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A series of model peptides
(Trp—Pro,~Tyr, WP,Y, n=0, 1, 2,
3, 5), which contain tryptophan
(Trp, W), tyrosine (Tyr, Y), and
proline (Pro, P), have been studied
under three typical pH conditions
(3, 7, and 10) by steady-state ab-
sorption and fluorescence spec-
troscopy, nanosecond time-resolved
fluorescence and femtosecond time-

resolved transient absorption spec-

Two modes of PCET in WPnY

INTRODUCTION

troscopy. When the peptide’s chain length is increased, Trp fluorescence quenching is expect-
ed to be gradually weakened. However, Trp fluorescence in WPY is strongly quenched and re-
veals even stronger quenching with increasing pH values, whose hypochromicity is clearly dif-
ferent from other model peptides. Transient absorption spectra also demonstrate that the ex-
cited state decay of WPY is much faster than that of other model peptides, especially at pH =
10. Tt is attributed to the efficient proton coupled electron transfer (PCET) between Trp and
Tyr. Moreover, due to the very short distance between Trp and Tyr in WPY, this PCET pro-
cess could be achieved by “direct transfer”, contrasted with the slow and long-range PCET
process in other model peptides. Our results of the dipeptides WY and WP further suggest
that Trp may also have more complex interactions with the peptide backbone or proline in
those peptides. This work provides an experimental evidence for the electron transfer mecha-
nism in WY dyads, which can help ones to understand how to reduce Trp radicals in proteins.

Key words: Proton coupled electron transfer, Tryptophan, Tyrosine, Peptides, Spec-
troscopy, Dynamics

group in proteins. As a naturally abundant biomolecule,

Among all the amino acids, tryptophan (Trp, W)
with the highest extinction coefficient and fluorescence

quantum yield, is the main ultraviolet (UV) absorbing

* Authors to whom correspondence should be addressed. E-mail:
jachen@lps.ecnu.edu.cn, jhxu@phy.ecnu.edu.cn

DOI: 10.1063/1674-0068 /cjcp2212181

Trp is a nontoxic and reliable “reporter” compared to
the exogenous dye molecules and is highly sensitive to
the local environment, therefore it has been widely used
as a protein structure or microenvironment probe [1-3].
The fluorescence kinetics of Trp in peptides and pro-
teins has been intensively studied, which have shown
that even polypeptides or proteins containing single Trp

usually exhibit the wavelength dependent multi-expo-
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nential fluorescence decay. On nanosecond time scale,
Trp fluorescence decay mainly results from its ground
state heterogeneity, which can be caused by its “ro-
tamer” positions or the complex environment of amino
acid residues around Trp in proteins [4, 5]. On picosec-
ond even femtosecond time scale, Trp fluorescence de-
cay is reasonably explained by two kinds of theories: (i)
ultrafast quenched conformation, also known as quasi-
static self-quenching (QSSQ) [6-10]; (ii) bulk water and
“biological water”, the latter is also called slow solvent
relaxation [11-14].

Tyrosine (Tyr, Y) has a lower extinction coefficient
and fluorescence quantum yield than Trp, and the in-
teraction between Tyr and Trp is of particular impor-
tance in proteins, which has been studied for years
[15—23], including Forster resonance energy transfer
(FRET) and electron transfer (ET). Recently, we em-
ployed femtosecond time-resolved up-conversion tech-
nique to perform an in-depth study of FRET between
Tyr and Trp in model peptides Trp-Pro, -Tyr (WP,Y,
n=0, 1, 2, 3, 5) [24]. The results indicated that ultrafast
FRET from Tyr to Trp can severely affect the intrinsic
fluorescence kinetics of Trp. It was also demonstrated
that the peptide WPY provides the shortest distance
between Trp and Tyr, which results in an ultrafast
FRET lifetime of ~2 ps. In addition to FRET, we specu-
lated that there may be other interactions between Trp
and Tyr in those model peptides WP, Y, such as elec-
tron transfer.

The electron transfer reaction between Tyr and Trp
can find many important enzymatic and photobiologi-
cal implications [18, 25—27], and help ones to under-
stand the working mechanisms of numerous natural
proteins or enzymes, for example, bovine serum albu-
min (BSA) [28], hen egg-white lysozyme [19, 29], nitrite
reductase (in Achromobacter cycloclastes) [30] and ri-
bonucleotide reductase (in Escherichia coli) [31]. The
electron transfer accompanied by proton transfer, or the
process in which both electrons and protons are trans-
ferred together, is usually called proton-coupled elec-
tron transfer (PCET) [32, 33]. Recent studies have
proved that Tyr is a good PCET participant in pep-
tides and proteins [34—38]. The phenol in Tyr can trans-
fer electrons to the receptor simultaneously when re-
moving protons. Especially in 8 hairpin [37], Barry et
al. reported that free radicals can be scavenged through
PCET between Tyr and Trp. It may protect proteins
from the oxidative damage by reducing reactive oxygen
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species. Whereas this protection generally requires the
formation of donor-receptor pairs or clusters, i.e., Trp
and Tyr should be in a small space, such as the pair con-
sisting of Y122 and W48 in class la ribonucleotide re-
ductases (Escherichia coli RNR) [36, 39]. Fortunately,
those WY dyads are present in numerous enzymes or
proteins, and play an important role in the
electron/proton transport. It is known that, during ET
or PCET, WY dyads can also realize the transfer of free
radicals. Previous reports [40—42] have shown that free
radicals can be transferred from the protein interior to
the protein surface during the electron or proton trans-
fer between aromatic amino acids. Subsequently, free
radicals at the protein surface can be scavenged by cel-
lular metabolism. Of course, this mechanism may fur-
ther involve the quenching of reactive oxygen species.

Moreover, in previous work [43], the theoretical cal-
culation of PCET between Trp and Tyr has been re-
ported in detail. The results show that the direction of
ET should be from Tyr to Trp because of lower energy
barrier from Tyr to Trp, and the process of PCET may
exist in two reactive forms (short-range and long-range)
in peptides. Short-range PCET requires that the dis-
tance between Trp and Tyr is short enough to enable
intermolecular contacts. In this case, a proton can be di-
rectly transferred from Tyr to Trp, further inducing the
electron transfer. Whereas long-range PCET needs to
be achieved with the aid of proton acceptors. Tyr can
transfer a proton to a proton acceptor with a concomi-
tant long-range electron transfer. This model has been
validated in previous biomimetic peptide works [34, 35].
Although the study on PCET between Trp and Tyr has
been extensive in peptides and proteins, the experimen-
tal evidence among them for the specific mechanism,
and the distance dependence of PCET are still lacking.
In this work, the model peptides WP,Y are studied in
detail by analysis of the fluorescence spectra, fluores-
cence lifetimes, and transient absorption spectra. The
results found that there is the fastest radical recovery
rate in the peptide WPY, regardless of pH conditions.
In contrast, the recovery rates in other peptides are sim-
ilar and do not show obvious distance dependence. This
work provides an experimental evidence for the dis-
tance dependent nature of PCET to investigate the rad-
ical recovery of Trp in peptides, which might give par-
ticularly important guidance for understanding the
PCET process between Trp and Tyr in proteins or en-
zZymes.
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Il. MATERIALS AND METHODS

A. Steady-state absorption and fluorescence spectroscopy

The steady-state absorption spectra were recorded
by a commercial UV-Vis spectrophotometer (TU1901,
Beijing Purkinje General Instrument Co., Ltd.). The
recording range was from 240 nm to 320 nm, and the
step size was 1 nm. The fluorescence spectra were mea-
sured by FluoroMax-4 fluorescence spectrophotometer
(Horiba) with 1 nm step size from 300 nm to 460 mm.
We injected the sample into a fluorescent cuvette
(2 mm) for the spectral measurement, and used the
same cuvette for all measurements to remove the influ-
ence of cuvette on the spectra. All samples were freshly
prepared before measurement. All measurements were
made at 25 °C using the same instrument parameters.
All data were measured repeatedly for 3 times, and the
baseline and noise were removed.

B. Time-correlated single-photon counting system

The time-correlated single photon counting (TC-
SPC) system was home-built. The details of this instru-
ment were introduced in previous work [44]. In short, a
laser diode (PDL800-B, PicoQuant) was used to gener-
ate the picosecond pulses centered at 295 nm with the
repetition rate of 10 MHz to excite the samples. The flu-
orescence detection system was composed of a time-cor-
related single photon counting module (PicoHarp300,
PicoQuant) and a single photon counting photomulti-
plier tube (PMA165A-N-M, PicoQuant). A monochro-
mator (7ISW151, Sofn Instruments) was used to select
the appropriate wavelength for recording. The instru-
ment response function (IRF) was determined to be
~500 ps by measuring Rayleigh scattering of 0.34 wt%
SiO2 nanoparticles in water. The measured decay data
were fitted with a multi-exponential decay model, and
the accuracy of fitting results was determined by the X%
value.

C. Femtosecond transient absorption spectroscopy

The femtosecond transient absorption (TA) setup
was previously reported in detail [45]. We used a Ti:sap-
phire femtosecond laser system (Astrella, Coherent
Inc.) to generate a fundamental beam at 800 nm (100 fs,
7 mJ, 1 kHz). The fundamental beam was divided into
two beams, one entered an optical parametric amplifier
(OPerA Solo, Coherent Inc.) and the other one entered
TA system as the probe beam (white light continuum).
The 295 nm pump beam generated by the optical para-
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metric amplifier passed through an attenuation slice
and used to excite the samples. In TA system, a com-
mercial spectrometer (Helios fire, Ultrafast System) was
used. The polarization between pump and probe beams
was set at 54.7° (magic angle) to avoid the influence of
anisotropy. The time resolution of TA system is ~120 fs.
The sample was injected into a fused silica cell with an
optical length of 2 mm. During the measurement, we
placed a magnetic rod in the sample cell to continuous-
ly stir the sample solution. Igor software version 6.37
(Wavemetrics Inc., Portland, OR) was used to analyze
the TA data.

D. Materials and samples

NaHsPO,4 and NasHPO,4 were purchased from Al-
addin (Shanghai, China), and directly dissolved in ul-
trapure water (18.2 MQ-cm) without any purification
to get the phosphate buffer (pH=7.2). Sodium hydrox-
ide (NaOH) and phosphoric acid (H3POy,>85%) were
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Tryptophan was purchased from
Sigma Aldrich.

All peptides (WP, WY, WPY, WPyY, WP3Y and
WP5Y) were designed and synthesized by us in coopera-
tion with Apeptide Co., Ltd. (Shanghai, China), and
each peptide was purified (more than 98%) before use.
Phosphate buffer was obtained by mixing NaHsPOy4
and NagHPOy in ultrapure water. All samples were dis-
solved into the 10 mmol/L phosphate buffer (pH=7.2).
High concentration sodium hydroxide solution and
phosphoric acid were used to adjust the pH values of
buffer solution. Finally, the pH value of solution was
adjusted to 3.1 with acidic or 10.2 with alkaline, respec-
tively. The concentration of 0.05 mmol/L for all sam-
ples was used to get their absorption spectra. The sam-
ples with the concentration of 0.2 mmol/L was used
during the fluorescence spectra and TCSPC measure-
ments. According to a previous report [46], we used the
concentration of 3 mmol/L for TA measurements of all
samples. All samples were freshly prepared before each
experiment. After each test, we carefully checked the
absorption and fluorescence spectra of the sample to en-
sure that the sample had no light-damage and pho-
todegradation.

I1l. RESULTS AND DISCUSSION

A. Steady-state absorption and fluorescence spectra

FIG. 1 shows the absorption spectra and fluores-
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FIG. 1 Normalized absorption spectra (A, B, and C) and fluorescence spectra (D, E, and F) of W, WP, and WP, Y (n=0,
1, 2, 3, 5) at three typical pH values (pH=3, 7, and 10). The excitation wavelength in the fluorescence spectra (D-F) is

295 nm.

cence spectra of W, WP, WY, WPY, WPyY, WP3Y,
and WP5Y at three typical pH values (3, 7, and 10).
The characteristic absorption bands of amino acids Trp
and Tyr come from indole (~280 nm) and phenol
(~275 nm), respectively. Obviously, when pH=3 and 7,
the absorption spectra of W, WP and WP,Y are simi-
lar. It should be noted that, since Trp and Tyr are in-
cluded, the extinction coefficients of peptides WP,Y
should be higher than that of W and WP. The peptide
WPY is expected to produce the similar results as oth-
er peptides WP,)Y. However, the extinction coefficient
of WPY is slightly lower than that of other peptides
WP, Y. Moreover, this phenomenon is more obvious
when pH=7. This hypochromism has been reported in
previous nucleic acids, peptides or proteins [37, 47, 48],
and the absorption spectra of W+Y (in FIG. 1(A, B,
C)) can be used as a reference point to determine
whether WP, Y is hypochromic. This effect is usually
attributed to the exciton coupling (dipole-dipole),
dipole-induced dipole effect or electrostatic effect. This
implies that the structure of peptide WPY is very dif-
ferent from that of other peptides WP,Y, that is, the
two ends of WPY may fold through complex interac-
tions. This is consistent with the theoretical calculation

results in our previous work [24] — WPY is more in-
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clined to collapse. In WPY, the distance between W
and Y becomes shorter so that the dipole-dipole interac-
tions (or other effects described above) between the two
aromatic rings occur. Further, this hypochromicity in
WPY is more severe when the pH value is raised to 10.
This suggests that WPY is more prone to form the
“compact” structures with increasing pH value. No-
tably, at pH=10, all the absorption spectra of WP and
WP,Y change. WP, WPY, WPsY and WP3Y show a
slight red shift (1-3 nm), but WY and WP5Y show no
significant shift. Moreover, the spectral shapes of WPY,
WPoY and WP3Y are severely changed, a new absorp-
tion peak (~240 nm) appears on the blue side. These
phenomena can be attributed to the fact that Y has a
red shift of absorption in alkaline solution and the ab-
sorption peak of its So state is shifted to the position of
~230 nm [49-51]. In addition, the change of energy lev-
els due to the dipole-dipole interaction between W and
Y is not excluded [36, 37]. These phenomena are similar
to the previous results obtained in B hairpin peptides
[37].

The fluorescence spectra of all samples were record-
ed in the range from 300 nm to 450 nm with the excita-
tion wavelength of 295 nm (to avoid the influence of
Tyr). At pH=7, the fluorescence spectra (FIG. 1(E)) of
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W, WP and WP,Y are consistent with the results re-
ported in previous work [24]. The emission peak of W is
located at ~347 nm, while WY produces the reddest
emission peak (~352 nm). The emission peaks of WP, Y
all shift slightly due to the insertion of proline (P), for
example, 345 nm for WP, 346 nm for WPY, 347 nm for
WP2Y, 347 nm for WP3Y, and 348 nm for WP5Y. As
the number of P increases, the emission peak of WP,)Y
red shifts gradually. This can be attributed to the differ-
ent charge distribution and hydrophobic properties [44].
In terms of fluorescence intensity, all the peptides have
different degrees of fluorescence quenching compared to
Trp itself. Different degrees fluorescence quenching of
Trp usually occurs in peptides or proteins due to its dif-
ferent conformations, microenvironment changes, inter-
actions with peptide chains or amino acids, ete. [6-8,
10, 44]. This also includes the quasi-static self-quench-
ing (QSSQ) process of Trp. However, it is obvious that
WPY has the strongest fluorescence quenching com-
pared to other WP,Y peptides, and the integral of
WPY is only 30.6% of W. WP has the smallest quench-
ing, followed by WY. Whereas the peptides WPsY,
WP3Y, and WP5Y are quenched to a similar extent
with  only minor differences (WP2Y>WP3Y>
WP;5Y).

At pH=3 (FIG. 1(D)), the shape of Trp fluorescence
spectrum does mnot change significantly (peak at
~347 nm) compared with that at pH=7. However, the
fluorescence intensities of all samples have changed
with varying degrees. The fluorescence intensities of
WP and WY decrease significantly; that of WP2Y basi-
cally unchanges; those of W, WP3Y and WP5Y slightly
increase. The fluorescence emission peak of WY is
~341 nm, while the other peptides (WP, WPY, WPyY,
WP3Y and WP5Y) are all around ~339 nm. Previous
studies have shown that Trp in peptides is more suscep-
tible to pH regulation than Trp itself, especially in the
physiological pH range [52-55]. The amino groups
(-NHj3) in acidic solution usually exist in the form of
-NH3" with a more efficient quenching ability than
-NH> does. In addition, the structure and charge distri-
bution of peptides are also important factors that can
affect their fluorescence intensities [44]. Therefore,
when the pH decreases, the degrees of fluorescence in-
tensity change are different for different samples. No-
tably, the fluorescence intensity of WPY is still the low-
est, only 34.9% of the integration of Trp fluorescence in-
tensity. This ratio is elevated compared to that at
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pH=7. However, the fluorescence quenching of WPY is
still bigger than other peptides at the same pH value.
Further, when the pH value is raised to 10 (FIG.
1(F)), the fluorescence intensity of Trp increases and its
spectrum is red shifted (~353 nm). The spectral shape of
WP has no changes compared with that at pH=7
(~345 nm). The fluorescence peaks of peptide WP, Y are
similar (~348 nm), and WY is~ 350 nm. In addition, the
order of fluorescence intensity of all peptides is similar
to that when pH=7 (WPY <WP2Y <WP3Y <WP;5Y <
WY <WP). It should be noted that the fluorescence
quenching of WPY is the strongest at pH=10, the inte-
gral of fluorescence intensity is only 8.6% of Trp. This
shows that the fluorescence quenching degree of WPY
increases with the increase of pH values. The special
structure (folding) of WPY leads to an efficient quench-
ing of Trp, which is the most efficient in alkaline solu-
tion. When the peptides WP, Y are in the solutions with
pH=10, the part of phenol losts hydrogen ions to form
YO~ (the pK, value of phenol in Tyr is 10.64). Al-
though the fluorescence emission spectrum of tyrosi-
nate in alkaline solution is about 350 nm, however, com-
pared with Trp, its extinction coefficient and fluores-
cence quantum yield are extremely low, thus it has no
effect on the measurement of Trp fluorescence [56—60].
In WPY, the distance between W and Y is short, thus
the influences of Y and YO™ on W become particularly
important. In order to better understand the change of
fluorescence characteristics of peptides WP, Y with pH
values, we turn to the measurement of fluorescence life-

time.

B. Nanosecond resolved fluorescence spectra

Nanosecond time-resolved fluorescence decay curves
(FIG. 2) of W, WP, WY and WP,Y were recorded by
TCSPC at three typical pH values (excitation wave-
length was 295 nm and detection wavelength was
350 nm). All the data are fitted, the resulting lifetime
(mn) and amplitude (4;) information are exhibited in
Table I. The fluorescence decay curve of W can be fit-
ted well with two lifetimes at all three typical pH val-
ues [52, 53]. However, at pH=7 and 10, W in the pep-
tides requires three lifetimes for a good fit [44, 54, 55].
At pH=3 (FIG. 2(A)), the fluorescence decay rates of
all peptides are faster than that of W, and the good fits
with only two lifetimes are available for all peptides and
W. According to Table I, the average lifetime of W is
2.57 ns. WPY has the shortest average lifetime
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FIG. 2 Normalized nanosecond time-resolved fluorescence decay curves of W, WP, and WP,Y (n=0, 1, 2, 3, 5) with

pH=3 (A), 7 (B), and 10 (C). All fluorescence decay curves are excited at 295 nm.

TABLE I The lifetimes (7, in unit of ns) and amplitudes (Aj, in unit of %) of W, WP, and WP,)Y (n =0, 1, 2, 3, 5) by
fitting the decay curves obtained from TCSPC. The average lifetime (om TCSPC. The average lifetime (Taye in unit of ns)
was also calculated.

Peptide pH=3 pH="7 pH=10
A1 T Ay T2 Tave Ay T1 Ay T2 A3 T3 Tave A1 T1 A9 T2 Ag T3 Tave
W 28 045 72 271 257 5 040 95 290 - — 288 42 249 58 8.28 - - 724
WY 44 0.59 56 1.69 145 29 0.29 50 1.61 21 493 3.31 11 036 19 1.74 70 4.97 4.64
WP 68 0.40 32 2.01 153 61 035 29 225 10 6.06 3.50 11 0.59 69 4.32 20 7.53 5.32
WPY 61 032 39 1.73 140 56 0.22 32 1.35 12 3.27 2.00 56 0.20 25 1.42 19 3.36 2.42
WPyY 53 0.31 47 2.05 1.80 50 0.23 42 2.03 8 5.82 3.10 23 0.52 44 2.32 33 5.70 4.36
WP3Y 52 030 48 2.06 1.82 55 024 39 210 6 6.80 3.33 16 0.37 46 2.24 38 6.43 5.09
WPsY 55 0.27 45 2.16 1.90 52 0.22 41 211 7 6.97 3.56 11 0.49 49 2.31 40 7.21 5.77

(1.40 ns), followed by WY (1.45 ns) and WP (1.53 ns).
This is consistent with the results obtained from the
steady-state fluorescence spectra and the extent of fluo-
rescence quenching is the strongest for WPY. As the
number of prolines increases, the length of peptide
chain increases, and the average lifetime of peptides
gradually increases (WP2Y is 1.80 ns, WP3Y is 1.82 ns,
WP5Y is 1.90 ns). This is a distance dependent phe-
nomenon. In longer peptides, the quenching of W is
weakened due to the increased distance between W and
Y. However, this distance dependence is not strong. At
pH=7 (FIG. 2(B)), all peptides except W require three
lifetimes for a good fitting. Obviously, all the peptides
have one more long-lifetime component (73) than W.
This can be attributed to the fact that the peptide has
more complex charge distribution and conformation
than W. Moreover, the lifetime component 71 occupan-
cy of the peptides is much larger than that of W. This is
consistent with previous observations in peptides where
there are more rapid quenching pathways [7, 44]. Ac-
cording to Table I, WPY remains the shortest average
lifetime (2.00 ns), and WP (3.50 ns) exhibits a longer
average lifetime than WY (3.31 ns). With the insertion
of proline (P), the average lifetime of polypeptides grad-
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ually increases (WP2Y is 3.10 ns, WP3Y is 3.33 ns,
WP5Y is 3.56 ns). This result is similar to that at
pH=3. However, it is clear that the change of average
lifetime with the increase of P number is more obvious
at pH=7. Further, this phenomenon becomes more
drastic when the pH increases to 10 (FIG. 2(C)). The
lifetime of W gets longer in alkaline solvent, that of the
peptides also does but by a lesser extent than W. How-
ever, only a slight increase occurs for the average life-
time of WPY (2.42 ns). And, the average lifetime in-
creases gradually with the increase of peptide chain
length (WP2Y is 4.36 ns, WP3Y is 5.09 ns, WP5Y is
5.77 ns). The average lifetimes of WP,)Y (n=1, 2, 3, 5)
increase with increasing the chain length no matter in
acidic, basic or neutral solutions. This suggests that the
number of prolines and the distance between W and Y
are the two main factors affecting the fluorescence
quenching of W in WP,Y (n=1, 2, 3, 5). Furthermore,
the effects of charge distribution and structural changes
for W fluorescence quenching in WP,Y (n=1, 2, 3, 5)
are not excluded here. In particular, the average life-
times of WP,Y (n=1, 2, 3, 5) are more sensitive to the
length of peptide chain in alkaline solutions. This indi-
cates that the length of peptide chain is the dominant
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factor for the fluorescence quenching of W in WPY in
alkaline solution.

The average lifetime of WP (5.32 ns) is longer than
that of WY (4.64 ns), the lifetime component 7o of WP
has a higher ratio (Ag) than other peptides. It is no-
ticed that the C-terminus of WP is P, while that of oth-
er peptides is Y. As a result, WP has different pK, val-
ue, charge distribution, and conformation than the oth-
er peptides. Moreover, the reason why WPY has the
shortest average lifetime is that the short lifetime (7q) is
dominated. This indicates that there might be an ultra-
fast quenching pathway (<500 ps) in WPY at pH = 10.

In summary, the fluorescence decay curves confirm
the results from the steady-state fluorescence spectra.
WPY has the shortest fluorescence lifetime at three
typical pH wvalues, i.e., its fluorescence is strongly
quenched. The lifetimes of peptides gradually increase
with the insertion of proline. The quenching of W in
long peptides is weakened as the distance between W
and Y is increased. Our previous work [24] has carefully
investigated the structure and FRET (from Y to W) ef-
ficiency of WP,Y using the methods such as molecular
dynamics simulations and experiments. The results
showed that the distance between W and Y is 0.58 nm
for WY, 0.56 nm for WPY, 0.90 nm for WP2Y, 1.23 nm
for WP3Y, 1.70 nm for WP5Y and 2.27 nm for WPgY,
respectively. Obviously, the distance between W and Y
in the dipeptide WY is longer than that in WPY. Thus,
WY generally has longer average lifetime than WPY.
However, at pH=7 and 10, WY has longer average life-
time than WPoY has, which is unexpected. Moreover,
the distance between W and Y in WP2Y is much longer
than that in WY. This indicates that the distance be-
tween W and Y in the peptides is not the only factor for
fluorescence quenching of W. We do not rule out the ef-
fect of proline on the overall peptide charge distribu-
tions and conformations. To explore why WPY fluores-
cence is strongly quenched especially in alkaline solu-
tion, we turn to the measurement of transient absorp-

tion (TA).

C. Femtosecond transient absorption spectra

Femtosecond TA spectra of W, WY, WP, WPY,
WP2Y, WP3Y and WP5Y under 295 nm excitation are
displayed in FIG. 3 (pH=3), FIG. 4 (pH=7), and FIG. 5
(pH=10), respectively. It is noted that the excitation
wavelength is strictly controlled at 295 nm to avoid ul-
trafast energy transfer (FRET) between Tyr and Trp.

DOI: 10.1063/1674-0068 /cjcp2212181

Haoyang Li et al.

This can effectively reduce the influence of FRET on
the excited state absorption (ESA) signal of Trp [24]. A
broad excited state absorption band from 320 to 640 nm
appears for all samples. At pH=3, two peaks (350 and
425 nm) are clearly seen from the TA spectra of Trp
(W) in FIG. 3(A). This is a typical characteristic of Trp
photoproducts, which has been attributed to the par-
tial protonation of Trp. Previous studies have shown
that, two ESA bands centered at 350 nm and 425 nm
are signatures of the photoproduct arising from S;
quenching [46]. In addition, the negative contributions
are expected from the stimulated emission (SE) at
300400 nm and the ground state bleaches at A<
310 nm, respectively. Thus, these negative contribu-
tions might result in the decay dynamics of 350 nm
peak different from that of 425 nm peak. It is noticed
that the yield of Trp photoproducts is high in acidic so-
lutions (pH=3), however, with increasing the pH val-
ues (pH=7 and 10), the generation of Trp photoprod-
ucts is gradually decreased. Further, previous studies
have shown that Trp photoproducts could be a precur-
sor of Trp triplet states [46, 61—63], and the superposi-
tion of Trp cation radical (580 nm) and neutral radical
(510 nm) produces a broad band [64]. The generation of
those protonated photoproducts causes the results that
the signals of both radicals are gradually weakened, and
an obvious isoabsorption point (~470 nm) appears. This
indicates that those free radicals are gradually convert-
ed to the protonated photoproducts, and eventually this
photoproducts could generate the triplet state species of
W [46]. FIG. 3 shows that the generation of Trp proto-
nated photoproducts is inhibited to various degrees in
the peptides (WY, WP, WPY, WP2Y, WP3Y, and
WP5Y). Obviously, among all the peptides, the highest
yield of Trp photoproducts is obtained in the dipeptide
WY (FIG. 3(B)), and the photoproduct yield in the
dipeptide WP (FIG. 3(C)) is lower than that of WY.
This suggests that Pro could play an important role in
inhibiting the Trp photoproducts (more potent than
Tyr does). It is noted that the results for WPY (FIG.
3(D)) are basically similar to that for WP. In the acidic
solution (pH=3), the inhibitory effect of Pro on the Trp
photoproducts is dominant. However, this inhibitory ef-
fect is slightly weakened when the number of Pro is in-
creased (WP2Y in FIG. 3(E), WP3Y in FIG. 3(F), and
WP5Y in FIG. 3(G)). This indicates that the inhibiting
effect of photoproducts would slightly compromise with
increasing the peptide’ s chain length. However, it is
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FIG. 3 Femtosecond TA spectra of W (A), WY (B), WP (C), WPY (D), WP2Y (E), WP3Y (F), and WP5Y (G) at
pH=3 with the excitation wavelength at 295 nm, respectively. Time window is from 2 ps to 7 ns.

worth noting that the decay of free-radicals is not sup-
pressed but rather the decay rate is accelerated. This
implies the existence of a “new process” to accelerate
the free-radical recovery in the peptides. The radical
species, which should be converted to Trp photoprod-
ucts, are greatly reduced by this “new process” in pep-
tides.

When pH=7 (FIG. 4), the population of Trp photo-
products in either W (FIG. 4(A)) or other peptides de-
creases. Among all the peptides, the strongest inhibi-
tion effect on Trp photoproducts is found in WPY
(FIG. 4(D)), followed by WP (FIG. 4(C)). In contrast,
the signal of photoproducts in the dipeptide WY (FIG.
4(B)) is stronger than that in WP. The inhibition effect
of Trp photoproducts is also gradually weakened with
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increase of the peptide’s chain length (WP2Y in FIG.
4(E), WP3Y in FIG. 4(F) and WP5Y in FIG. 4(QG)).
When pH is increased to 10, the characteristic peak
of Trp photoproducts at 425 nm is not obvious in FIG.
5(A). In alkaline solution (pH=10), the generation of
such photoproducts would be greatly inhibited [46]. The
excited state decay results for the dipeptides WY (FIG.
5(B)) and WP (FIG. 5(C)) are similar. The excited
state decays of WP2Y (FIG. 5(E)), WP3Y (FIG. 5(F))
and WP5Y (FIG. 5(G)) are similar, but obviously faster
than that of the dipeptides WY and WP. Notably, the
entire excited state spectrum of WPY (FIG. 5(D)) is
undergoing a rapid decay. This decay process is much
faster than that of all other peptides. This indicates

that there is an ultrafast excited state quenching path-
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FIG. 4 Femtosecond TA spectra of W (A), WY (B), WP (C), WPY (D), WP2Y (E), WP3Y (F), and WP5Y (G) at
pH=7 with the excitation wavelength at 295 nm, respectively. Time window is from 2 ps to 7 ns.

way in WPY, which might be attributed to the interac-
tion between Trp and Tyr. Moreover, this effect is pH
dependent, and the strongest one is in alkaline solution
(pH=10). This “new” excited state quenching pathway
might be related to the ultrafast electron transfer be-
tween Trp and Tyr in WPY. This process greatly accel-
erates the recovery of Trp radicals, so that promotes the
rapid decay of the entire excited state signal of WPY.
To more accurately grasp the decay process of Trp
radicals, FIG. 6 presents the decay curves of the cation
radical peak position (580 nm) under three typical pH
values for all samples. The results of two-exponential
fitting of all curves are presented in Table II. In the pre-
vious work [46], four lifetimes are used to describe the
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excited state kinetic decay process of Trp. These in-
clude the long-lifetime component of the triplet state
(>40 ns) and the vibrational relaxation lifetime compo-
nent (~1 ps). However, these two lifetime components
are proportionally small for the time window of 7.5 ns.
Therefore, we could fit the curves using only two expo-
nentials. Previous work [37] in 3 hairpin peptides has al-
so used this scheme with success. Further, we found
that Trp could be well fitted with only one lifetime at
pH =10. Obviously, at pH=3 (FIG. 6(A)), all peptides
decay faster than Trp itself does. Although the decay
curves are similar for all peptides, WPY has two life-
times shorter than the other peptides does (125.9 ps and
3.2 ns). A slight distance dependence could be observed
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TABLE II The lifetimes (75, in unit of ns) and amplitudes (A, in unit of %) by fitting the decay curves obtained in FIG. 6.

Peptide pH=3 pH=T7 pH=10

Aq T Ao T2 Aq T Ao T2 Aq T Ao T2

W 43 1.03 57 8.43 50 2.57 50 6.98 100 12.30 - -
WY 56 0.57 44 7.35 50 0.96 50 6.74 11 0.12 89 10.92
WP 64 0.30 36 4.94 69 0.37 31 6.54 19 0.11 81 11.87
WPY 58 0.126 42 3.22 64 0.15 36 2.59 59 0.08 41 9.54
WPoY 58 0.17 42 3.89 57 0.29 43 4.18 35 0.14 65 9.76
WP3Y 50 0.23 50 4.23 54 0.25 46 5.00 37 0.12 63 11.13
WPsY 59 0.27 41 5.08 58 0.23 42 5.05 33 0.15 67 10.06

in peptides WP2Y, WP3Y and WP5Y. The decay rate
of cation radical characteristic peaks in WPY is acceler-
ated with increasing pH values. An ultrafast decay ap-
pears in WPY when pH=10 (FIG. 6(C)), and the ampli-
tude (59%) of this lifetime (87.9 ps) is significantly
higher than that of the other peptides. This indicates
that, in alkaline solution, there is an ultrafast radical re-
covery pathway in WPY. This is consistent with the in-
ference from our TCSPC results. Obviously, the radical
recovery rate of WPY is the fastest, and this process is
exacerbated in alkaline solutions.

In previous work [36, 37, 43], PCET between Trp
and Tyr was intensively studied in peptides. Studies
have shown that when the distance between Trp and
Tyr was close enough (~6 A), Tyr could transfer one
proton and simultaneously one electron to Trp, thus en-
abling Trp radical recovery. According to our previous
work [24], the distance between Trp and Tyr in WPY is
5.6 A. This distance satisfies the previously reported ef-
fective distance between Trp and Tyr, resulting in an
efficient PCET effect. Additionally, both the steady-
state and transient absorption spectra of WPY are simi-
lar to the results previously observed in § hairpin pep-
tides [37]. Further, the radical recovery rate of WPY is
pH dependent, which suggests that this process is relat-
ed to the protons in solutions. Therefore, we speculate
that this ultrafast radical recovery process in WPY
might be attributed to the PCET between Trp and Tyr.
It is noted that, in WPY, the spatial distance of Trp
and Tyr is very short, so the PCET process might be a
model of direct proton transfer [43]. Thus, the PCET
process rate is even faster and more efficient. Mean-
while, in the peptides, Tyr could also make the PCET
to Trp through water molecules and hydrogen bonds
[37]. When the distance between Trp and Tyr is in-
creased, Tyr would not be able to directly transfer the
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protons to Trp but transfer the protons to the solution
or the proton acceptor in the peptide’s chain followed
by the long-range electron transfer process [43]. This
process has been intensively studied in biomimetic pep-
tides [34, 35]. It should be pointed out that the distance
dependence on this long-range electron transfer is small.
In other words, this long-range electron transfer is not
very much related to the peptide’s chain length, only
related to the efficiency of proton transport. Thus, in
this workr, it could be observed that the radical recov-
ery rates of WPoY, WP3Y and WP5Y are almost the
same. There is no strong distance dependence. This sug-
gests that the PCET process (long range) in the long
peptides is different from that in WPY. This process is
only highly correlated with the concentrations of pro-
ton acceptors in solution and poorly correlated with the
length of peptide’s chain. Thus, this results in a large
difference of free-radical decay curves between WPY
and other peptides (two different PCET models). More-
over, for the dipeptides WY and YP, the free-radical re-
covery lifetime of WY is obviously longer than that of
WP at pH=3 and 7, but at pH=10, the opposite re-
sult is observed. This indicates that WY achieves a
faster radical recovery rate than WP does through the
PCET process in alkaline solution. However, in neutral
and acidic solutions, the PCET process of WY is ineffi-
cient and the radical recovery rate is slower than that of
WP. It is noticed that the free radical recovery rate
does not match the fluorescence lifetimes (from TC-
SPC). Therefore, we do not exclude that other complex
quenching pathways in peptides may exist.

In summary, the transient absorption spectra of Trp
and a series of peptides are investigated. At pH =3 and
7, Trp photoproducts in peptides are inhibited with var-
ious degrees. This is due to the fact that the Trp photo-
products are pH sensitive [46]. And, the structure and
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charge distribution of peptides also affect the yield of
Trp photoproducts in peptides. Furthermore, the recov-
ery rate of Trp radicals is clearly accelerated in the pep-
tides. The PCET between Tyr and Trp is the dominant
factor to accelerate the recovery rate of Trp radicals in
peptides. And these phenomena are more obvious in
WPY. When pH value is increased to 10, more efficient
PCET occurrs due to the short distance between Trp
and Tyr in WPY. This efficient free radical recovery
pathway affects the whole excited state decay of WPY.
Whereas the PCET in long peptides (WP2Y, WP3Y
and WP5Y) is found to be different from WPY. The
long-range PCET process occurring in long peptides has
low distance dependence, however, high correlation
with the proton acceptor concentrations in solutions
[34, 35]. Therefore, the long-range PCET process is
stronger in the alkaline solutions. Furthermore, the con-
trast of WY and WP suggests that the interaction be-
tween Tyr and Trp is not solely responsible for Trp rad-
ical recovery, the effect of Pro on Trp excited state dy-
namics is also significant. This is probably achieved by
the electron transfer. Moreover, this effect could also be
attributed to the interactions with the peptide back-
bones. Trp radicals can be also decayed by the recombi-
nation with solvated electrons [48, 65].

IV. CONCLUSION

In this work, we found that the radical recovery rate
of Trp could be accelerated in peptides. This might be
attributed to the interactions between the peptide back-
bones (or amino acids) and Trp. The acceleration of
Trp radical recovery rate results in a lower yield of Trp
photoproducts, which in turn decreases the production
of Trp triplet species. This could potentially protect
proteins from the damage by reactive oxygen species
[37]. Further, Trp radical recovery rate in WPY is the
fastest, and these effects are the strongest in WPY, in-
dicated with the appearance of hypochromism in the
absorption spectrum of WPY and Trp fluorescence in
WPY being strongly quenched. Especially at pH =10,
the whole excited state decay of WPY is accelerated
due to the ultrafast PCET process between Trp and
Tyr. However, the PCET mechanism of WPY may be
different from the other peptides. Due to the shortest
distance between Trp and Tyr in WPY, the efficient
“direct” PCET might have occurred, while a long-range
PCET process occurrs in other peptides. It is not ex-
cluded that other more complex interaction processes
may exist. Thus, a careful QM-MM needs to be pur-
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sued in these model peptides. More experimental evi-
dence should be provided for understanding those inter-
actions, by which WY dyads could be used to protect
proteins by reducing free radicals.
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