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ABSTRACT Detailed analysis of the effects of ultraviolet (UV) and blue light illumination of horseradish peroxidase A2, a heme-
containing enzyme that reduces H2O2 to oxidize organic and inorganic compounds, is presented. The effects of increasing
illumination time on the protein’s enzymatic activity, Reinheitzahl value, fluorescence emission, fluorescence lifetime distribution,
fluorescence mean lifetime, and heme absorption are reported. UV illumination leads to an exponential decay of the enzyme
activity followed by changes in heme group absorption. Longer UV illumination time leads to lower Tm values as well as helical
content loss. Prolonged UV illumination and heme irradiation at 403 nm has a pronounced effect on the fluorescence quantum
yield correlated with changes in the prosthetic group pocket, leading to a pronounced decrease in the heme’s Soret absorbance
band. Analysis of the picosecond-resolved fluorescence emission of horseradish peroxidase A2 with streak camera shows that UV
illumination induces an exponential change in the preexponential factors distribution associated to the protein’s fluorescence life-
times, leading to an exponential increase of the mean fluorescence lifetime. Illumination of aromatic residues and of the heme
group leads to changes indicative of heme leaving the molecule and/or that photoinduced chemical changes occur in the heme
moiety. Our studies bring new insight into light-induced reactions in proteins. We show how streak camera technology can be of
outstanding value to follow such ultrafast processes and how streak camera data can be correlated with protein structural changes.

INTRODUCTION

Peroxidases are heme-containing enzymes that reduce H2O2

to oxidize a wide variety of organic and inorganic com-

pounds. The heme prosthetic group, appointed ‘‘ferriproto-

porphyrin IX’’, allows electron transfer between reductant

and oxidant substrates (1). During catalysis in plant peroxi-

dases a porphyrin cation p radical is formed (2), and in yeast

cytochrome c peroxidase a tryptophan radical plays the equiv-
alent role (3,4). In both cases in the first reaction step the iron

ion becomes hexacoordinated to an oxygen atom (FeIV¼O).

In classical plant peroxidases tryptophan is uniquely repre-

sented and is highly conserved, located in a surface loop

connecting two helices. The indole ring is directed toward

the core of the protein lying above the plane defined by the

heme group at an average distance of 16–18 Å (5–8)

(Fig. 1 A). Trp fluorescence in classical plant peroxidases is

highly quenched in the native state due to energy transfer

from the excited state of tryptophan to the heme group

(5,9,10). Quantum yields are 100 orders of magnitude lower

than that of tryptophan free in solution. Ferriprotoporphyrin

also displays a visible absorption spectrum.

The most important UV light absorbers in proteins are the

aromatic residues, Trp, Tyr, and Phe along with cystine and

His (11). It is known that tryptophan and tyrosine radicals can

be induced by ultraviolet (UV) illumination (12–14). Heme

groups are also excellent UV absorbers. UV illumination

might in some cases induce enzyme inactivation (15–18). The

mechanisms of inactivation are believed to be due to ioni-

zation of aromatic residues associated with an electron transfer

mechanism and radical formation together with disruption of

disulphide bridges (19–23). Earlier studies confirm that the

major reaction after UV excitation of enzymes is photoion-

ization (24). The excited tryptophan after photoionization

gives TrpH1, and electron is ejected from the molecule. In

heme proteins, the TrpH1might reduce the ferrous heme (25).

Porphyrins are a major source of free radicals and singlet

oxygen and can induce photobleaching in fluorescent mole-

cules (26). Several studies are reported on photoinactivation

of catalase, a tetrameric heme-containing enzyme. Catalase

degrades H2O2 to oxygen and water and represents an im-

portant part of the antioxidative system in cells. Blue light

(380–500 nm) illumination of sunflower catalase causes

partial heme destruction, and oxidation of histidine, present in

the catalytic center of catalase, perhaps is an early event in

photoinactivation (27). UV irradiation (365 nm) of bovine

liver catalase leads to the formation of catalytically inactive

compounds III (oxyferrous catalase) and II (catalase FeIV)

(28). UV C irradiation of flavocytochrome b2, which houses a

heme prosthetic group, results in enzyme inactivation, where

Trp and Tyr residues as well as the heme group are modified

(25). Oxygen presence offers protection of tryptophan against

UV-induced damage due to quenching (11), whereas the heme

group can act as a photosensitizer thus generating harmful

singlet oxygen (29).
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This work presents a detailed spectroscopic analysis of

UV-induced changes in secondary structure, enzymatic ac-

tivity, fluorescence emission, fluorescence lifetime distribu-

tion, fluorescence mean lifetime, and heme absorption of

horseradish peroxidase A2 (HRPA2). The catalytic activity,

conformational changes at the secondary structure level, pro-

tein fluorescence, and heme absorption were monitored after

Trp 296-nm UV illumination. A streak camera study on the

effects of UV illumination time on the distribution of the two

shortest fluorescence lifetimes of the single endogenous aro-

matic residue Trp in HRPA2, at pH 4, is presented. We also

highlight the outstanding value of streak camera technology

in following ultrafast processes and show how streak camera

data can be correlated with protein structural changes. Also,

we hereby present the effects of continuous illumination of

the heme group at 403 nm on Trp fluorescence emission and

on heme absorption bands.

MATERIALS AND METHODS

Chemicals and sample preparation

Horseradish peroxidase was obtained from Biozyme Laboratories (Blaenavon,

UK) (labeled HRP-5) as lyophilized salt-free powder and used without fur-

ther purification. HRP-5 corresponds to HRPA2 according to the nomen-

clature of Shannon et al. (30) and data reported by Hiner et al. (31). The

degree of purity was checked by sodium dodecylsulfate-polyacrylamide

gel electrophoresis, and a single band was observed when stained with

Coomassie. HRPA2 concentrations were determined considering the molar

extinction coefficient e403nm ¼ 100 mM�1cm�1 (32). Protein solutions used

for spectroscopic studies were dissolved in buffer made with Milli-Q water.

All salts were of analytical grade. Acetate buffer was used for pH 4. Buffer

concentration was always 25 mM.

Extinction coefficient as a function of wavelength
of HRPA2 and hematin

The absorbance from 250 nm to 700 nm of a horseradish peroxidase solution

prepared as mentioned above was measured on a Thermo Electron (Waltham,

MA) UV1 spectrophotometer and compared with a study performed by

Du et al. (33) on the absorption of hematin in acetic acid.

Tryptophan irradiation-steady-state fluorescence

The enzyme solution (3 mL of a 5 mM protein solution) was continuously

irradiated for different time periods at 296 nm using a 75 W Xenon arc lamp

from an RTC 2000 PTI (Photon Technology International, Birmingham, NJ)

spectrometer provided with a monochromator. Excitation and emission slit

widths were set to 6 nm. Tryptophan fluorescence was monitored at 350 nm

(excitation spectra) and excited at 296 nm (emission spectra). Temperature

in the cell, a quartz cuvette (1-cm path length) was controlled using a Peltier

element. The sample was continuously stirred at 650 rpm to maintain the

homogeneity of the solution, and the temperature was kept constant at 20�C.
Line voltage was controlled and maintained at 4 V, thus avoiding fluc-

tuations deriving from the power coming from the electrical outlet.

The fluorescence emission curve as a function of illumination time

(displayed in Fig. 3 A) was fitted to a biexponential function like the one

described by Eq. 1,

IFðtÞ ¼ C1 1C2 expð�kitÞ1C3 expð�kdtÞ; (1)

where IF(t) is the intensity of the fluorescence measured at time, t; ki and kd
are the rate constants for the increase and decrease of the fluorescence

intensity, respectively; and Ci (i ¼ 1, 2, or 3) are constants.

Activity measurements, steady-state fluorescence spectra, far-UV circular

dichroism (CD) spectra, and denaturation curves after ellipticity at 223 nm

were determined for samples irradiated for different time periods. Control

samples, without irradiation, underwent the same treatment as the exposed

ones.

Activity measurements

HRPA2 activity was measured at room temperature using 50 mM guaiacol

in 25 mM acetate buffer (pH 4) and 4.4 mM H2O2. The reaction was

followed for 1 min by reading the increase in absorbance at 470 nm. The

extinction coefficient of the oxidation product, e470nm ¼ 26.6 mM�1cm�1,

was used to calculate initial velocities.

Far-UV CD measurements

CD measurements were carried out using a Jasco (Tokyo, Japan) spectro-

polarimeter, model J-715. The ellipticity values were obtained in mdegrees

directly from the instrument and converted to the mean residue ellipticity

QMRW as previously stated (8). The far-UV CD spectra were measured using

a rectangular quartz cell of 1-mm path length. Each spectrum was an average

of six scans between 300 and 200 nm. The resultant ellipticities of the

HRPA2 solutions were calculated by subtracting the ellipticity of the buffer

FIGURE 1 (A) Three-dimensional representation of the x-ray crystal

structure of A. thaliana peroxidase A2 orthologous for HRPA2 showing

95% homology (Brookhaven accession code 1PA2). The heme group (central

white stick representation) is located between the distal and proximal domains,

whicheachcontain one calciumatom (shownas small black spheres).Theheme

iron (white, Corey-Pauling-Koltun, CPK, representation) in the heme group is
complexed to a His residue (gray ball and stick representation). Two more

histidines are located in the distal domain. Three cystines (black sticks rep-

resentation) are located in the distal domain along with one Tyr residue (black
CPK representation). The tryptophan residue (gray CPK representation) is

located close to the heme group with its indole ring. The proximal domain

contains the fourth cystine and aTyr residuenear the calcium ion. (B) Schematic

representation of the heme cavity in Arabidopsis ATP A2, showing relative

disposition of His-42 and Arg-38 residues near the distal side of the heme (59).
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solution. The wavelength of 223 nm was used to monitor thermal dena-

turation in the far-UV CD range. Temperature scans were carried out in the

temperature range 293–358 K using a Peltier element (irradiated samples)

or a thermostated cuvette by means of a circulating water bath, and a tem-

perature probe was immersed in the protein (dark control samples). The

experimental parameters were as follows: 1-nm bandwidth, 0.2-K step

resolution, 2-s response time, and scanning rates 1.5 (irradiated samples) and

2.6 K min�1 (control).

HRPA2 heme irradiation studies

Irradiation and steady-state fluorescence

A total of 3 mL of a 4 mM protein solution was continuously irradiated for

30 h at 403 nm using a 75-W Xenon arc lamp from a RTC 2000 PTI (Photon

Technology International) spectrometer provided with a monochromator

(slits width 6 nm). Temperature in the cell, a quartz cuvette (1-cm path

length) was controlled using a Peltier element and was kept constant at

298 K. The sample was continuously stirred at 650 rpm to maintain the

homogeneity of the solution. Line voltage was controlled and maintained at

4 V, thus avoiding fluctuations deriving from the power coming from the

electrical outlet. Before 403 nm irradiation and at specified times during the

irradiation, tryptophan fluorescence emission intensity at 350 nm upon 296-

nm excitation was acquired.

Irradiation and absorption measurements

In another experiment, absorption by the protein solution was monitored

before and after irradiation with 403-nm light for 26 h. The sample was

irradiated using the same conditions as above. Measurements were per-

formed on a Thermo Electron UV1 spectrophotometer.

Time-resolved lifetime measurements—a streak
camera study

Time-resolved measurements were carried out upon exciting the samples

with ultrashort UV laser pulses at 280 nm and 290 nm (for selective

excitation of Trp residue). The 280-nm excitation light was generated by

sending the output from a Spectra Physics (Mountain View, CA) Tsunami

laser (,100-fs pulse duration, 12-nm fullwidth at half-maximum, 80-MHz

repetition rate, l ¼ 840 nm, Tsunami 3960, Spectra Physics pumped by a

high power (5 W at 532 nm) Millennia V solid state laser, Spectra Physics)

through a pulse picker, which decreased the pulse repetition rate to 8 MHz.

The fundamental pulse (840 nm) was mixed with its second harmonic (420

nm) in a frequency doubler/tripler unit (GWU-Lasertechnik, Erfstadt,

Germany) to generate pulses at 280 nm. The power at 280 nm was 0.290

mW. The 290-nm excitation light was generated by tuning the Spectra

Physics Tsunami laser to 870 nm. After the pulse picker, the fundamental

pulse (870 nm) was mixed with its second harmonic (435 nm) in a frequency

doubler/tripler unit (GWU-Lasertechnik) to generate pulses at 290 nm. The

power at 290 nm was 0.216 mW. The sample was placed in a 1400-mL

quartz cuvette and excited along the 1-cm light path. The cuvette was placed

in front of the input slit (100 mm) of a spectrograph (Oriel, Darmsdadt,

Germany, MS257, with a grating blazed at 400 nm with 600 lines/mm), after

which it was focused into the slit of the input optics (100-mm slit) of the

streak camera (Optronis, Kehl, Germany).

The sample was continuously irradiated with the 280-nm and 290-nm

excitation light. Sample concentration was 49 mM. The different illumina-

tion times were 0, 34, 52, 67, 84, 106, 122, 137, and 152 min for the 280-nm

series and from 0 to 170 min every 10 min for the 290-nm series.

Fluorescence emission was followed in a time window of ;1.65 ns after

excitation. The fluorescence lifetimes of horseradish peroxidase (HRP) were

assumed to remain the same independent of illumination time, whereas the

preexponential factors were assumed to change, thus enabling a global anal-

ysis approach (see note below regarding global analyses). The governing

equations for the time-resolved intensity decay data were assumed to be a

sum of discrete exponentials as in

IðtÞ ¼ +
i

ai expð�t=tiÞ; (2)

where I(t) is the intensity decay, ai is the amplitude (preexponential factor),

ti is the fluorescence lifetime of the ith discrete component, and +ai ¼ 1.0.

The fractional intensity, fi, of each decay time is given by

fi ¼ aiti
+
j

ajtj
(3)

and the mean lifetime is

Ætæ ¼ +
i

fiti: (4)

Note on global analyses

Tomodel excited state processes or to unravel heterogeneity in the distribution

of fluorophores, experiments under a variety of conditions can be performed.

One can change experimental parameters such as excitation and emission

wavelengths, pH, quencher concentration, timescale, temperature, orientation

of excitation, and emission polarizers. Finally, a multi-dimensional fluores-

cence decay surface is obtained. From the separate analyses of the individual

decay traces, a model can be deduced. The appropriateness of the model is

checked by verifying the consistency of the parameter values obtained from

each decay curve analysis. However, the parameter estimates resulting from

the various single decay curve analyses may suffer from a large uncertainty so

that the model building becomes difficult. It has to be realized that many

parameters appear in a nonlinear way in the model function and that in most

cases the functions within the model are nonorthogonal. It has been suggested

to perform a simultaneous analysis of related decay traces, i.e., of the fluo-

rescence decay surface, by linking the common parameters. The merits of this

global analysis approach have been emphasized and used broadly within the

scientific community (34). Global analysis of fluorescence lifetime data can be

used to obtain an accurate fit of multi-exponential fluorescence decays. Global

analysis algorithms simultaneously fit multiple measurements acquired under

different experimental conditions to achieve higher accuracy (35).

In our studies, the experimental parameter that changes was the preillu-

mination time of the sample, before acquiring the fluorescence decays.

Analysis of denaturation curves

The temperature values at the midpoint of the denaturation curve (Tm where

formally 50% of the protein molecules are native and 50% are unfolded) were

determined assuming that during transitions two distinct and populated states

were present, the native (N) and the unfolded state (U) (8). The observed

value of the spectroscopic signal, y, at any point will be y ¼ yN fN 1 yU fU,
where yN and yU are the values of y characteristic of the native and unfolded

states, respectively, under the conditions where y is being measured. fN 1
fU ¼ 1, with fN and fU representing the fraction of protein in the native and

unfolded conformations. The equilibrium constant, K, and the free energy

change, DG, can be calculated using K ¼ (yN � y)/(yN � yU), and DG ¼
�RTlnK, where R is the gas constant and T the absolute temperature. Tm
values were calculated from a plot of DG versus temperature to DG ¼ 0.

RESULTS

Extinction coefficient of HRPA2 and hematin

The extinction coefficients of HRPA2 and of hematin from

250 nm to 700 nm are displayed in Fig. 2. In native HRPA2

2018 Neves-Petersen et al.
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the absorption below 300 nm is mainly due to aromatic

amino acids and cystines. The peaks around 400 nm and

above 475 nm are only due to heme absorption.

Photosensitivity of the tryptophan fluorescence
quantum yield

The illumination time-dependent fluorescence intensity of

horseradish at 350 nm upon illumination with 296-nm light

is shown in Fig. 3 A. In the first 20,000 s (5.5 h) a very rapid

increase in the number of counts per second can be observed,

followed by a short plateau. Afterward, the fluorescence

quantum yield was observed to drop upon further illumina-

tion of the peroxidase sample. The HRPA2 fluorescence

emission observed stems from the single tryptophan residue

as excitation light was selected to 296 nm, a wavelength at

which Tyr and Phe residues are not excited. After fitting the

curve displayed in Fig. 3 A to a biexponential function like

the one described by Eq. 1, as described in Materials and

Methods, where IF(t) is the intensity of the fluorescence

measured at time, t, ki and kd the rate constants for the

increase and decrease of the fluorescence intensity, respec-

tively, and Ci (i ¼ 1, 2, or 3) are constants, the values of ki
and kd are 0.324 h�1 and 0.017 h�1, respectively. The

physical interpretation of Eq. 1 indicates that irradiation of

tryptophan induces two first order reactions, i.e., involving

only one enzyme molecule.

Before irradiation, an excitation spectrum (emission at 350

nm) of fresh peroxidase was recorded. Afterward, excitation

spectra were recorded after different times of irradiation (22

min, 44 min, 76 min, 116 min, 6 h and 16 h, emission at 350

nm), as displayed in Fig. 3 B. It can be observed that an

increase in the fluorescence intensity in Fig. 3 A is correlated

with an increase in the excitation fluorescence intensity

displayed in Fig. 3 B. Moreover it can be observed that the

excitation spectra become increasingly blue shifted the

longer the irradiation time (Fig. 3 B). Interestingly, when
observing the ratio between the normalized excitation

spectra (Fig. 3 C), being the ratios defined as the intensity

of each excitation spectrum divided by the excitation

spectrum at time zero, it can be seen that illumination of

the peroxidase sample at 296 nm induces spectral changes

between 250 and 270 nm, where both Tyr and Trp absorb

and fluoresce at 350 nm (Phe does not fluoresce at 350 nm)

and above 290 nm, where only Trp absorbs. No spectral

changes were observed from ;278 to 290 mn.

Activity and Reinheitzahl value changes in HRPA2
on UV-light irradiation

In peroxidases the catalytic activity is dependent on the

presence and correct conformation of the heme group and

the residues forming the catalytic pocket. Conformational

changes on the protein likely affect enzyme activity. Fig. 4 A
shows the change of enzyme activity upon different UV

illumination times compared to a nonilluminated HRPA2

sample. The change of the Reinheitzahl value (Rz), defined

by the ratio between the Soret band absorbance and the

absorbance at 280 nm, upon different UV illumination times

compared to a nonilluminated HRPA2 sample is also

displayed. Activity decays exponentially with a rate con-

stant, kact, 0.00377 min�1 (0.23 h�1) for the irradiated

sample and 0.00042 min�1 (0.03 h�1) for the dark control.

Fitting to a double exponential model did not improve the

quality of the fit (no improvement on x2 and larger errors

associated with the fitted parameters). After 16 h of UV

illumination the enzyme displayed 2% of its initial activity,

whereas the nonirradiated enzyme displayed 65% of its

initial activity. The activity of the enzyme when the intensity

of the 350-nm emission is at its maximum (;6 h of

irradiation at 296 nm) is ;30% of the initial, whereas the

nonirradiated sample maintained 92% of the initial activity

value after the same period of time.

The Rz value of peroxidase dropped significantly upon UV

excitation. After 6 h and 16 h of UV illumination, the Rz

value was reduced from ;3.70 to 1.18 and 1.16, respec-

tively, 31% of the initial value. Over the same period, the Rz

values of the nonilluminated sample decreased from 3.39 to

2.96 and 2.94 after 6 h and 16 h at room temperature, 87% of

the initial value. The Rz values as a function of illumination

time could be described by a single exponential decay with

rate constant kRz of 0.0038 min�1 (0.23 h�1). Apparently the

FIGURE 2 Absorption spectra of hematin (solid curve) and native

HRPA2 (shaded curve). Insets show the heme group in peroxidase (A)

and the hematin molecule (B). The hematin extinction coefficients were

taken from Du et al. (32). In native HRPA2 the absorption below 300 nm is

mainly due to aromatic amino acids and cystines. The peaks around 403 nm

and above 475 nm are only due to heme absorption.
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process is faster for the nonirradiated control sample with

a rate constant kRz, 0.0065 min�1 (0.39 h�1). Fitting to a

double exponential model did not improve the quality of the

fit. The data point for the Rz value observed after 6 h of

illumination was more than 10 standard deviations from the

model obtained by fitting to the rest of the data points and

was thus not considered.

Absorbance spectral changes in HRPA2 on
UV-light irradiation

Spectral properties of the HRPA2 heme group as a function

of irradiation time are presented in Fig. 4 B. Increasing

irradiation time at 296 nm lead to a decrease of the Soret

absorption band as well as the disappearance of the charge

transfer transitions (CT1, 498 nm; CT2, 643 nm) character-

istic of a pentacoordinate state of the iron.

UV irradiation-induced changes in secondary
structure of HRPA2

Complementary analysis of protein conformational altera-

tions was investigated by circular dichroism (CD) spectros-

copy. Thermal stability of 5 mM HRPA2 samples irradiated

with light at 296 nm for 6 and 16 h were investigated. The

respective control measurements were performed. Temperature

FIGURE 3 (A) Tryptophan fluores-

cence emission intensity of HRPA2

collected at 350 nm as a function of

296-nm irradiation time at 20�C. The
line represents the best fit of the bi-

exponential function in Eq. 1 to the ex-

perimental points. Fit parameters are

ki ¼ 93 10�5 s�1 (0.324 h�1) and kd ¼
4.8 3 10�6 s�1 (0.017 h�1) and r2 ¼
0.99862. The asterisk indicates the ratio

of fluorescence increase (F/F0). (B)

Effect of irradiation time on excitation

spectra (B1) and normalized excitation

spectra (B2) of HRPA2. (Solid curve) 0

min; (long dash curve) 22 min; (larger

dot curve) 44 min; (dash-dot-dash

curve) 76 min; (dash-dot-dot curve)
116 min; (short dash curve) 6 h; and

(smaller dot curve) 16 h. The excitation

spectra were acquired setting emission

at 350 nm. (C) Ratio between the

normalized spectra displayed in B2 for

different irradiation times (h) 22 min;

(s) 76 min; (n) 184 min; (3) 6 h; and

()) 16 h and the spectrum for nonir-

radiated HRPA2.

FIGURE 4 (A) Residual activity (A/

Ao, triangles) and Rz (squares) of

HRPA2 as a function of 296-nm illu-

mination time (solid triangles and

squares) and of a nonilluminated

control sample (open triangles and

squares). The solid and dashed lines

correspond to a first order exponential

decay fit of residual activity and Rz

value, respectively. Fit parameters are

kact ¼ 0.00377 min�1 (0.23 h�1) for the

irradiated sample and kact ¼ 0.00042

min�1 (0.03 h�1) for the control sam-

ple; kRz ¼ 0.0038 min�1 (0.23 h�1) for

the irradiated sample and kRz ¼ 0.0063

min�1 (0.38 h�1) for the control sam-

ple. The asterisk corresponds to the

ratio of fluorescence increase (F/F0) as a function of 296-nm illumination time as displayed in Fig. 3 A. (B) Dependence of HRPA2 optical absorption

on 296-nm irradiation time. The arrow indicates increasing irradiation time.
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dependence of the ellipticity at 223 nm of native HRPA2

and samples irradiated for different periods of time are

shown in Fig. 5. Data reveal that the longer the irradiation

period the lower the melting temperature, Tm, of HRPA2 at

pH 4, as displayed in Table 1. After 6-h UV illumination, the

Tm of the protein dropped 2.25 K and its ellipticity at 295 K

dropped from �16 degcm2dmol�1 to �11 degcm2dmol�1.

After a 16-h UV illumination, the protein still showed the

presence of secondary structure elements (ellipticity had

decreased from �16 degcm2dmol�1 to a residual value of

�8 3 10�3 degcm2dmol�1 at 295 K) although no transition

was detected in the temperature scans. Fig. 5 clearly shows

that irradiation leads to protein denaturation. Concerning the

nonirradiated sample, a 16-h period waiting time at room

temperature after the sample had been freshly prepared lead

to a decrease in the Tm value of 1.4 K (Table 1). No sig-

nificant helical loss monitored by CD was observed (data

not shown).

Time-resolved lifetime measurements

Streak camera data (Fig. 6 A) were analyzed with MATLAB

(The MathWorks, Natick, MA) software developed at our

department. The two fastest picosecond fluorescence emis-

sion lifetimes of HRPA2 observed after different 280-nm

illumination times were recovered by global analysis: 100.06
1.4 ps and 746.4 6 33.5 ps. The third nanosecond lasting

fluorescence emission lifetime could not be observed due

to the 1.8-ns temporal window seen by our ultrafast streak

camera detector. The preexponential factors of the two

lifetimes are plotted in Fig. 6 B and displayed in Table 2. The

shortest lifetime component is dominating the decay in the

observation time window at all 280 illumination times.

However, as illumination time increases, the longer lifetime

component increases from 0.07 6 0.03 at the beginning of

the illumination to a plateau of 0.18 6 0.02 after 2 h of

illumination, as displayed in Fig. 6 B. The mean lifetime

increased in the same period from 332 ps to plateau at 501 ps,

as displayed in Fig. 6 C.

A comparison of the data obtained by continuously

illuminating the HRP solution with 280-nm and 290-nm

light is displayed in Table 3.

Fluorescence and absorption spectra changes
induced by illumination at 403 nm

Excitation of HRPA2 at 403 nm, where the heme group

displayed maximum absorbance, also had an effect on the

protein’s Trp fluorescence. During the experiment where

HRPA2 was continuously illuminated at 403 nm, the pro-

tein’s Trp fluorescence emission intensity at 350 nm upon

296-nm excitation was measured at different times over a

period of more than 30 h. The emission intensity was

observed to increase more the longer the illumination time

at 403 nm, reaching approximately twice the initial Trp

fluorescence intensity after 30 h of exposure to the 403-nm

light, as displayed in Fig. 7 A.
Furthermore, 403-nm continuous illumination changed

the absorption spectrum of a HRPA2 solution, as displayed

in Fig. 7 B. After 26 h of 403-nm illumination the distinct

Soret band peak changes shape, intensity, and absorption

peak. The CT1 transition around 500 nm is affected as well.

DISCUSSION

The results presented in this study do show that prolonged

UV illumination of horseradish peroxidase affects its cata-

lytic activity, structural thermal stability, Rz, heme absorption

bands, fluorescence quantum yield, fluorescence excitation

and emission spectra, fluorescence lifetime distribution, and

fluorescence mean lifetime. UV illumination aimed at exci-

tation of the protein’s aromatic pool at 280 nm and 296 nm or

specifically excitation of its prosthetic group, ferriprotopor-

phyrin IX (Fe-PPIX), at 403 nm.

FIGURE 5 Temperature dependence of the ellipticity value at 223 nm of

HRPA2: freshly prepared (squares), after 6-h irradiation with 296-nm light

(circles), and after 16-h irradiation with 296-nm light (triangles).

TABLE 1 Enzyme residual activity (% of remaining activity

compared with initial activity, A(t)/A0), Rz (Rz after time, t,

compared to the initial Rz, i.e., Rz(t)/Rz(t0) 3 100) and melting

temperature (Tm) values determined by CD spectroscopy

after 6 h and 16 h in a nonirradiated (Non-Irr) and an

irradiated (Irr) sample with 296-nm UV light

A(t)/A0 (%) Rz(t)/Rz(t0) (%) DTm (K)

Time Non-Irr Irr Non-Irr Irr Non-Irr Irr

6 h 92 30* 87 32 n.d. 2.25

16 h 64 3 87 31 1.4 n.t.

The values are compared to the enzyme’s initial values immediately after

the solution has been prepared.

n.d., nondetermined; n.t. no transition detected.

*From curve interpolation.
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Fluorescence quantum yield

The results show that excitation of the protein at all men-

tioned wavelengths lead to an increase in the fluorescence

quantum yield of the protein, observation correlated with

loss of absorption of the heme group (Figs. 4 B and 7 B).
Fluorescence intensity of the single tryptophan residue of

HRPA2 in its native state is highly quenched because of the

presence of an adjacent prosthetic group, Fe-PPIX. The

efficiency of energy transfer (E) between the Trp donor and

the heme acceptor is almost maximum, e.g., in horseradish

peroxidase (HRPC) E is 0.93 (10) and in soybean peroxidase

E is 0.97 (7). Tryptophan quantum yield is known to be

;0.001 in classic plant peroxidases due to energy transfer to

the heme group. This value increases 20 and 10 times for

apoproteins of horseradish peroxidase C and soybean per-

oxidase, respectively (7,9). However, as displayed in Figs. 3

A and 7 A, excitation of horseradish peroxidase at 296 nm

and 403 nm increased its fluorescence quantum yield. The

increase might be due to light-induced separation of the Trp

residue from the quencher heme group and/or photoinduced

chemical changes in the prosthetic group of HRPA2. The

first hypothesis is supported by the work done by Gryczynski

and Bucci (36) on another heme-containing protein, horse

heart myoglobin, and by the work of Grotjohann et al. (27)

on photoinactivation of a plant catalase, also a heme protein.

Grotjohann et al. showed that blue light excitation of catalase

would induce heme dissociation and heme photochemistry.

Grotjohann et al. also report that the velocity of heme

destruction is lower than the rate of enzyme photoinactiva-

tion, suggesting that other photoinduced reactions lead to

enzyme inactivation. Gryczynski and Bucci observed that

the steady-state fluorescence emission intensity was revers-

ibly increased with decreasing pH, almost doubling at pH

4.5, and was correlated with an increase in heme dissocia-

bility at lower pH, consistent with the titration of the

proximal and distal histidines inside the heme pocket. Their

analyses revealed the presence of three species originating

FIGURE 6 (A) Three-dimensional representation of

a temporally and spectrally resolved streak camera

image of the fluorescence emission decay of HRPA2

upon 280-nm excitation. (B) Distribution of the

preexponential factors associated with the two fastest

lifetime components of HRPA2 (100 6 1 ps, open
squares; 746 6 34 ps, open circles) as a function of

280-nm illumination time; Distribution of the pre-

exponential factors associated with the two fastest

lifetime components of HRPA2 (836 0.8 ps, cross and
819 6 37 ps horizontal bar) as a function of 290-nm

illumination time. See also Table 3; (C) Mean fluores-

cence lifetime of HRPA2 as a function of 280-nm

(open circles) and 290-nm (solid squares) illumination

times.

TABLE 2 Preexponential factors associated to the

fluorescence lifetimes recovered from the fluorescence decay of

HRPA2, detected with streak camera after 280-nm illumination

Preexponential factors

Illumination

time (min)

Short lifetime

(100 6 1 ps)

Long lifetime

(746 6 34 ps)

0 0.93 6 0.02 0.07 6 0.03

34 0.89 6 0.02 0.11 6 0.03

52 0.87 6 0.02 0.13 6 0.03

67 0.85 6 0.02 0.15 6 0.02

84 0.84 6 0.02 0.16 6 0.02

106 0.83 6 0.02 0.17 6 0.02

122 0.82 6 0.02 0.18 6 0.02

137 0.82 6 0.02 0.18 6 0.02

152 0.82 6 0.02 0.18 6 0.02
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from heme-protein interactions with three distinct fluores-

cence lifetimes: the native form of crystalline protein

(30–114 ps), the conformation with disordered hemes

(240–1400 ps), and the reversibly dissociated heme-free

myoglobin (3100–5100 ps).

This work has been done at pH 4. Acidic pH values will

favor the protonation of the distal and proximal His residues

in HRPA2, which pKa values have been reported to be;2.5

for the distal His (1) and below 3 for the proximal His (37),

for horseradish peroxidase C. Wolff et al. recently estimated,

using NMR, the pKa of the His-32 that binds heme in the

protein HasASM as being below 4.8 (38). These pKa values

are considerably lower than the pKa of His when in the

model tripeptide Gly-His-Gly (pKmodel ¼ 6.4) (39). Once

protonated, the positively charged His will electrostatically

repulse the nearby positively charged heme group and

catalytic Arg, which is positively charged at acidic pHs

(Fig. 1 B). Therefore, acidic pH values will induce confor-

mational changes in the active side pocket of peroxidases

that might induce heme release (40). Low pH is actually used

to induce release of heme from the protein to create the

apoprotein (41). Ejection of the heme group has been

reported to lead to an irreversible thermal unfolding of

HRPA2 and HRPA1 at pH 4, whereas at pH 7 and 10

refolding was observed (8) since the protein recaptures the

heme group upon cooling. This is correlated with the elec-

trostatic repulsion between the heme group and the heme

moiety at acidic pH values. The presence of positively

charged groups renders the pKa value of both the distal and

proximal His considerably lower than its pKmodel since once

neutral, there will be no electrostatic repulsions between the

His and the positively charged groups. Also, since the distal

His will the hydrogen-bond acceptor upon binding H2O2, it

will be a better acceptor if neutral. These are two likely

reasons that contribute to the low pKa value of proximal and

distal His observed in peroxidases.

An increase in fluorescence emission intensity upon UV

excitation of the single Trp residue in other proteins, like

cutinase, has been observed by Weisenborn et al. (42),

Prompers et al. (20), and Neves-Petersen et al. (21). The

reason for the observed increase in fluorescence emission

intensity was the disruption of the disulphide bridge, an

excellent protein fluorescence quencher, located near the

Trp residue upon Trp UV excitation (20,21,23). The study

reported in this work points at a similar possible mechanism

explaining the increase in fluorescence intensity of HRPA2

upon UV illumination: putative light-induced dissociation

and/or photoinduced damage of the strong fluorescence

quencher in horseradish peroxidase, the prosthetic group

ferriprotoporphyrin IX, and the heme moiety. In the Protein

Data Bank structure of the highly homologous Arabidopsis
thaliana peroxidase A2 (Fig. 1 A), this group is located

within 8 Å (closest distance) from the Trp residue. The closer

a quencher is from the fluorescence donor and the higher its

extinction coefficient, the stronger the quenching will be.

The disulphide bridges in HRPA2 are located farther away

from the Trp residue, which means that in terms of distance

the prosthetic group is a better fluorescence quencher.

Furthermore, compared to disulphide bridges, the pros-

thetic ferriprotoporphyrin IX group has a much larger

extinction coefficient in the wavelength range where Trp

emits (43). Therefore it is the prosthetic group in peroxidases

TABLE 3 Comparison of the data obtained by continuously illuminating the HRP solution with a 280-nm and 290-nm laser beam.

tshort: short lifetime; tlong: long lifetime; a: preexponential factor associated to each lifetime

Excitation tshort tlong ashort along Ætæ

Start End Start End Start End

280 nm 100 6 1 ps 746 6 34 ps 0.93 6 0.02 0.82 6 0.02 0.07 6 0.03 0.18 6 0.02 332 ps 501 ps

290 nm 83 6 0.8 ps 819 6 37 ps 0.81 6 0.01 0.61 6 0.02 0.19 6 0.01 0.39 6 0.01 597 ps 717 ps

Ætæ is the fluorescence mean lifetime.

FIGURE 7 (A) Effect of 403-nm il-

lumination time (heme excitation) on

the protein’s fluorescence emission in-

tensity at 350 nm obtained upon 296-

nm excitation. Fluorescence emission

spectra were acquired after 0, 3, 6, 9,

12, 21, 24, 27, and 31 h of illumination

at 403 nm. (B) Absorption spectra of

native HRPA2 (solid line) and of

HRPA2 illuminated for 26 h at 403

nm (shaded line).
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that is mainly responsible for the proteins’ fluorescence emis-

sion intensity due to its quencher properties. The changes

reported here in the absorption spectrum of ferriprotopor-

phyrin IX group upon UV illumination of horseradish

peroxidase (both 296 nm and 403 nm; Figs. 4 B and 7 A)
suggest that the prosthetic group putatively dissociates from

the protein and/or suffers photodamage upon UV illumina-

tion. Irradiation of Trp in HRPA2 can induce alterations in

the protein moiety through electron transfer from triplet

states of Trp (3Trp) to suitable acceptors such as cystines

(13). The UV light-induced opening of disulphide bridges

upon excitation of the protein’s aromatic residues was

observed for many other proteins, such as hydrolytic en-

zymes (lipases/esterases, lysozyme), proteases (human plas-

minogen), alkaline phosphatase, immunoglobulins’ Fab

fragment, major histocompability complex class I protein

(23), and a-lactalbumin (22). Detection of free thiols groups

was observed after photoinduced disruption of the disulphide

bridges. HRPA2 contains eight cysteine residues involved

in four disulphide bridges conserved in all members of

the classical plant peroxidases class. The nearest cystine in

the A. thaliana peroxidase A2 (ATPA2) crystal structure

(Fig. 1 A) is located ;12 Å from the single Trp residue.

Photoinduced disruption of disulphide bridges located as far

as 10 Å from the aromatic residue has been reported for

a-lactalbumin (22).

Molecular photobleaching

Fig. 3 A also shows that prolonged UV illumination (after

;7-h illumination at 296 nm) leads to molecular photo-

bleaching, leading to a decrease in the fluorescence intensity.

A possible UV-induced reaction in proteins leads to, e.g.,

electron transfer, ionization, and radical formation (12–

14,25,44–56, S. Klitgaard, M. T. Neves-Petersen, V.

Sundström, T. Polivka, A. Yartsev, T. Pascher, and S. B.

Petersen, unpublished). These photoinduced reactions lead

to photochemical changes of the fluorophores, with con-

comitant conversion of the indole chromophore into a non-

fluorescing group (42). Photobleaching originates from the

triplet excited state, which is created from the singlet state

(S1) via intersystem crossing.

Protein stability, heme absorption, and
Reinheitzahl values

CD data clearly show that prolonged UV irradiation leads to

protein denaturation. After 16-h UV illumination no transi-

tion is detected in the temperature scans, as displayed in Fig.

5. This observation is correlated with data presented in Fig. 3

A, which indicate that after 16 h of UV illumination the

protein has already suffered photophysical- and photochem-

ical-induced reactions leading to photobleaching. These

reactions will lead to structural damage of proteins that will

ultimately impair their activity. As can be seen in Table 1 and

Fig. 4 A, after 6 h and 16 h of UV illumination the protein’s

residual activity was 30% and 2%, respectively.

It was also observed in our study that illumination of

HRPA2 with 296 nm and 403 nm leads to loss in the Soret

absorbance band, as displayed in Figs. 4 B and 7 B, respec-
tively. The intensity of the visible bands at;500 nm and 643

nm also decrease with longer irradiation periods of time.

Heme release has been reported to be the first event occur-

ring during unfolding of HRPA2 (8). These observations do

correlate with the hypothesis that light induces heme disso-

ciation and/or chemical modification of the heme group.

UV illumination has also affected the protein’s Rz and its

thermal stability. Residual ellipticity was observed after

denaturation of horseradish peroxidase (Fig. 5). The ob-

served decrease in the HRPA2 Soret band absorbance upon

UV illumination lead to a decrease in the Rz value of the

protein and was accompanied by activity loss (Fig. 4). Both

Rz and activity values decay exponentially with identical first

order decay constants (kact and kRz), which might indicate

that light-induced changes in the heme moiety and the

aromatic pool moiety do lead to changes in the structure and

therefore in the activity of the protein. Irradiation damage

was observed to be immediate. The loss of secondary

structural elements upon UV irradiation (Fig. 5) reveals that

photophysical and photochemical processes initiated in the

Trp residue and probably on the adjacent heme group are

damaging the overall structure of HRPA2. The lower melting

temperature, Tm, of HRPA2 upon irradiation (Table 1) as

well as the decrease in the far-UV ellipticity after 6-h

irradiation (Fig. 5) is likely to be caused by light-induced

structural changes in the heme environment. The proximal

His is covalently bound to the heme iron and responsible for

the heme architecture and consequently the enzyme activity

(2). Conformation changes in the heme moiety will affect the

active site architecture.

Photochemistry, reactive oxygen species

Oxidation of histidine, present in the catalytic center of

catalases is perhaps an early event in catalase photoinacti-

vation as it is an oxygen-dependent process (27). Likewise,

oxidation of proximal His in HRPA2 might be responsible

for the enzyme activity loss and heme spectra alterations.

Indirect photooxidation of proteins is known to occur via the

formation and subsequent reactions of singlet oxygen. Heme

moieties have, in general, the capability to generate reactive

oxygen (29). Other amino acid residues in the protein are

susceptible to reacting with 1O2, namely excited Trp and

Tyr, Met, or Cys, leading to chemical changes of these

residues. It is known that N-formylkynurenine, a tryptophan

photoproduct, can act as an endogenous photosensitizer

that can generate singlet oxygen and superoxide. Tyr radicals

are also reported to be formed after excitation of Trp resi-

dues (49). Trp can transfer energy to Tyr residues via

Förster-type singlet energy transfer (57). The process of
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HRPA2 photoinactivation is likely to be induced also by

formation of 1O2 upon heme excitation and since the heme

group is a sensitizer that once in the excited state can

undergo intersystem crossing, enter a triplet state, and react

with molecular oxygen generating singlet oxygen, one of the

most reactive oxygen species.

Both illumination of aromatic residues and of the heme

group leads to changes in heme absorption and fluorescence

quantum yield of horseradish peroxidase, indicative of heme

leaving the molecule and/or photoinduced chemical changes

in the heme moiety. Direct illumination of the heme group

can induce photochemical reactions such as electron ejection

from the porphyrin ring, associated to cation and radical

formation, and singlet oxygen formation that can change the

conformation of the heme pocket. The excited state aromatic

residues in HRPA2 will deliver a great part of their excitation

energy to the prosthetic ferriprotoporphyrin IX group, since

this is an effective fluorescence quencher. Furthermore, since

UV illumination of aromatic residues leads to electron

ejection from their side chains (see references above), it is

likely that the prosthetic group also acts as an electron

acceptor, further destabilizing the heme pocket.

Spectral changes of aromatic residues

As displayed in Fig. 3, B and C, prolonged UV illumination

of HRPA2 lead to spectral shifts in the excitation spectra of

the protein. This is indicative of chemical changes suffered

by the Trp or other aromatic residues in the protein. Trp has

been selectively excited at 296 nm. We can see from Fig. 3 C
that this lead to a change in the excitation spectra above 292

nm, where Trp absorbs. If Tyr residues were also excited due

to Förster-type singlet energy transfer from Trp residues,

phenolate anions (PheO�) could have been created. The pKa
of the OH group in UV-excited Tyr residues is expected to be

around 4 (32), and thus much lower than the pKa around 10

for ground state tyrosine (39). PheO� is known to have larger

extinction coefficients above 290 and fluorescence emission

is centered around 345 nm (11,39). Fig. 3 C shows that

changes are also observed from 250 nm to 275 nm. No

changes are observed from ;275 nm to 290 nm. Since these

spectra have been obtained with emission set to 350 nm, the

excitation spectra report changes only on Trp and Tyr

residues, since Phe do not emit at 350 nm.

Fluorescence lifetime studies

Peroxidases are usually characterized by three fluorescence

lifetimes: in HRPA1, pH 7, the three lifetimes are 55 ps, 130

ps, and 1.2 ns (58) and in HRPC the observed lifetimes were

45–76 ps, 1.1–1.5 ns, and 3.9–4.9 ns, depending on pH (10).

In this study, with the detection system used (streak camera),

we have only observed picosecond lifetime components

since the streak camera has a temporal window of 1.8 ns. The

longest nanosecond fluorescent lifetime component was not

observed. In our study we are interested in following changes

in the short lifetime components. The shortest picosecond

lifetime components are known to be associated to the heme

group here. Changes in the heme moiety will most likely

induce changes in the fluorescence lifetime distribution.

As can be seen from Fig. 6, B and C, and Table 2, the two

fastest relaxation pathways of horseradish peroxidase are

characterized by lifetimes of 100 6 1 ps and 746 6 34 ps

(when using 280-nm excitation), respectively, and 83 6
0.8 ps and 819 6 37 ps (when using 290-nm excitation),

respectively. The observed change in the preexponential

factors associated with each of the above mentioned

lifetimes, as a function of UV illumination time, leads to

an increase in the protein’s mean lifetime. This observation

supports the hypothesis that UV light induced dissociation of

the strong protein fluorescence quencher group, the ferri-

protoporphyrin IX group, and/or chemical changes in the

heme moiety.

The effect of preillumination of HRP at 403 nm, where

heme absorbs, on the dynamics of HRP fluorescence emis-

sion, upon 280 nm and 290 nm excitation, has also been

studied (data not shown). Preillumination of the heme group

leads to an increase of the fluorescence mean lifetime of

horseradish peroxidase.

CONCLUDING REMARKS

The study of the interaction between light and biomolecules

will give us insight into the fantastic work of energy ex-

change in a molecule. From such studies, the role of energy

donors and acceptors will be clearer, as well as which en-

ergies are involved, which photoinduced reactions are trig-

gered as well as the timescales of each light-driven step. The

ultimate goal will be to control energy transfer in proteins

and eventually reaction mechanisms.
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