5 was also treated with 6 M
GdmCl at 25 °C for 30 min and once again DT fluorescence was
monitored to observe the effect of denaturation. A huge increase in
the intensity of DT fluorescence was observed compared to the native
protein at the same pH, which does not show any appreciable DT
fluorescence (inset of Fig. 3a).
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Fig. 3. (a) Emission spectra of DT formed in RFX5DBD at different pH upon excitation at
315 nm. The symbols represent (●) pH 7; (□) pH 7.5; (▼) pH 8; (♦) pH 8.5; (—) pH 9;
(●) pH 9.5; (∇) pH 10; (▲) pH 10.5; (○) pH 11; (■) pH 11.5 all in the absence of
100 mM DTT. Inset of (a) shows the DT fluorescence emission in absence (○) and
presence (●) of 6 M GdmCl at pH 7.5. (b) Histogram representation of fluorescence
intensity of DT of RFX5DBD at 400 nm (Ex: −315 nm), in presence and absence of
100 mM DTT, with increasing pH. The error bars are SEM of four independent
experiments. (c) Histogram representation of fluorescence intensity of DT derivative at
400 nm (Ex:−315 nm) of RFX5DBD in presence and absence of 1 mMH2O2 and HRP at
pH 11. The error bars are SEM of four independent experiments. The inset shows the
same of fluorescence intensity at λmax in presence and absence of borate solution at pH
8.7 (Ex: −315 nm).
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3.4. Effect of HRP/H2O2 and borate on tyrosine modification

Hydroxy radical generated from enzymatic action of HRP/H2O2

also triggers DT formation to a greater extent in RFX5DBD. The
reduction potential of tyrosineO•/tyrosineOH couple is 0.88 V indi-
cating the coupled reaction to be thermodynamically favorable [16].
H2O2 being a reactive oxygen species satisfies the criteria required for
tyrosineO• radical formation which is the precursor for DT. The ferric
ion present in the heme protein horseradish peroxidase (HRP) partici-
pates in the electron transfer process and H2O2/peroxidase catalysis thus
facilitates DT formation [24]. When RFX5DBD (0.03 mg/ml) was
incubated with HRP (5 μg/ml) and 1 mM H2O2 for 30 min at 25 °C,
intensityofDTemission increased1.4 fold compared to that in theabsence
of H2O2/peroxidase at pH 11, shown in Fig. 3c. Incubation of RFX5DBD
after DT formation, in 0.5 M borate/boric acid solution at pH 8.7, led to
quenching of DT fluorescence along with a blue shift in the emission
maxima to 387 nm from ∼400 nm, shown in the inset of Fig. 3c.

3.5. Lifetime of DT in RFX5DBD

The decay profile of DT fluorophore in RFX5DBD was best fitted by
two-exponentials with τc1=1.726 ns (A1=37.74%) and τc2=5.187 ns
(A2=62.26%) associated with a χ2 of 1.09. The mean lifetime was
3.88 ns.

3.6. Conformational alteration under alkaline condition

Far UV-CD spectra were recorded from 200 to 250 nm as shown in
Fig. 4. The native RFX5DBD showed a minima at around 207 nm and a
shoulder at around 218 nm at pH 7.5 (Fig. 4 (1)) indicating the pres-
ence of both α-helical and β-sheet structures. The magnitude of
helicity estimatedwas 44% at pH 7.5 (using Eqs. (1)–(3)). At pH 11 the
minima appeared at 204 nm and the shoulder at 219 nm (Fig. 4 (2))
associated with reduced helicity estimated to be 33% in RFX5DBD. The
CD spectrum after treatment of HRP/H2O2 revealed the minima at
around 206 nm and the shoulder at 222 nm (Fig. 4 (3)) showing little
change in the helicity (34%) of RFX5DBD.

Again the analysis of the secondary structure of RFX5DBD with
CDSSTR under different conditions is presented in Table 1. It shows
that the total helicity (sum of alpha helix, 3/10 helix and PPr2) of
RFX5DBD at pH 7.5 was estimated to be 32.6%.which is lesser as
calculated using Eqs. (1)–(3). The sum of percentage of β sheet and
turn is 28.7. The protein at pH 11 showed decreased total helicity
(24%) with increased sum of β sheet and turn contribution (35.8%).
Fig. 4. Three representative far-UV CD spectra of 15 μM RFX5DBD at (1) pH 7.5, (2) pH
11 and (3) pH 11 pre-treated with HRP/H2O2.



Table 1
Quantitative analysis of the secondary structural content in RFX5DBD under different
conditions using CDSSTR from CDPro with Basis set SP22X.

Sample Helix 3/10
Helix

Sheet Turn PP2a Unstructured RMSD

RFX5DBD (pH 7.5) 17.1% 6.4% 16.4% 12.3% 9.1% 38.0% 0.099
RFX5DBD (pH 11) 7.4% 8.4% 22.5% 13.3% 8.2% 40.3% 0.135
RFX5DBD (pH 11,
with HRP/H2O2)

6.7% 5.7% 23.6% 12.1% 9.0% 42.5% 0.132

a Poly(Pro)II structure.

Fig. 5. Emission spectra of RFX5DBD in absence and presence of X-box DNA at two
different pH. The symbol represents (■) at pH 11, in absence of DNA; (●) at pH 7.5, in
absence of DNA; (Δ) at pH 11, in presence of DNA; (○) at pH 7.5, in presence of DNA.
(a) Emission spectra upon excitation at 280 nm and (b) upon excitation at 315 nm.
(c) Time dependent formation of DT in RFX5DBD, in absence and presence of X-box
DNA are shown at 4 °C and two different pHwhen the emission intensity wasmeasured
at 400 nm (Ex: 280 nm). The symbols represent (●) pH 7.5, without DNA, (○) pH 7.5,
with DNA, (▲) pH 11, without DNA and (Δ) pH 11, with DNA.
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RFX5DBD when treated with HRP/H2O2 at pH 11 also showed similar
trends (Table 1) Thus in high alkaline pH the secondary structure of
RFX5DBD was altered which in turn facilitated the formation of DT.

3.7. Enhanced DT formation in RFX5DBD in presence of X-box DNA

RFX5DBD was first incubated with equimolar mixture of double
stranded X-box DNA at pHs 7.5 and 11. The complexes were exposed
to UV irradiation and then the emission spectra were recorded.
Interaction with the X-box DNA caused 35% and 30% quenching of
fluorescence at pHs 7.5 and 11 respectively upon excitation at 280 nm
(Fig 5a). On the other hand, DT fluorescence in presence of DNA
increased significantly by 3.3 fold at pHs 7.5 and 1.6 fold at pH 11 with
a small red shift in the emission spectrum (Fig 5b). The increased yield
of DT fluorescence, more pronounced at pH 7.5, indicated that the
stronger interaction of DNA in physiological condition favored DT
formation in RFX5DBD.

3.8. Kinetics of DT formation

RFX5DBD when excited at 280 nm showed an exponential in-
crease of emission intensity at 400 nm (I400nm) and a pseudo first
order kinetics of tyrosine dimerization in RFX5DBDwas obeyed at 4 °C
and pH 11, shown in Fig. 5c. The intensity profile reached saturation
after ∼4 min where as at pH 7.5 no appreciable increase in I400nm was
observed and instead a decrease in fluorescence intensity was seen
after ∼2 min. The protein, pre-incubated with X-box DNA, when
irradiated at 280 nm and pH 7.5, showed increased DT fluorescence.
At pH 11 the presence of DNA also increased the rate of DT formation
in RFX5DBD. Rate constants in absence and presence of DNA at pH 11
are 15.9×10−3 s−1 and 21.6×10−3 s−1 respectively as obtained
from non-linear curve fitting analysis. Therefore, under normal con-
dition DT is formed at high alkaline pH and no characteristic DT
fluorescence was observed at pH 7.5. However DNA induced rapid
formation of DT in RFX5DBD is facilitated at both pHs 7.5 and 11 as
evidenced from the steady-state fluorescence and kinetic data (Fig. 5).

3.9. Homology model of RFX5DBD

The homology modeling program Modweb, a web interface for
Modeller was used to predict the structure of RFX5DBD. The model
was built for residue number 19 to 83 based on homology search. First
few amino acids (11–18) were added to the rest of the model by
Insight II and continuity of the first helix was maintained. The
secondary structure of themodel was analyzed by Ramachandran plot
[46] which showed 41.1% helix and 34.2% β sheet like character
(Supplementary material 1). Six tyrosine residues present in the
protein are Y14, Y16, Y18, Y39, Y42 and Y45. First three tyrosine residues
are present in the first helix and are more surface exposed where the
rest of the three residues are situated in the second helix and are
present in the core of the protein. The spatial distribution of these
tyrosine residues are shown in the model structure (Fig. 6). The
closest pair of tyrosines are Y39 and Y42. The closest distance between
the ortho carbons of the two respective phenyl rings is 4.20 Åwhereas



Fig. 6.Model of RFX5DBD (residue 11–83). Color denotes: purple for α-helix, green for turn and yellow for coil. Positions of six tyrosine residues are also shown in the model. Inset
shows the distance between two ortho carbon atoms of the phenyl rings of Y39 and Y42.
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the same distance for Y42 and Y45 is 6.43 Å. Y14 and Y18 are present at
the same side of the first helix and Y16 is at the opposite side and far
apart from them. Another pair of tyrosines is Y14 and Y18 where the
ortho carbons of the rings are 7 Å apart. Therefore we proposed that
DT is formed between Y39 and Y42.

3.10. UV protection of RFX5DBD by X-box DNA

Since reactive oxygen species is a potent destroyer for both protein
and DNA, RFX5DBD was treated for 15 min with HRP and H2O2

followed by a more lethal dose of UV than applied before in previous
experiments, with 254 nm UV lamp. Similar treatments were also
made with RFX5DBD pre-incubated with DNA at 4 °C for 10 min. After
treatment, samples were analyzed by 15% SDS-PAGE. Results showed
that the band intensity around 12 kDa decreased due to UV exposure
for 10 s and nearly disappeared when the UV exposure increased to
25 s (lanes 4 and 5 in inset of Fig. 7a). The presence of DNA increased
the peroxidase/UV tolerance of RFX5DBD under similar conditions
showing more intense bands in lanes 6 and 7 compared to those in
lanes 4 and 5. Densitometry analysis also supports the protective role
of DNA from degradation of RFX5DBD (not shown). The bands from
the gel were digested with trypsin and analyzed by mass spectrom-
etry. The resulting PMF spectrum of the untreated sample showed a
peak at m/z 1609.29 (Fig. 7a) which was almost abolished when the
protein was treated with UV radiation (Fig. 7b). After UV irradiation of
RFX5DBD in presence of X-box DNA the peak at m/z 1609 reappeared
together with an increase in intensity of the peak (Fig. 7c). This
peptide fragment was further analyzed by MS/MS and the sequence
obtained is NHLEEHTDTCLPK. This peptide was attributed to the
region (N23–K35) of RFX5DBD. The sequence of hRFX5DBD when
aligned using psi BLAST with the sequence of hRFX1DBD, with known
crystal structure [47], this particular region of (N23–K35) showed
sequence alignment with the region [7DNYETAEGVSLPR19] of
hRFX1DBD (inset of Fig. 7c), assigned as a potential DNA binding
site in RFX1DBD. Thoughwe could only identify one protected peptide
Fig. 7. Peptide mass finger print (PMF) of RFX5DBD (a) Before UV irradiation; (b) After UV
DNA. The inset of (a) shows 15% SDS-PAGE where RFX5DBD was treated with peroxidase/U
1, molecular weight marker; 2 and 3; untreated RFX5DBD in absence and presence of X-
respectively; 6 and 7; similar for lanes 4 and 5 except in presence of X-box DNA. Inset of (c) sh
with letters and positive sign indicates similar residues. Analysis of the alignment data shows
represent the one in the DNA binding region of hRFX1.
sequence, it still provides a direct evidence that the DNA binding cleft
of RFX5DBD is protected by DNA from oxidative damage conferring
more stability to the protein–DNA complex under UV exposure. This
may have a correlation with the increased DT formed in RFX5DBD in
presence of DNA as several previous works reported DT to provide
conformational stability in structural proteins [48–50].

4. Discussions

Studies on the extent of oxidative damage by UV or ionizing
radiation have been extensively done on DNA and not so much on
proteins. However, it has been known that the oxidatively modified
proteins could act as biomarkers of aging, neurodegenerative processes
and cardiovascular diseases [51]. With the growing identification of
oxidized proteins as pathophysiological marker, interest on DT cross
linking in proteins has increased. DT is known to occur inmany proteins
like calmodulin [25], crystallins [24], skeletalmuscle protein,myoglobin
and hemoglobin [18] and in amyloid-β peptide in Alzheimer's disease
[52] under oxidative stress, mimicked either by UV irradiation or by
enzymatic action. The intramolecular DT formation in lac repressor
affects its structure and its interactionwith operator DNA as revealed by
molecular modeling study by Gras et al. where conformational param-
eters of the protein are changed [53]. Similar work has been performed
with lac repressor–operator system where effect of formation of DOPA
on complex stabilization, H-bond network, electrostatic potential
change was investigated by molecular dynamics simulation [54].

High abundance of tyrosine residues in RFX5DBD (6 Tyr) gave
appreciable DT fluorescence when subjected to oxidative cross linking
of tyrosine residues. The mean lifetime of DT in RFX5DBD was 3.88 ns
whichmatchedwell with themean lifetime of 4.3 ns for free synthetic
DT [39]. Also themaxima of bimodal lifetime distribution of dityrosine
in yeast spore wall centered at τc1=0.5 ns and τc2=2.6 ns [55]. The DT
derivatives formed in RFX5DBD are of intramolecular type as no higher
molecular weight cross-linked products were observed in SDS-PAGE
under our experimental conditions.
irradiation; (c) After UV irradiation of the protein pre-incubated with equimolar X-box
V exposure in presence and absence of X-box DNA and are run in the gel. Lanes show:
box DNA; 4 and 5; 10 s and 25 s UV exposure to RFX5DBD in absence of X-box DNA
ows the alignment of hRFX5DBDwith hRFX1DBD. The identical residues arementioned
33% identity and 60% similarity in these two sequences. The box drawn in the sequences



99M. Chakraborty et al. / Biophysical Chemistry 149 (2010) 92–101



100 M. Chakraborty et al. / Biophysical Chemistry 149 (2010) 92–101
Modeling data suggested that the most susceptible tyrosine
residues involved in DT formation are Y39 and Y42. They are the
closest pair of tyrosine where ortho carbons of the rings are separated
by 4.20 Å. This observation is further supported by the fact that when
DT formed protein was unfolded with 6 M GdmCl the intensity of DT
fluorescence increased implying the core tyrosine to be engaged in DT
formation. Moreover DT fluorescence increases in presence of DNA.
Not only the fluorescence intensity of DT was enhanced at pH 11 even
at physiological pH of 7.5 the presence of DNA facilitated formation of
DT in the protein (Fig. 5b). These were also reflected in the kinetic
data. RFX5DBD when irradiated at 280 nm, at pH 11, the intensity of
DT fluorescence increased exponentially with time and approached a
saturation value within 250 s, comparable with the kinetics of DT
formation in calmodulin, in presence or absence of Ca+2 approaching
saturation within about 4 min [25]. At pH 11 the rate constant of DT
formation in RFX5DBD was faster (21.6×10−3 s−1) in presence of
DNA than in absence of it (15.9×10−3 s−1).

Sequence homology between hRFX1DBD and hRFX5DBD revealed
that one of the DNA binding residues R19 of hRFX1DBD, obtained from
the crystal structure of RFX1DBD in complex with DNA, [47] is aligned
with K35 of hRFX5DBD a positively charged amino acid residue like R.
Therefore it is easily understandable that K35 of hRFX5DBD is involved
in direct or water mediated DNA contact like R19 of hRFX1DBD–DNA
complex if the secondary structure of RFX5DBD in free or bound state
is not altered very much as the template for our model is in bound
conformation. CD spectral analysis of RFX5DBD in presence or absence
of DNA showed no significant secondary structure alteration (data not
shown). However there is example like lac repressor where DNA
binding induces the formation of a helix in the hinge region of the
protein which remains disordered in the free state [56]. In RFX5DBD
the closest distance between K35 and ring carbon of Y39 as proposed
from the model is 5.21 Å that that means these two residues are in
close vicinity of each other. Therefore we proposed that when DNA
makes contact with K35 that alters the position of the side chain
residues of other amino acids of that core region of RFX5DBD. Even a
minor alteration of the side chains could result Y39 and Y42 to be more
close to each other and could result in more flexible DT formation
between them.

Analysis of CD spectra using Eqs. (1)–(3) revealed 44% helical
content in RFX5DBD at pH 7.5 which is in well agreement with the
extent of helicity analyzed byRamachandran plot (41%helix) presented
in Supplementary material 1. On the other hand results from analysis
using CDSSTR showed 33% total helicity and 29% total β structure.
Ramachandran plot, also showed comparable β structure (34%). Using
both themethodswe found that theCDspectral featureof RFX5DBDwas
altered at alkaline pH of 11 and showed lesser helical content, from 44%
to 33% using Eqs. (1)–(3) and 33% to 24% using CDSSTR. The DT
formation in presence of peroxidase/H2O2 increased the quantum yield
of DT with little change in helical content (Figs. 3c and 4). Along with it
we also found the β sheet content to increase at alkaline pH (Table 1).
Therefore, it indicates the conformational change induced by the
formation of DT in RFX5DBD. It was reported in literature that intra-
molecular ditryptophan has the potential to induce and stabilize
antiparallel β-strands in short peptides and in global respect in the
local peptide structure in proteins. Dityrosine, another naturally
occurring biaryl cross link in proteins could also stimulate structural
alteration and could give stability in antiparallel β-strands [57] and we
also found increased β character in the protein under condition of DT
formed. In calmodulin the level of α-helical structure is also reduced
upon DT cross linking. On the other hand the CD spectra of bovine
pancreatic ribonuclease A (RNase A) and γB-crystallin are not changed
significantly when DT cross links are present [58].

The DNA bound RFX5DBDwhen subjected to oxidative stress shows
two important observations regarding the protein stability and
conformation. First of all the quantumyield of DT in RFX5DBD increased
significantly upon associationwithX-boxDNA as already discussed. The
second significant finding results in the protection of RFX5DBD by the
DNA partner from UV degradation. The bare protein, when exposed to
peroxide/UV at a still higher dose than required for DT formation, led to
degradation of RFX5DBD. However, in presence of DNA the protein is
stabilized (inset of Fig. 7a). Similar result was obtained when the DNA
binding chromosomal proteinMC1was irradiated in complexationwith
DNA, the binding site of MC1 was found protected by the bound DNA
[59]. The mass spectrometry data clearly revealed that one of the
peptides (m/z 1609) in RFX5DBDwas being protected fromoxidation in
presence of DNA. The sequence of hRFX5DBD when aligned to
hRFX1DBD (The inset of Fig. 7c), this particular peptide sequence was
found to align in the region of RFX1 where one of the DNA binding
residues (R19) was present. A similar residue in RFX5DBD is K35 again
the similar residue near of whichDT is formed. This result reinforces the
correlation between the UV protection of RFX5DBD by DNA and DT
formation in it. We hypothesized that DT formation in RFX5DBD gave
structural stability, more in presence of the DNA and tyrosines are
exposed to oxidation and prevent the DNA binding core to be oxidized
and degraded. UV irradiation causes zero length covalent cross linking
between protein and nucleic acid and those amino acids which are
present in theDNAbinding sites are cross linked to thenucleobases [60].
However, we did not observe any cross linked product in the SDS-PAGE
probably due to its lower abundance.

These results implied that RFX5DBD formed intra-molecular DT
under exposure of UV and became more stable when associated with
DNA exhibiting stronger DT fluorescence. The DNA binding proteins
generally protect DNA molecule from the external stress mediated by
OH• or UV exposure tomaintain the biological function of the DNA and
themselves get modified [8]. On the other hand there is a protection
due to the masking of the binding site of the protein by DNA [59]. The
presence of intra-molecular DT in RFX5DBD results in conformational
alteration inducing cross-protection in both DNA and the protein in
their complex under oxidative stress.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bpc.2010.04.005.
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