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ABSTRACT Aromatic amino acids play an important role in ultraviolet (UV)-induced photochemical reactions in proteins. In this
work, we aim at gaining insight into the photochemical reactions induced by near-UV light excitation of aromatic residues that
lead to breakage of disulfide bridges in our model enzyme, Fusarium solani pisi cutinase, a lipolytic enzyme. With this purpose,
we acquired transient absorption data of cutinase, with supplemental experimental data on tryptophan (Trp) and lysozyme as
reference molecules. We here report formation kinetics and lifetimes of transient chemical species created upon UV excitation
of aromatic residues in proteins. Two proteins, lysozyme and cutinase, as well as the free amino acid Trp, were studied under
acidic, neutral, and alkaline conditions. The shortest-lived species is assigned to solvated electrons (lifetimes of a few
microseconds to nanoseconds), whereas the longer-lived species are assigned to aromatic neutral and ionic radicals, Trp triplet
states, and radical ionic disulphide bridges. The pH-dependent lifetimes of each species are reported. Solvated electrons ejected
from the side chain of free Trp residues and aromatic residues in proteins were observed 12 ns after excitation, reaching
a maximum yield after ~40 ns. It is interesting to note that the formation kinetics of solvated electrons is not pH-dependent
and is similar in the different samples. On the other hand, a clear increase of the solvated electron lifetime is observed with
increasing pH. This observation is correlated with H3Oþ being an electron scavenger. Prolonged UV illumination of cutinase
leads to a larger concentration of solvated electrons and to greater absorption at 410 nm (assigned to disulphide electron adduct
RSSR ��), with concomitant faster decay kinetics and near disappearance of the Trp� radical peak at 330 nm, indicating possible
additional formation of TyrO� formed upon reaction of Trp� with Tyr residues. Prolonged UV illumination of cutinase also leads to
a larger concentration of free thiol groups, known to originate from the dissociation of RSSR ��. Additional mechanisms that
may lead to the near disappearance of Trp� are discussed. Our study provides insight into one key UV-light-induced reaction
in cutinase, i.e., light-induced disruption of disulphide bridges mediated by the excitation of aromatic residues. Knowledge about
the nature of the formed species and their lifetimes is important for the understanding of UV-induced reactions in humans that
lead to light-induced diseases, e.g., skin cancer and cataract formation.
INTRODUCTION

Atmospheric gases of our planet Earth block solar ultraviolet

(UV) radiation fairly efficiently, but a nonnegligible amount

of near-UV light still reaches the surface. Although none of

the amino acids naturally found in proteins absorbs in the

visible spectrum, residues like tryptophan, tyrosine, phenyl-

alanine, and cystine are known to absorb in the near-UV

region. Several reviews have been published on the photo-

chemistry and photophysics of tryptophan (1,2), tyrosine

(3,4), phenylalanine (5), and cystine (6). Tryptophan has

the highest absorption in the near-UV region, followed by

tyrosine (2). Flash photolysis studies have revealed two non-

radiative relaxation channels from singlet excited tryptophan

(1). The first is electron ejection to the solvent, yielding

solvated electrons, e-
aq, which have a broad absorption

peak centered at ~720 nm and a tryptophan radical cation,

Trp�þ, which absorbs at ~560 nm and deprotonates rapidly,

yielding a neutral radical, Trp�, that absorbs at ~510 nm.

First results on the solvated electron optical properties indi-
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cate a broad absorption band centered at 720 nm (7). The

same spectral feature is observed in water after one-photon

or multiple-photon absorption in the UV region (8–12).

Trp þ hn / Trp�þ þ e�aq (1)

Trp�þ / Trp� þ Hþ : (2)

The neutral radical can then react with, e.g., molecular

oxygen, tyrosine, or cystine, and can lead to peptide chain

cleavage. The second of these relaxation channels is inter-

system crossing, yielding the triplet-state 3Trp, which absorbs

at ~450 nm. Triplet lifetimes range from 11 to 16 ms indepen-

dent of pH from ~2.5 to 10.5 (1). Shorter-lived transients (T1)

with lmax at 450 nm and lifetimes of ~20–45 ns have also been

observed and tentatively suggested to be triplet states (1).

Triplet-state tryptophan can then react with molecular oxygen

(Scheme 5, (27)) or transfer an electron to a nearby disulfide

bridge (Scheme 6), with RSSR�� absorbing at ~420 nm (1).

1Trp þ hn / 1Trp� (3)

1Trp�/ 3Trp (4)
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3Trp þ O2 / Trp �þ þ O��2 (5)

3Trp þ RSSR / Trp�þ þ RSSR��: (6)

At low pH, it is possible to generate a tryptophan hydrogen

adduct (Scheme 9) that absorbs at ~400 nm (13). It can either

be generated directly by capture of a hydrogen atom, or in

a two-step process, where a solvated electron is caught by

tryptophan, which then reacts with a proton from the solvent

(13,14):

Trp þ H�/ Trp� � H (7)

Trp þ e�aq / Trp �� (8)

Trp �� þ Hþ / Trp� � H: (9)
These species and their absorption maxima are listed in

Table 1. At neutral pH, tyrosine has absorption maxima at

220 nm and 275 nm (4). At alkaline pH, tyrosine deproto-

nates, and the resulting tyrosinate ( Tyr � O�) has slightly

red-shifted absorption compared to tyrosine, with maxima

at 240 nm and 290 nm (4). Photoexcited tyrosine can fluo-

resce, decay nonradiatively, or undergo intersystem crossing

to a triplet state. Alternatively, at neutral pH, tyrosine can be

photoionized through a biphotonic process that involves

absorption of a second photon from the triplet state, leading

to a solvated electron and a radical cation that rapidly deprot-

onates (Schemes 11 and 12). Photoionization of tyrosinate at

high pH results in a neutral radical and a solvated electron

(Scheme 12).

3Tyr � OH þ hn / Tyr � OH�þ þ e�aq (10)
TABLE 1 Transient chemical species and wavelength at maximum absorption, with their extinction coefficients and lifetimes

Chemical species Wavelength at maximum absorption, extinction coefficient, and lifetime Reference

1Trp 220, 280, 288, (265) nm (2)
3Trp 450 nm (1)

Trp�þ 330, 560 nm

3330nm ¼ 5000 M�1 cm�1

3580nm ¼ 3000 M�1 cm�1

(1)(45)

Trp� 320, 510 nm

3330nm ¼ 31005300 M�1 cm�1

3510nm ¼ 1800 M�1 cm�1

3320nm ¼ 4000 M�1 cm�1

3520nm ¼ 2000 M�1 cm�1 pH 7–12

3330nm ¼ 31005300 M�1 cm�1

3510nm ¼ 18005200 M�1 cm�1 pH 7

3320nm ¼ 2800520% M�1 cm�1

3510nm ¼ 1750520% M�1 cm�1 pH7

3320nm ¼ 2860 M�1 cm�1

3520nm ¼ 1840 M�1 cm�1

(2,13,17,45,46)

Trp� � OH 320, 360, 420 nm (17)
3Tyr 250, 295, 575 nm (3)
1Tyr � OH 220, 275 nm

3220nm ¼ 9000 M�1 cm�1

3275nm ¼ 1400 M�1 cm�1

(4)

1Tyr � O� 240, 290 nm

3240nm ¼ 11; 000 M�1 cm�1

3290nm ¼ 2300 M�1 cm�1

(4)

3Tyr � OH 250, 295, 575 nm

Lifetimes 3-10 ms in water

(3)(3)

Tyr � O� Phenoxyl-type tyrosyl radical.

Also called Tyr$

245, 290, 390, 400, 405, 407, 410 nm

3410nm ¼ 2750 M�1 cm�1

3410nm ¼ 26005500 M�1 cm�1 pH 7

3410nm ¼ 26005500 M�1 cm�1 pH 7

3410nm ¼ 27505200 M�1 cm�1

(3,37,46–49)

e�aq 720 nm (very broad)

3720nm;H2O ¼ 19; 000 M�1 cm�1

(1)(50)

RSSR�� Disulphide electron adduct 420 nm

3410nm ¼ 9200 M�1 cm�1

Lifetime in the ms range

Cystine pH 7.7

3420nmR8800 M�1 cm�1

(1)(15,48)

RSS� perthiyl radical 380 nm, in deaerated samples (38)

½RSSðRÞSR�� 380 nm 3380nm ¼ 3:450:4� 103 M�1 cm�1 (38)

O��2 245 nm

3245nm ¼ 2000 M�1 cm�1

(3)
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Tyr � OH�þ / Tyr � O� þ Hþ (11)

Tyr � O�� þ hn / Tyr � O� þ e�aq: (12)

Neutral radical absorption partly overlaps triplet-triplet

absorption for tyrosine (3) (Table 1). However, the triplet-

state tyrosine is rapidly quenched by molecular oxygen, tryp-

tophan, or disulfide bridges (3):

3Tyr � OH þ O2 / Tyr � O � þ Hþ þ O��2 (13)

3Tyr � OH þ 1Trp / 1Tyr � OH þ 3Trp (14)

3Tyr � OH þ RSSR / Tyr � O � þ Hþ þ RSSR ��: (15)

Upon excitation of Trp and Tyr, generated solvated electrons

can subsequently undergo fast geminate recombination with

their parent molecule, or they can be captured by electro-

philic species like molecular oxygen, H3Oþ, or cystines:

e�aq þ O2 / O��2 (16)

e�aq þ H3Oþ / H� þ H2O (17)

e�aq þ RSSR / RSSR ��: (18)

A hydrogen radical (Scheme 17) can react directly with

a nearby disulfide bridge, resulting in bond breakage (15):

H � þ RSSR/RS � þ RSH: (19)

Electron capture by cystine can also lead to bond breakage

(15):

e�aq þ RSSR / RSSR�� (20)

RSSR��5 RS� þ RS� (21)

RSSR�� þ Hþ 5 RS� þ RSH: (22)

Solvated electrons can also interact with the peptide chain to

create hydroxide ion and ketyl radical, which can propagate

along the peptide chain (1):

e�aq þ �CONH�/ OH � þ �C
�
ðOHÞNH� : (23)

If trapped by a disulfide bridge, this again results in an

RSSR�� radical, possibly leading to bridge disruption. If

hydroxyl radicals are created, e.g., through radiolysis of

water, they can react with tryptophan to create Trp� � OH

(16,17) (Table 1). UV excitation of lysozyme leads to photo-

oxidized tryptophan, solvated electrons, and cystine electron

adduct (18). UV-induced enzyme inactivation involves fast

and very efficient short-range electron transfer between

photoexcited tryptophans and nearby disulfide bridges. Zhi

Li et al. (19) showed that fast electron transfer is consistent

with direct electron transfer between triplet tryptophan and

a nearby disulfide bridge (a short-range interaction that
decays exponentially as the distance beyond van der Waals

overlap between the donor and acceptor increases), leading

to RSSR�� radical and likely bridge breakage:

3Trp þ RSSR / Trp � þ þ RSSR � � (24)

RSSR��5 RS� þ RS�: (25)

Fusarium solani pisi cutinase contains only one tryptophan

within van der Waals contact of a disulfide bridge (~3.8 Å).

The longer the UV excitation of its aromatic pool, the larger

the yield of bridge disruption (20,21), resulting in free thiol

groups (20–23) that bind to thiol-reactive surfaces

(20,21,24–26). We aim to gain insight into the kinetics of

UV- induced breakage of disulfide bridges in cutinase

(22 KDa, 213 amino acids). Transient absorption data has

been acquired for cutinase, with supplemental experimental

data on tryptophan and lysozyme (14.7 KDa, 129 amino acids)

as reference molecules. The 3D structures of these proteins are

shown in Fig. 1. Both proteins have aromatic residues close

FIGURE 1 3D structure of cutinase and lysozyme. Secondary structure,

aromatic amino acids and disulfide bridges are highlighted: tryptophan

(black sticks), tyrosine (gray ball and stick), phenylalanine (black lines) and

cystines (gray sticks). Cutinase (A) contains 1 Trp, 6 Tyr, 6 Phe and 2 disul-

fides, and lysozyme (B) contains 6 Trp, 3 Tyr, 3 Phe and 4 disulfides.
Biophysical Journal 97(1) 211–226
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to disulphide bridges. Cutinase photochemistry has not been

previously studied using this technique. Lysozyme photo-

chemistry is partially known. In both proteins, UV illumina-

tion leads to disulphide bridge disruption and to free thiol

groups. A summary of some of the major photodegradation

pathways of proteins upon UV irradiation has been published

(27). Many of the referred processes involve molecular

oxygen, and can be limited by working with degassed samples.

It is a well-known fact in enzymology that pH has a crucial

effect on both protein activity and stability. This effect is typi-

cally not associated with ultrafast events in the protein.

However, pH has a direct influence on the protein electrostatic

field (28,29). Thus, charged entities such as solvated electrons

will migrate through the protein and its immediate environ-

ment immersed in the electrostatic field. We therefore decided

to investigate the pH dependence of the transient absorption

features of all samples.

MATERIALS AND METHODS

Sample preparation

Buffers used were 25 mM acetate, pH 4 (S-2889, Sigma, St. Louis, MO),

25 mM Trizma base, pH 7.5, 25 mM Trizma base, pH 8.5 (T-6066, Sigma),

and 25 mM glycine, pH 10 (A1377, Appli Chem, Darmstadt, Germany).

Experiments were carried out on L-tryptophan (L-8659, Sigma), lysozyme

(L-7651, Sigma), and recombinant cutinase (29) at pH 4, 7.5, 8.5, and 10.

Solutions of 147 mM tryptophan (molecular mass 204.2 gmol�1) and 49 mM

lysozyme (molecular mass 14,300 gmol�1) were prepared. Cutinase concen-

trations were estimated using 3280 ¼ 13,500 M�1$cm�1: 20 mM at pH 4,

28 mM at pH 8.5, and 30 mM at pH 10. Each sample was placed in a sealable

1-cm cuvette and degassed using cycles of vacuum and saturation with argon

gas to minimize oxygen concentration.

Flash photolysis setup

Samples were excited using 266 nm light (third harmonic of a Quanta-Ray

230 Nd:YAG laser, Spectra-Physics, Mountain View, CA). Full width at

half-maximum of the excitation pulse was ~8 ns, and the energy per pulse

was 1.5 mJ. The laser beam diameter was 2.5 mm. The cuvette holder was

thermostated to 20�C by a computer-controlled Peltier element and the

sample was magnetically stirred to reduce photodegradation. The probe

light generated by a 75-W xenon arc lamp was focused on the sample col-

linearly with the excitation beam. Before it reached the sample, the probe

light went through high-pass filters mounted on a filter wheel to reduce

photodegradation. After the sample, the light was refocused with a spherical

concave mirror on the entrance slit of a TRIAX 180 monochromator

(SPEX, Reston, VA). Before the monochromator, the light passed two

sets of filters mounted on filter wheels. A high-pass filter was used to

reduce scattered excitation light, whereas a neutral-density filter was used

to reduce probe light intensity before the photomultiplier tube. The signal

was detected using a photomultiplier tube (R298, Hamamatsu, Hamamatsu

City, Japan).

Data collection and analysis

Transient absorption spectra were collected on different timescales: over

50 ms with a xenon lamp in pulsed mode, and over 1 ms with a xenon

lamp in continuous mode. Traces were collected with 10-nm steps over a

280–900 nm range. Data collection started in the least energetic part of

the spectrum to minimize photodegradation. Data were collected in a step-

wise linear way with more data points in the early parts of the event.

Sampling was carried out with constant high frequency during the first
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part of the sampling time. In the latter parts, sampling frequency decreased

stepwise. Data were smoothed with a moving average (window size ¼ 3)

and, subsequently, a five-time-slot binning. Absorption intensity decays

were fitted to an exponential model (Eq. 26) in OriginPro using the Leven-

berg-Marquardt routine. The quality of the fit, evaluated by the c2-value R2

and the residual plots, was used to decide the appropriate exponential model.

The governing equations for time-resolved intensity decay are summarized

by Eq. 27, in which Abs(t) is the intensity decay, ai is the amplitude (preex-

ponential factor), ti is the lifetime of the ith component, and
P

ai ¼ 1.0.

hti ¼
X

i

fiti (26)

AbsðtÞ ¼
X

ai� exp

�
�t

ti

�
(27)

fi ¼
aitiP

j

ajtj

: (28)

Data were analyzed using a global analysis approach (30,31). The fractional

intensity, fi, of each decay time is given by Eq. 28 and the mean lifetime by

Eq. 26.

Data processing

In Figs. 2 A, 3 A, and 4 A, a zero-intensity threshold was applied to suppress

the fluorescence afterglow at earlier probe times in the blue edge of the spec-

trum. Negative intensities observed at early probe times due to sample fluo-

rescence were set to zero intensity. Fluorescence will add to the probe light

and the detector will see more light than expected. For this reason, absorp-

tion signals cannot be seen in the earliest probe times in some of the data sets

(e.g., the ‘‘missing’’ transient absorption below 450 nm in Fig. 2 A close to

time zero). The detector was adjusted to high sensitivity to permit detection

of weak absorption. This makes the intense fluorescence emission saturate

the detector, leading to an oscillating signal while the detector recovers

from the overload that is most significant at lower wavelengths. This means

that the useful part of the data trace occurs later in the sampling time for the

lower wavelengths. Data in Figs. 2 C, 3 C, 4 C, and 5 have been normalized

to analyze the formation kinetics of solvated electrons.

Solvated electron concentration

To calculate the yields of solvated electrons relative to the concentration of

the parent molecule, solvated electron concentration was determined using

absorbance at 710 nm and 3710nm ¼ 19,167 M�1 cm�1 (32). Concentrations

were normalized by dividing each concentration by the respective parent

molecule concentration.

Detection of thiol group concentration

For a description of this process, see Neves-Petersen et al. (20).

RESULTS

The 2D transient absorption spectra (0- to 50-ms time delays)

of Trp, lysozyme, and cutinase are shown in Figs. 2 A, 3 A, and

4 A, respectively. Possible transient species, wavelength at

maximum absorption, extinction coefficients, and lifetimes

are listed in Table 1. Assignments will be discussed based

on the experimental data. To observe longer-lived blue-edge

absorption peaks, data with time delays from 0 to 1 ms were

obtained (Figs. 2 B, 3 B, and 4 B). Lifetimes of each observed
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FIGURE 2 Trp transient absorption data: A shows transient absorption spectra collected at probe times from 0 to 50ms (short timescale); B shows the transient

absorption spectra collected at probe times from 0 to 1ms (long timescale). Intensity of each spectrum at a particular probe time is color coded. Red codes for the

highest intensity and dark blue for the lowest intensity. Putative transient absorption species assigned to each peak are listed. C displays kinetics of formation of the

solvated electron within 45 ns after excitation. D displays decay kinetics of the solvated electron within 10 ms after excitation.
Biophysical Journal 97(1) 211–226
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species are displayed in Tables 2–5. Formation kinetics of

solvated electrons are displayed in Figs. 2 C, 3 C, and 4 C.

Decay kinetics of solvated electrons are displayed in Figs. 2

D, 3 D, and 4 D. A comparison of the formation kinetics at

each pH value for the different samples is displayed in

Fig. 5. As a control, buffer solutions have been irradiated

and transient absorption spectra acquired (data not shown).

A weak, nondecaying absorption signal is observed at

~300 nm but nothing above 300 nm, showing that none of

the observed species created upon excitation of Trp, lyso-

zyme, and cutinase samples originate from the buffer.

Trp data

A short-lived peak centered at ~710 nm assigned to solvated

electrons (1) and longer-lived peaks centered at ~330, 450,

510, and 560 nm are observed (Fig. 2, A and B). According

to the literature, the 330-nm peak can be assigned to Trp$

and Trp�þ (1,2), the 450-nm peak to 3Trp (1), the 510-nm

peak to Trp� (2), and the 560-nm peak to Trp�þ (1). To

FIGURE 2 Continued.
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confirm these assignments, the decay kinetics of each peak

were analyzed, and lifetimes were recovered and compared

with those from the literature (Tables 2 and 3). To conclude

whether the 330-nm peak could be assigned to Trp�þ, its life-

time was compared with that at 560 nm (the peak assigned to

Trp$þ). If the peaks at 560 nm and 330 nm were to be assigned

to the same transient species, the recovered lifetimes should

be similar. It can be seen clearly from Fig. 2 B and Table 2

that a faster decay is observed at 560 nm (20–34 ms in the

0–50 ms data set, 550 nm data, and 82 ms in the 0–1 ms data

set) than at 330 nm (~293 ms in the 0–1 ms data set). A 560-

nm peak is clearly observed at pH 10 (Fig. 2 A). To conclude

whether the 330-nm peak is to be assigned to Trp�, we

compared these peak lifetimes with the lifetime of the

510-nm peak, known to be assigned to Trp$ (lifetime in the

hundreds of microseconds range (2,33,34)). The recovered

lifetime is ~250 ms (see Table 2, 520 nm data). The magnitude

of the lifetime at 510 nm is very similar to the recovered

lifetime at 330 nm (Table 2, 0–1 ms data set at 330 and 510/

520 nm), indicating that the species absorbing at 510 nm and

330 nm are the same. From Fig. 2 B, we can see that the decay

kinetics of the 560-nm peak (74–82 ms) is clearly faster than the

510-nm and 330-nm kinetics (249–294 ms). Thus, the 330-nm

and 510-nm peaks are assigned to Trp$ and the 560-nm peak to

Trp�þ. The 330-nm peak is dominated by the contribution from

Trp�. The average lifetimes of the 330-nm and 560-nm traces

are displayed in Fig. 6, B and C, respectively, and Table 2

(520 nm). The average lifetime of Trp�þ (560 nm) decreases

with increasing pH (Table 2 and Fig. 6 C, circles).

Absorption at 450 nm is assigned to 3Trp (1). Lifetime

analysis at 450 nm shows that 3Trp has lifetimes from 10

to 12 ms, depending on pH (Table 2, 0–50 ms data set), in

agreement with previously reported values (11–16 ms in

neutral solution (1)). The 710-nm data show that the

solvated electron has microsecond and submicrosecond

decay lifetimes (Table 3). Solvated electron peak intensity

is clearly pH-sensitive: the higher the pH value, the larger

the yield of solvated electrons formed after excitation of

the molecules with UV light (Fig. 2 A). The decay of the

710-nm peak is faster at pH 4 than at higher pH values for

all samples (Figs. 2, A and D, and 6 A, and Table 3).

Solvated electron lifetime increases nonlinearly with pH

from 0.2 ms at pH 4 to 2.5 ms at pH 10.0 (Fig. 6 A, circles).

Solvated electrons are observed ~12 ns after the pump pulse,

and the 710-nm peak reaches its maximum intensity ~40 ns

after excitation (Fig. 2 C). The rate of formation of the

solvated electron is similar at the different pH values

(Fig. 2 C) and is similar for all samples at a particular pH

(Fig. 5).

Lysozyme data

Characteristic solvated electron absorption at ~710 nm is

observed as well as longer-lived peaks centered ~320/330 nm,

510/520 nm, 560 nm (Fig. 3, A and B). For the reasons
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FIGURE 3 Lysozyme transient

absorption data: A shows transient

absorption spectra collected at probe

times from 0 to 50 ms; B shows transient

absorption spectra collected at probe

times from 0 to 1 ms. Red codes for

the highest intensity and dark blue for

the lowest intensity. Putative transient

absorption species assigned to each

peak are listed. C shows kinetics of

formation of the solvated electron

within 45 ns after excitation. D displays

the decay kinetics of the solvated elec-

tron within 10 ms after excitation.
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discussed above for Trp, 330-nm and 510-nm peaks are as-

signed to Trp� (Tables 3 and 4). A 560-nm peak is only

observed at pH 10 (Fig. 3 A, pH 10) and is assigned to Trp�þ.

The Trp$ average lifetime at 510 nm is not pH-sensitive (Fig. 6

C (lysozyme) and Table 4). Lifetimes recovered at 330 nm

and 520 nm are very similar, spanning 7–9 ms at 520 nm

and 11–14 ms at 330 nm (Table 4), although shorter than

the ones observed with Trp alone. The yield of formation of

solvated electrons drops from neutral to alkaline pH values

(data not shown). Solvated electron has microsecond and sub-

microsecond decay lifetimes (Table 3, Fig. 6 A, squares, and

Fig. 3 D), with mean lifetime increasing exponentially with

pH (Fig. 6 A, squares), from 0.3 ms at pH 4 to 1.6 ms at pH

10.0. Solvated electrons are observed ~12 ns after pump

pulse, and reach maximum intensity ~40 ns after excitation

(Fig. 3 C). Rate of formation of solvated electron is similar

at different pH values (Fig. 3 C) and is similar for all samples

at a particular pH (Fig. 5).

A 3Trp characteristic absorption peak at 450 nm is likely

observed (Fig. 3 A, Lys pH 8.5). The assignment of this

peak in protein spectra is not as trivial as in the Trp sample

due to the fact that other peaks populate nearby spectral

FIGURE 3 Continued.
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regions. The characteristic 575-nm peak of 3Tyr is likely to

be observed, though this peak is convolved with a neigh-

boring broad and intense solvated electron peak (Fig. 3 A).

A peak centered around 410 nm is observed at neutral and

basic pH (Fig. 3, A and B). Two known species absorb at

this wavelength (Table 1): RSSR$� and TyrO$. The latter

has two characteristic absorption bands, at 410 nm and 390

nm (35,36). The 410-nm peak has lifetimes in the micro-

second timescale (~476 ms, Table 4, 0–1 ms data set). The

extinction coefficient at 420 nm of RSSR$� is 3.3 times

larger than the extinction coefficient of TyrO$ (Table 1).

RSSR$� is formed upon reaction of the triplet state of Trp

or Tyr and a nearby disulphide bridge. Both lysozyme and

cutinase have disulphide bridges near aromatic residues.

These triplets are rapidly quenched by disulfides with kq ¼
2 � 4 � l09 M�1 s�1 (3). RSSR$� is known to dissociate

into thiol compounds (15,27). UV excitation of lysozyme

leads to the formation of free thiol groups (data not shown).

The only sources of SH groups in this protein are its disul-

phide bridges. Native protein has no free SH groups. This

indirectly confirms the presence of the precursor adduct

RSSR$� formed upon UV excitation of our sample. On the

other hand, TyrO$ is known to be involved in other reactions

that lead to its depletion (27). Also, the 290-nm characteristic

peak of TyrO$ is not clearly observed. Based on the above

considerations, we conclude that the 410-nm peak (Fig. 3 A)

could be assigned to both species, however most likely

to the disulphide electron adduct RSSR$�. The observed

average lifetimes at pH 7.5 and pH 8.5 are identical (see

Table 4).

A peak at 370 nm is observed at pH 4, with an average

lifetime of 286 ms (Table 4, Fig. 3 B, pH 4), previously

assigned to the formation of a transient adduct radical (37):

RS� þ RSSR 4 ½RSSðRÞSR��: (29)

This species is suggested to be sulfuranyl radical with the

unpaired electron located in an antibonding s* orbital within

a trisulphide bridge. On the other hand, the same band has

been assigned by Morine and Kuntz to RSS$, produced in

a primary photolytic step by breaking C-S bond. This radical

is formed in degassed solutions, e.g., achieved through

argon/vaccum degassing like in our case. Protonation of

the cyclic disulphide bridge anion RSSR$� leads to the disul-

phide-H atom adduct, which can rapidly decay leading to

the formation of both RS$ and RSS$ (Scheme 30), the latter

absorbing at 380 nm (38–40). Ito and Matsuda (41) photo-

lysed di-t-butyl disulfide in hexane and attributed the 370

nm to thiyl radicals (RS$).

RSðH
�
ÞSR/RSH þ RS�/RSS� þ RH: (30)

Therefore, we conclude that the 370-nm peak should be as-

signed to perthyil radicals, RSS$. A peak with absorption at

~390 nm has also been attributed to an indole OH$ adduct

formed when, e.g., electron quenchers like N2O are present
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FIGURE 4 Cutinase transient absorption

data: A shows transient absorption spectra

collected at probe times from 0 to 50 ms; B

displays transient absorption spectra collected

at probe times from 0 to 1 ms. Red codes for

the highest intensity and dark blue for the

lowest intensity. Putative transient absorption

species assigned to each peak are listed. C
displays the kinetics of formation of the

solvated electron within 45 ns after excitation.

D shows the decay kinetics of the solvated elec-

tron within 10 ms after excitation. (E) Correla-

tion between UV excitation (296 nm) time of

cutinase solution and concentration of free thiol

groups, detected with the Ellman assay (20).

Free thiol concentration, proportional to

Abs412nm, is the same as RSSR$� concentra-

tion.
(42), which is not the case. The 295-nm and 575-nm peaks

attributed to 3Tyr (3) are not observed.

Cutinase data

As in the case of lysozyme and Trp, a short-lived positive peak

centered around 710 nm and longer-lived peaks centered

around 320/330 nm and 510 nm are observed in cutinase.

Trp$þ 560 nm is not clearly observed. The average lifetime

of the Trp$ radical at 330 nm and 520 nm, displayed in Table

5, is significantly shorter than those observed with Trp alone.
At all pH values, the largest yield of formation of solvated

electrons has been found upon excitation of cutinase, fol-

lowed by lysozyme and Trp (data not shown). For cutinase

at pH 4, compared to Trp, a 325% increase in the formation

of solvated electrons was observed. For both lysozyme and

cutinase, the yield of formation of solvated electrons drops

from neutral to alkaline pH, whereas the opposite is observed

for Trp. For cutinase, the mean lifetime of the solvated elec-

tron increases from 0.17 ms at pH 4 to 2.1 ms at pH 10.0

(Table 2). Solvated electrons are observed ~12 ns after the

pump pulse and the 710-nm peak, reaching its maximum
Biophysical Journal 97(1) 211–226
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intensity at ~40 ns (Fig. 4 C). Fig. 4 D shows the decay

kinetics of the solvated electron. The formation kinetics of

solvated electron are similar at all pH values.

The 450 nm 3Trp peak is likely to be observed, though this

peak is convolved with other peaks. The characteristic 3Tyr

575-nm peak is likely to be convolved with the solvated elec-

tron peak (Fig. 4 A). A peak at ~410 nm is observed. For the

FIGURE 4 Continued.
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reasons stated above, this peak is likely to be assigned to

RSSR$�, formed according to

3Trp þ RSSR / Trp�þ þ RSSR�� (31)

3Tyr þ RSSR / Tyr�þ þ RSSR��: (32)

RSSR$� is the precursor of thiol groups according to

RSSR��5 RS� þ RS�: (33)

In Fig. 4 E, it can be seen that the longer the UV excitation

time, the higher the concentration of free SH groups in cu-

tinase, which is correlated with an increase of cutinase fluo-

rescence (20). Transient absorption of cutinase at pH 10

was obtained both before and after excitation until its fluo-

rescence emission intensity reached a plateau (Fig. 4, A and

B). The UV-excited sample before flash photolysis shows

a more intense solvated electron peak. Furthermore, a larger

yield of solvated electrons is seen (data not shown). In addi-

tion, illumination of the sample before flash photolysis

leads to a more intense RSSR$� peak and to the near disap-

pearance of the 320-nm Trp$ peak. Recovered lifetimes are

summarized in Table 5: the average lifetime at 310 nm has

dropped from 370 ms to 206 ms due to preillumination of

the sample before flash photolysis. The distribution of pre-

exponential factors associated with solvated electron life-

times (0–50 ms data) is shown in Table 3, and mean life-

times are displayed in Fig. 6. For all samples it can be

observed that the preexponential factor associated with the

shortest lifetime dominates at low pH, whereas the preexpo-

nential factor associated with the longest lifetime takes over

at the highest pH value (Table 3). Solvated-electron mean

lifetime increases for all samples as a function of pH

(Fig. 6 A).

DISCUSSION

In the experiments presented here, we collected near-UV,

visible, and near-infrared transient absorption data for

aqueous Trp, lysozyme, and cutinase. The peaks observed

in the near-UV and visible regions for Trp, lysozyme, and

cutinase in solution exhibited clear dynamics within the

time window of the experiment. As a control, buffer solutions

were irradiated at 266 nm and transient absorption spectra

were acquired (data not shown). A weak, nondecaying

absorption signal around 300 nm is observed, but nothing is

observed above 300 nm. This shows that no species observed

upon 266-nm illumination of Trp, lysozyme, and cutinase

samples are created upon 266-nm illumination of buffer

alone. The 3Trp recovered lifetimes (Trp sample) agree with

the literature (1). Due to the close distance between disulphide

bridges and aromatic residues in the proteins, it is very likely

that RSSR is the quencher of 3Trp and 3Tyr triplet states, since

it will lead to efficient electron transfer from donor to acceptor

molecule, according to
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3Trp þ RSSR / Trp�þ þ RSSR�� (34)

3Tyr þ RSSR / Tyr�þ þ RSSR��: (35)

FIGURE 5 Normalized transient absorption data at 710 nm for 0–50 ns

probe times displaying the kinetics of formation of the solvated electron

for each sample at each pH value.
The pH dependence of the Trp$þ lifetime is in agreement

with earlier findings (1). As found for indole, its lifetime

in neutral solutions is relatively short (t ~ 1 � 10�6 s),

and in alkaline solutions, it is much shorter-lived, due,

presumably, to loss of a proton to form the neutral radical

(1). For all samples, transient absorption data shows an

absorption peak centered around 710 nm, assigned to tran-

sient absorption of solvated electrons. Ejected electron

becomes solvated by water molecules showing the charac-

teristic broad absorption at ~710 nm (1). The observed

microsecond and submicrosecond decay lifetimes (Table

3) can be attributed to different recombination pathways

of this species: recombination with the parent molecule

(geminate recombination), with a hydronium ion, or with

another electron acceptor, such as disulphide bridges and

positively charged groups. The intensity of the solvated

electron peak is clearly pH-dependent and correlates with

H3Oþ being an electron scavenger. Recombination happens

according to (43)

e�aq þ H3Oþ / H� þ H2O: (36)

Therefore, the lower the pH, the faster the rate of decay of

solvated electrons formed upon UV excitation of Trp mole-

cules. In a protein, different groups can act as electron scav-

engers, e.g., positively charged residues, the carbonyl group

of the peptide chain (44), and disulphide bridges:

e�aq þ RSSR / RSSR��: (37)

Data show that the higher the pH, the longer time it takes for

the solvated electron to recombine with the parent molecule

(geminate recombination) or another electron scavenger

molecule, such as H3Oþ. The observed lifetime increase

with pH is easily explained, since the lower the pH, the

higher the concentration of H3Oþ, and therefore the larger

the probability of recombination of the solvated electron

with hydronium ion. Furthermore, for proteins, the higher

the pH, the larger the number of basic residues that have

lost their positive charge and become neutral (His, Lys,

Arg) and the larger the number of acidic residues that

have acquired a negative charge (Asp, Glu, Tyr). There-

fore, pH increase leads to a gain of negative charge in

the protein and to an increase of the protein area that

carries negative electrostatic potential. Therefore, pH

increase will decrease the efficiency of electron recombina-

tion with the molecule due to electrostatic repulsion. This

will lead to an increase of the solvated electron lifetime

(Figs. 3 D and 4 D). As observed in Figs. 2 C, 3 C,

and 4 C, the rate of formation of the solvated electron is

similar at the different pH values. Furthermore, the rate

of formation of the solvated electron at a particular pH

value is similar for Trp, lysozyme, and cutinase (Figs.

5). We conclude, therefore, that the kinetics of electron

ejection and solvation are similar, and independent of the

solvent accessibility of the electron donor.
Biophysical Journal 97(1) 211–226
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TABLE 2 Lifetimes, preexponential factors, and average lifetimes as a function of pH for transient species formed upon Trp

excitation

Lifetimes and preexponential factors for global fitting

Wavelength/species Molecule pH Mean lifetime t1 (ms) t2 (ms) R2

330 nm (0–50 ms data set) Tryptophan 1.89 5 0.06 25.1 5 1.00 0.99133

Trp$ hti (ms] a1 a2

4.0 24.8 0.13 5 0.02 0.87 5 0.01

7.5 23.9 0.41 5 0.01 0.59 5 0.01

8.5 24.0 0.40 5 0.01 0.60 5 0.01

10.0 23.2 0.54 5 0.01 0.46 5 0.01

t1 (ms) t2 (ms)

550 nm (0–50 ms data set) Tryptophan 0.34 5 0.01 2.35 5 0.03 0.98266

Trp$þ hti (ms) a1 a2

4.0 34.2 0.97 5 0.03 0.03 5 0.02

7.5 32.5 0.94 5 0.01 0.06 5 0.01

8.5 30.1 0.87 5 0.02 0.13 5 0.01

10.0 20.4 0.56 5 0.01 0.44 5 0.01

t1 (ms) t2 (ms) t3 (ms)

330 nm (0–1 ms data set) Tryptophan 3.02 5 0.08 40.1 5 0.2 316 5 11 0.99709

Trp$ hti (ms) a1 a2 a3

8.5 292 0.45 5 0.01 0.22 5 0.01 0.33 5 0.01

10.0 294 0.45 5 0.01 0.20 5 0.01 0.35 5 0.01

t1 (ms) t2 (ms) t3 (ms)

520 nm (0–1 ms data set) Tryptophan 3.13 5 0.03 33.6 5 2.1 291 5 16 0.99702

Trp$ hti (ms) a1 a2 a3

8.5 260 0.71 5 0.01 0.12 5 0.01 0.17 5 0.01

10.0 249 0.80 5 0.01 0.09 5 0.00 0.11 5 0.00

t1 (ms) t2 (ms)

560 nm (0–1 ms data set) Tryptophan 2,87 5 0.02 100 5 4.3 0.99701

Trp$þ hti (ms) a1 a2

7.5 82.3 0.11 5 0.00 0.89 5 0.01

8.5 78.0 0.09 5 0.00 0.91 5 0.01

10.0 74.8 0.08 5 0.00 0.92 5 0.01

t1 (ms) t2 (ms)

450 nm (0–50 ms data set) Tryptophan 1.51 5 0.03 12.4 5 0.4 0.99137
3Trp hti (ms) a1 a2

4.0 11.8 0.33 5 0.01 0.67 5 0.01

7.5 10.6 0.62 5 0.01 0.38 5 0.01

8.5 11.2 0.51 5 0.01 0.49 5 0.01

10.0 10.9 0.57 5 0.01 0.43 5 0.01
The lifetime of the solvated electron created upon illumina-

tion of the proteins is shorter than the solvated electron life-

time in Trp solution, possibly because in proteins several

groups can act as electron scavengers (disulphide bridges,

positively charged groups, regions with positive electrostatic

potential R1 kT/e), including solvent. This will result in the

observed shorter lifetime of this transient species. Data also

show that prolonged UV excitation of cutinase before flash

photolysis increases the concentration of solvated electrons.

This could indicate that the efficiency of recombination of

the ejected electron with electron acceptors such as disulphide

bridges has been reduced. This would be the case if UV pre-

illumination induced structural changes in the protein leading

to the increase of the distance between the aromatic residues

and the disulphide bridges in cutinase, and if it created a

pool of molecules with broken disulphide bridges. Indeed, it

is known that UV illumination induces conformational
Biophysical Journal 97(1) 211–226
changes in cutinase that lead to changes in the secondary

structural content of the protein (21), leading to Trp fluores-

cence dequenching due to induced disruption of the nearby

disulphide bridge upon excitation of the Trp residue ((20)

and Fig. 4 E). Since cutinase has no free thiol groups, and

since free thiol groups can only emerge due to the breakage

of disulphide bridges, the precursor of these groups is likely

to be the disulphide electron adduct RSSR$� (Scheme 33).

The UV-light-induced reactions that we are trying to

unravel in proteins involve disruption of disulphide bridges

upon illuminating the spatially nearby aromatic residues,

believed to be induced by UV-induced electron ejection

from the side chains of the aromatic residues and subsequent

capture by the nearby good electron acceptor, the disulphide

bridge. Indeed, our data here show that for the cutinase

molecules preilluminated with UV light, the concentration

of ejected electrons from the aromatic residues present in
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TABLE 3 Lifetimes of the solvated electron in all samples at different pH values

Molecule pH Mean lifetime Lifetimes and pre-exponential factors for triple exponential global fitting c2/DoF R2

t1 (ms) t2 (ms) t3 (ms)

Tryptophan 0.17 50.01 1.11 50.045 2.93 50.07 1.4126E-6 0.99469

hti(ms) a1 a2 a3

4.0 1.0 0.98 50.01 0.00 50.02 0.02 50.01

7.5 1.1 0.05 50.02 0.95 50.02 0.00 50.03

8.5 2.3 0.00 50.01 0.61 50.02 0.39 50.02

10.0 2.8 0.00 50.01 0.23 5 0.03 0.77 50.02

t1 (ms) t2 (ms) t3 (ms)

Lysozyme 0.13 50.01 0.716 50.04 1.61 50.14 1.565E-6 0.97039

hti(ms) a1 a2 a3

4.0 0.3 0.99 50.02 0.00 50.04 0.01 50.02

7.5 0.7 0.03 50.03 0.97 50.04 0.00 50.05

8.5 0.8 0.00 50.03 0.97 50.04 0.03 50.05

10.0 1.6 0.03 50.05 0.00 5 0.15 0.97 50.12

t1 (ms) t2 (ms) t3 (ms)

Cutinase 0.15 50.01 0.97 50.07 2.11 50.13 1.0213E-6 0.97276

hti(ms) a1 a2 a3

4.0 0.3 1.00 50.03 0.00 50.05 0.01 50.03

8.5 1.0 0.00 50.03 1.00 50.06 0.00 50.07

10.0 2.1 0.00 50.03 0.00 50.11 1.00 50.09

The lifetimes, their normalized weights, and the associated errors were obtained from global fits of the decay data for each molecule. The mean lifetime as

a function of pH, as well as goodness-of-fit parameters for each dataset, are presented. The dominant lifetime is in bold.
the 3D structure of cutinase increases. As explained above,

this could be due to the disruption of the nearby disulphide

bridge that no longer can act as an electron acceptor.

When observing Fig. 4 B, we can clearly see that upon pre-

illumination of the sample, the RSSR�� peak at ~410 nm

becomes more intense, whereas the Trp� 330-nm peak seems
to almost disappear. Furthermore, data show that the 310–

330 nm Trp� peak decays faster due to sample preillumina-

tion. The increase in signal intensity at 410 nm is likely

due to the larger concentration of the disulphide electron

adduct RSSR�� and/or the formation of another species,

the TyrO$ radical, according to (27)
TABLE 4 Lifetimes, pre-exponential factors and average lifetimes as a function of pH for the transient species formed upon lysozyme

excitation

Wavelength/species Molecule pH Mean lifetime Lifetimes and pre-exponential factors for global fitting R2

t1 (ms) t2 (ms) t3 (ms)

330 nm (0-50ms data set)

Trp$ Lysozyme 1.45 5 0.12 17.2 5 2.24 0.89206

hti(ms) a1 a2 a3

4.0 12.5 0.57 5 0.03 0.43 5 0.02

7.5 14.0 0.54 5 0.03 0.46 5 0.02

8.5 11.5 0.59 5 0.03 0.41 5 0.02

10.0 —- —- —-

t1 (ms) t2 (ms) t3 (ms)

520 nm (0–50ms data set) Lysozyme 0.71 5 0.01 11.0 5 1.4 0.97227

Trp$ hti(ms) a1 a2 a3

4.0 9.4 0.74 5 0.03 0.26 5 0.02

7.5 7.1 0.90 5 0.01 0.10 5 0.01

8.5 7.5 0.89 5 0.01 0.11 5 0.01

10.0 —- —- —- —-

Lysozyme370 nm

(0–1 ms data set)(RSS(R)SR)$
t1 (ms) t2 (ms)

3.63 5 0.18 300 5 40

hti(ms) a1 a2

410 nm (0–1ms data set) 4.0 286 0.80 5 0.04 t1 (ms) 0.20 5 0.01 t2 (ms) 0.87372

RSSR �� 7.5 476 3.81 5 0.160.79 5 0.03 480 5 700.21 5 0.03 0.90144

8.5 477 0.73 5 0.03 0.27 5 0.02

Biophysical Journal 97(1) 211–226
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TABLE 5 Lifetimes, preexponential factors, and average lifetimes as a function of pH for the transient species formed upon cutinase

excitation

Lifetimes and preexponential factors for global fitting

Wavelength/species Molecule pH Mean lifetime t1 (ms) t2 (ms) t3 (ms) R2

330 nm (0–50 ms data set) Cutinase 0.73 5 0.06 14.8 5 1.1 0.91229

Trp$ hti a1 a2 a3

(ms)

4.0 13.3 0.70 5 0.10 0.30 5 0.01

8.5 13.1 0.74 5 0.10 0.26 5 0.01

10.0 13.3 0.70 5 0.09 0.30 5 0.01

t1 (ms) t2 (ms) t3 (ms)

520 nm (0–50 ms data set) Cutinase 0.69 5 0.03 2,5 5 0.08 0.97832

Trp$ hti a1 a2 a3

(ms)

4.0 1.0 0.95 5 0.08 0.06 5 0.06

8.5 1.5 0.81 5 0.02 0.19 5 0.02

10.0 2.4 0.10 5 0.03 0.90 5 0.03

t1 (ms) t2 (ms) t3 (ms)

310 nm (0–1 ms data set) Cutinase 3.76 5 0.20 48.8 5 4.9 398 5 40 0.99131

Trp$ hti a1 a2 a3

(ms)

10.0 368 0.43 5 0.01 0.23 5 0.01 0.35 5 0.01

t1 (ms) t2 (ms) t3 (ms)

500 nm (0–1 ms data set) Cutinase 1.95 5 0.03 25.0 5 2.7 330 5 26 0.98486

Trp$ hti a1 a2 a3

(ms)

4.0 316 0.21 5 0.03 0.50 5 0.01 0.30 5 0.01

10.0 304 0.85 5 0.01 0.10 5 0.00 0.05 5 0.00

310 nm (0–1 ms data set) Cutinase t1 (ms) t2 (ms) t3 (ms)

Trp$ 3.76 5 0.31 50 5 7.8 400 5 60 0.97841

Nonirradiated hti a1 a2 a3

(ms) 0.43 5 0.02 0.23 5 0.02 0.35 5 0.02

Irradiated 10.0 370 t1 (ms) t2 (ms) t3 (ms) 0.87159

10.0 206 3.86 5 0.42 210 5 20

a1 a2

0.54 5 0.01 0.46 5 0.01

400 nm (0–1 ms data set) Cutinase t1 (ms) t2 (ms) t3 (ms)

RSSR$� 1.83 5 0.32 10.0 5 2.0 390 5 40

Nonirradiated hti a1 a2 a3 0.94340

(ms) 0.59 5 0.08 0.18 5 0.03 0.23 5 0.01

385 t1 (ms) t2 (ms) t3 (ms)

Irradiated 10.0 341 2.07 5 0.17 30.0 5 3.7 360 5 30 0.97312

a1 a2 a3

0.58 5 0.05 0.15 5 0.01 0.27 5 0.01
Trp�!Tyr
Trp þ Tyr�þ/Trp þ Tyr�: (38)

The decay of Tyr$þ to Tyr$ is much faster than the time reso-

lution of our experiments. This possible mechanism explains

the increase in intensity of the 410-nm peak concomitant with

the decay of the intensity of the 330-nm peak assigned to

Trp$ and the shorter lifetime of the Trp$ species after preillu-

mination of the sample. Tyr$ has longer decay kinetics (life-

time on the millisecond timescale) not observed in our data.

However, we cannot completely rule out the presence of this

species, since the time window of our experiments prevents

reliable lifetime assignment on the millisecond timescale.
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There could be several other reasons for the observed

decrease of the Trp$ radical peak. 1), This radical can prop-

agate along the protein backbone (27) and recombine with

other groups. If caught by RSSR, this would also explain

the observed increase in the intensity at 410 nm. 2), Photo-

induced degradation of the parent Trp molecule may occur.

3), UV-illumination-induced conformational changes in the

protein (21), which likely lead to larger distances between

aromatic residues and RSSR, mean that electron transfer

(ET) will not be efficient or will disappear (Scheme 39).

The decay of Trp$þ to Trp$ is much faster than the time reso-

lution of our experiments.
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FIGURE 6 pH dependence of the

recovered mean lifetimes of specific

transient species. (A) Mean lifetime of

solvated electrons in tryptophan (solid

circles), cutinase (solid triangles), and

lysozyme (solid squares). (B) Mean life-

time of Trp$ species at 330 nm in trypto-

phan (solid circles), cutinase (solid

triangles), and lysozyme (solid squares).

(C) Mean lifetime of Trp$þ at 560 nm

(Trp sample, solid circles), and of Trp$

species at 510 nm (Lys sample, solid

squares).
3Trpþ RSSR/
ET

Trp�þ þ RSSR��/
Fast

Trp� þ RSSR��:

(39)

Upon ET, the excited-state electron on the donor molecule is

transferred to a vacant excited-state orbital on the acceptor

molecule. However, this is a very short-range interaction

that decays rapidly as the distance beyond van der Waals

overlap between donor and acceptor increases (19).

Trp$ lifetimes are shorter in lysozyme and cutinase

compared with those of Trp, likely due to additional reaction

pathways: propagation of radicals through the protein back-

bone and recombination with other groups, and reaction with

Tyr residues according to

Trp�!Tyr
Trp þ Tyr�þ : (40)

The lysozyme 370/380-nm peak has been previously as-

signed to the formation of a transient H-atom adduct (18).

The same band was assigned to RSS$ (38), formed in de-

gassed solutions as in our case. This radical is said to be

formed by protonation of the disulphide anion with pK of

5–6 (15,41). Ito and Matsuda photolysed di-t-butyl disulfide

in hexane and attributed the 370 nm to perthyil radicals

(RSS$) and showed that it could not be due to RS$ radicals

(41). Disulphide-hydrogen atom adducts decay rapidly

(38–40) with a possible mechanism displayed in Scheme

30. Therefore, we conclude that the 370-nm peak should

be assigned to perthyil radicals, RSS$.
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