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B eta hairpins are common secondary structural
motifs found in proteins and have proven to be
useful systems in which to quantify the nonco-

valent interactions involved in protein folding and pro-
tein interactions (reviewed in ref 1). Specifically, studies
on model peptides have revealed that aromatic,
cation-�, hydrophobic interactions and salt bridges
play significant roles in stabilizing hairpin structure
(1−8). Elucidation of structural elements, which facili-
tate � hairpin formation, has enabled de novo design
of biomimetic peptides. These peptides can then serve
as simple and functional models of more complex, na-
tive proteins (1, 9, 10).

Here, we employ de novo designed � hairpins to inves-
tigate how the protein environment controls proton
coupled electron transfer (PCET) in enzymes. According
to the nomenclature of refs 11 and 12, PCET refers to any
chemical reaction in which an electron and a proton
are transferred, regardless of mechanism. A similar
model peptide approach has been used previously to
explore the effect of noncovalent interactions on the re-
dox potential of hemes, iron sulfur clusters, cofactors,
and other metal centers in peptide models (13−17). Our
previous work used a � hairpin peptide to study PCET re-
actions involving a redox-active tyrosine (Figure 1, panel
A) (18).

Redox-active tyrosines are found in several enzymes,
including photosystem II (PSII) (19, 20), ribonucleotide re-
ductase (21), prostaglandin synthase (22), and galac-
tose oxidase (23). In these proteins, a tyrosine side chain
is transiently oxidized to form a neutral tyrosyl radical,
Tyr● or Tyrox. Because the pK of the phenolic oxygen is dra-
matically altered by oxidation (24), redox-active tyrosines
can participate in PCET reactions in proteins.

PSII contains two redox-active tyrosine residues,
Tyr161D1 (TyrZ) and Tyr160D2 (TyrD) (19, 20). PSII
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ABSTRACT Tyrosine side chains are involved in proton coupled electron trans-
fer reactions (PCET) in many complex proteins, including photosystem II (PSII) and
ribonucleotide reductase. For example, PSII contains two redox-active tyrosines,
TyrD (Y160D2) and TyrZ (Y161D1), which have different protein environments, mid-
point potentials, and roles in catalysis. TyrD has a midpoint potential lower than
that of TyrZ, and its protein environment is distinguished by potential �-cation in-
teractions with arginine residues. Designed biomimetic peptides provide a system
that can be used to investigate how the protein matrix controls PCET reactions.
As a model for the redox-active tyrosines in PSII, we are employing a designed,
18 amino acid � hairpin peptide in which PCET reactions occur between a tyrosine
(Tyr5) and a cross-strand histidine (His14). In this peptide, the single tyrosine is
hydrogen-bonded to an arginine residue, Arg16, and a second arginine, Arg12, has
a �-cation interaction with Tyr5. In this report, the effect of these hydrogen bond-
ing and electrostatic interactions on the PCET reactions is investigated. Electro-
chemical titrations show that histidine substitutions change the nature of PCET re-
actions, and optical titrations show that Arg16 substitution changes the pK of
Tyr5. Removal of Arg16 or Arg12 increases the midpoint potential for tyrosine oxi-
dation. The effects of Arg12 substitution are consistent with the midpoint potential
difference, which is observed for the PSII redox-active tyrosine residues. Our re-
sults demonstrate that a �-cation interaction, hydrogen bonding, and PCET reac-
tions alter redox-active tyrosine function. These interactions can contribute equally
to the control of midpoint potential and reaction rate.
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catalyzes the light-driven oxidation of water to form mo-
lecular oxygen. The two tyrosines are found in con-
served positions in the PSII reaction center; these posi-
tions are linked by approximate C2 symmetry. TyrZ is
located in the D1 polypeptide of PSII (Figure 1, panel
B). This redox-active tyrosine participates in water oxida-
tion by reducing P680

� and oxidizing a tetranuclear
calcium�manganese cluster (20, 25−28). TyrD
(Figure 1, panel C) is located in the D2 polypeptide of
PSII and is not required for oxygen evolution (19, 29).
TyrD redox reactions may be involved in the assembly
of the manganese cluster (19, 29, 30). TyrZ and TyrD
have midpoint potentials that differ by �200 mV (28,
31). The radicals have dramatically different decay
times. TyrZox has a microsecond to millisecond lifetime
(32), whereas TyrDox has a lifetime on the order of min-
utes to hours (19). The protein environmental interac-
tions, which give rise to these energetic and kinetic dif-
ferences, are still not understood.

PCET reactions are associated with both TyrD and
TyrZ, and the mechanism of these reactions may contrib-
ute to the observed, functional differences. Recent stud-
ies have shown that TyrD proton transfer reactions pro-
ceed with different mechanisms at high and low pH (33,
34). For TyrD, proton inventory and solvent isotope ex-
change have shown that a coupled PCET (CPET) mecha-
nism occurs at high pH (34). In this type of reaction,
the electron and proton are transferred simultaneously.
Further, this previous work on TyrD has shown that reac-
tion at high pH involve the transfer of multiple protons
(33, 34). A study of PCET has also been reported for TyrZ
in manganese-depleted PSII (35), which is inactive in
water oxidation.

Crystal structures of cyanobacterial PSII (36, 37) show
that the environments of TyrZ and TyrD differ in their dis-
tance from the calcium�manganese cluster. TyrZ is 4.8
Å from the calcium in the metal cluster (Figure 1, panel
B), while TyrD is 28 Å away. The detailed placement of
histidine, arginine, and aspartic acid side chains
(Figure 1, panels B and C) also distinguishes the redox-
active tyrosines. TyrZ is predicted to hydrogen bond with
His190D1. TyrZ is 5.1 Å from Asp170D1, a possible
manganese ligand, and 7.6 Å from Arg357CP43
(Figure 1, panel B). TyrZ may also interact electrostati-
cally with a second histidine (His332D1) residue and a
second aspartic acid (Asp342D1) residue (Figure 1,
panel B), which potentially coordinate manganese
(Figure 1, panel B). TyrD is predicted to form a

Figure 1. Environment of redox-active tyrosines in
peptide A and in PSII. Panel A shows Tyr 5 in peptide
A (18), panel B shows TyrZ in PSII, PDB ID 3BZ1 (37),
and panel C shows TyrD in PSII, PDB ID 3BZ1 (37).
The solid lines indicate distances between tyrosine
and neighboring amino acids, and the dotted lines
represent hydrogen bonds. The RasMol molecular vi-
sualization tool was used to depict histidine (vio-
let), arginine (cyan), and aspartic acid (yellow) resi-
dues within 10.0 Å of the tyrosine (green). Manga-
nese and calcium ions are shown in gray and orange,
respectively, in panel B.
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hydrogen bond with His189D2 and is 7.0 Å from a po-
tential Asp333D2�Arg180D2 salt bridge. In addition,
TyrD has potential �-cation interactions with Arg272 of
the CP47 subunit, at 7.8 Å, and with Arg294 of the D2
subunit, at 6.5 Å (Figure 1, panel C). The corresponding
arginines are not found in the environment of TyrZ
(Figure 1, panel B). Possible effects of these �-cation in-
teractions are the focus of this report.

The electron transfer rate in proteins is responsive to
changes in distance and midpoint potential (38). A num-
ber of redox-active tyrosine model systems have been
used to examine how function is controlled by the re-
sponsive protein matrix. Studies involving phenol de-
rivatives with pendant bases have shown that hydro-
gen bonding alters the reduction potential of tyrosine
(39). Tyrosine and tryptophan residues have been linked
to ruthenium photosensitizers, which resulted in model
complexes for proton-coupled electron transfer from
amino acids (40, 41). Studies of tyrosine appended to
rhenium complexes have investigated the pH and buffer
dependence of the PCET reactions (41). Electrochemis-
try has been used to examine PCET mechanism for the
oxidation of phenols in water (42). In designed helical
proteins, the redox potential of tyrosine was modulated
by placement in a nonpolar environment and by shield-
ing from proton acceptors (14, 43).

In a recent study, we described a � hairpin peptide,
IMDRYRVRNGDRIHIRLR (peptide A), in which PCET reac-
tions between Tyr5 and His14 modified the midpoint po-
tential of the single tyrosine residue (18). In peptide A,
Tyr5 is hydrogen-bonded to an arginine residue, Arg16,
and a second arginine, Arg12, has a �-cation interaction
with the tyrosine (Figure 1, panel A). Oxidation of ty-
rosine causes a pK shift of His14, which will result in his-
tidine protonation in the mid-pH range. This peptide ex-
hibits an example of a PCET reaction in which the
electron and proton acceptors are two distinct species.
Although Tyr5 and His14 are not directly hydrogen-
bonded, the PCET reaction between tyrosine and histi-
dine can occur through a network of water molecules
(18, 41, 42).

Here, we report results obtained from studies of four
additional � hairpin peptides, in which substitutions
were made at His14, Arg12, and Arg16. The results show
that hydrogen bonding, �-cation, and PCET interactions
alter the midpoint potential of redox-active tyrosines. In
addition, hydrogen bonding and �-cation interactions
with tyrosine alter the pH range over which PCET reac-

tions occur. These results imply that differential place-
ment of arginine residues can contribute to functional
differences observed between TyrZ and TyrD.

RESULTS AND DISCUSSION
Peptide Design. Figure 2 shows the amino acid se-

quence and predicted cross-strand interactions for pep-
tides A and C�F. The ProtParam tool was used to com-
pute the physicochemical properties of the peptides
(44). Sequences were predicted to be stable and soluble

Figure 2. Predicted structures and cross strand interactions for � hairpin pep-
tides. In peptide A, tyrosine and interacting residues are shown in red. Se-
quence alterations are shown in green in peptides C�F. The sequence of pep-
tide B (IMDRYRVRNGDRIVIRLR) is not shown because it was an unfolded
control sequence.
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in water. The peptides were designed with a net charge
of �1 or �2 at pH 11 ensure solubility and an isoelec-
tric point (pI) of greater or equal to 11. Each peptide con-
tains a single tyrosine residue, at least one salt bridge
(3, 4), a type I= Asn-Gly turn (2, 45), and several amino
acids with high propensities for forming � sheets (46).
Peptide A, peptide E (Arg16Ile), and peptide F (Arg12Ile)
also contain an aromatic interaction (2, 3, 45) between
Tyr5 and His14.

In the NMR structure of peptide A (18), Tyr5 accepts
a hydrogen bond from the �-NH of Arg 16. The structure
also showed a �-stacked aromatic interaction between
Tyr5 and His14 and a possible �-cation interaction be-
tween Tyr5 and Arg12, which are 7.7 Å apart. In peptides
C and D, His14 was replaced by cyclohexylalanine and
valine, respectively (Figure 2). This replacement is ex-

pected to disrupt PCET reactions involving the histi-
dine. In peptides E and F, Arg16 and Arg12 were substi-
tuted with Ile to assess the role of the hydrogen bond
and �-cation interaction, respectively. Peptide D is a
double mutant, in which His14 was replaced by valine,
and Arg12 was substituted with Ala.

Circular Dichroism. Circular dichroism (CD) spec-
tropolarimetry was used to verify that peptides C, D, E,
and F form � hairpins in aqueous solution. Figure 3 pre-
sents the CD spectra of peptide A (panel A), peptide B
(His14Val) (panel B), peptide C (His14Cha) (panel C),
peptide D (His14Val; Arg12Ala) (panel D), peptide E
(Arg16Ile) (panel E), and peptide F (Arg12Ile) (panel F).
These experiments were conducted at pH 5.0, and ther-
mal denaturation experiments were performed on each
peptide. Peptide A (panel A) served as a folded control,
because previous NMR experiments have shown that
the peptide is folded at this pH (18). At 20 °C, the CD
spectrum of peptide A (panel A, red) exhibited a mini-
mum at 197 nm. At 80 °C, the amplitude decreased
(panel A, green). Additionally, a second broad mini-
mum appeared at 221 nm. The original CD spectrum
was regained by cooling the sample back to 20 °C
(panel A, black), and an isodichroic point was observed
at 207 nm. On the other hand, the NMR spectra of pep-
tide B (panel B) indicated that it is predominantly ran-
dom coil; therefore, peptide B served as an unfolded
control. As expected, at 20 °C, the CD spectrum of un-
folded peptide B (panel B, red) displayed a shallow
minimum at 200 nm, and only small changes were in-
duced by heating (panel B, green).

At pH 5.0, peptide C (His14Cha) (panel C), peptide D
(His14Val; Arg12Ala) (panel D), peptide E (Arg16Ile)
(panel E), and peptide F (Arg12Ile) (panel F) all exhib-
ited CD data and thermal denaturation, which were simi-
lar to peptide A. Thus, the data support the conclusion
that peptides C�F form � hairpin structures at pH 5.0.
CD spectra were also collected for the peptides at pH
11.0 (Supplementary Figure S1). These data support the
conclusion that the peptides form � hairpin structures
pH 11 (see Supporting Information for more details).

pK Determination. As discussed in the Supporting In-
formation (Supplementary Figure S2), optical titration
curves were used to measure the pK of tyrosine in pep-
tides A, C, D, E, and F. As a control, the pK of tyrosine in
solution was determined and found to be 9.8 � 0.1
(Supplementary Figure S2A), which is similar to the
value of 10.17 � 0.02 reported in the literature (47).

Figure 3. CD of � hairpin peptides at pH 5.0. The panels show data ac-
quired from (A) peptide A, (B) peptide B, (C) peptide C (His14Cha), (D)
peptide D (H14V; R12A), (E) peptide E (R16I), and (F) peptide F (R12I).
The spectra were collected at 20 °C (red, premelt), 80 °C (green), and
20 °C (black, postmelt). See Methods for spectral conditions.
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The small variation may be due to differences in buffer
conditions in the two experiments. The pK of Tyr5 in pep-
tide A was measured to be 9.3 � 0.1 (Supplementary
Figure S2B). The pK values of tyrosine in peptides C, D,
and F were similar to those of peptide A and were 9.6 �

0.1, 9.4 � 0.3, and 9.6 � 0.1, respectively (Supplemen-
tary Figure S2C, D, and F and Table 1). These data sup-
port the conclusion that His14 and Arg12 do not have
a substantial influence on the dissociation constant of
Tyr5. However, the titration curve for peptide E
(Arg16Ile), in which the hydrogen bond to Arg16 is elimi-
nated (Supplementary Figure S2E), contains two equiva-
lence points. Fitting the low pH transition gave a pK of
8.3 � 0.1 for the first equivalence point. These data
show that the hydrogen bond to Arg16 alters the pro-
ton affinity of the phenolic oxygen. The presence of two
pK values in peptide E (Arg16Ile) suggests that there are
two possible sets of noncovalent interactions with Tyr5
in this peptide.

Electrochemical Titrations. To analyze the effects of
noncovalent interactions on tyrosine oxidation, we per-
formed electrochemical titrations of peptides C�F using
square wave voltammetry (18). The potential for tyrosyl
radical formation was plotted versus pH for each sample
(Figure 4). As a control, fits were performed for tyrosine
in solution, which should give a linear dependence of
peak potential on pH below the phenolic pK (18). The ty-
rosine data could be fit with a derived slope of 67 � 2
mV/pH unit and the pK of 9.8 derived from the optical
data (Table 1). If the fits were conducted with the litera-
ture pK of 10.17 (47), the results were similar. The slope
was 64 � 1 mV/pH unit, the E* value was 1.33 � 0.01,
and the �2 value was 2.56 	 10�3.

In the peptides, the side chains of aspartic acid, ty-
rosine, and histidine have pK values within the pH range
of the electrochemical titration. pK shifts in these spe-
cies can influence the pH dependence. The electro-
chemical data from the peptides (Figure 4 and Table 1)
were fit with a Nernst equation in which one or more ion-
izable groups influence the potential (18), and �2 val-
ues were used to evaluate the quality of the least-
squares fits (Table 1). Data in the Supporting
Information illustrate this procedure for peptide F
(Supplementary Figure S3 and Table S1), which is best
fit with three ionizable groups. While the fits illustrated
in Figure 4 adequately represent the data, the simula-
tions cannot be regarded as unique fits.

In fitting the electrochemical data from each pep-
tide, the pKred of Tyr was fixed at the pK derived for the
corresponding sample by optical titration experiments
(Supporting Information). The pKox of Tyr radical is �2
but was fixed at 0 for these calculations (18, 24). The
data for peptide A were fit with the Nernst equation in
which three ionizable groups (Asp3, Tyr5, and His14) in-
fluence the potential (Figure 4, solid lines). The fit to
the peptide A data (Figure 4, solid lines) predicts inflec-
tion points at pH 2.8 (reduced state), 5.8 (oxidized
state), 6.0 (reduced state), and pH 9.0 (oxidized state)
(Table 1). Previously, we predicted similar pK values us-
ing a different fitting procedure (18). Using that method,
the pK values were assigned as 0 (Tyr5), 4.5 (Asp3),

Figure 4. Electrochemical titrations of � hairpin peptides. The titration
curve of peptide A is shown in each panel with a fit superimposed as a
solid line (Table 1). The panels also show data acquired from (A) pep-
tide C (H14Cha), (B) peptide D (H14V; R12A), (C) peptide E (R16I), and
(D) peptide F (R12I), with fits superimposed as dotted lines. The error
bars represent one standard deviation. See Table 1 for fit parameters
and Methods for spectral conditions.
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and 8.0 (His14) in the oxidized state and 10.0 (Tyr5),
4.0 (Asp3), and 7.0 (His14) in the reduced state (18).

In the present fit, the inflection points at pH 2.8 and
5.8 are attributed to Asp3 in the Tyrred and Tyrox forms
of the peptide, respectively (Table 1). This result is con-
sistent with a tyrosine-oxidation induced electrostatic

perturbation of this amino acid. The inflection points at
pH 6.0 and 9.0 are attributed to redox-induced changes
in the proton affinity of His14 in the Tyrred and Tyrox

forms of the peptide, respectively (18). At pH values be-
tween 6 and 9, this result predicts that a histidine PCET
reaction will occur, because His14 will protonate when
Tyr5 is oxidized.

Figure 4 presents electrochemical data, acquired
from peptide C (His14Cha) (panel A), peptide D
(Arg12Ala; His14Val) panel B), peptide E (Arg16Ile)
panel C), and peptide F (Arg12Ile) (panel D). Fits to the
data are shown superimposed as the dotted line
(Table 1). For comparison, electrochemical data derived
from peptide A are also shown in each Figure 4 panel,
with the fit superimposed as a solid line (Table 1).

As expected from the pK assignments, substitution
at His 14 in peptide C (His14Cha) (Figure 4, panel A)
eliminated the His 14 inflection points at pH 6.0 and
9.0 (Table 1), which were observed in peptide A. This re-
sult is consistent with our previous work (18), which
showed that PCET reactions in peptide A involve His 14
as the proton acceptor. Removal of His14 in peptide C
(His14Cha) increased the redox potential of Tyr5 at low
pH values, as previously reported (18). The pK values of
Asp3 were not significantly altered, given the standard
deviations (Table 1).

Figure 4, panel C presents electrochemical titration
data acquired from peptide E (Arg16Ile), in which the hy-
drogen bond between Arg16 and Tyr5 was eliminated.
In peptide E (Arg16Ile) (panel C, dotted line), a signifi-
cant �50 mV change in midpoint potential was ob-
served at all pH values, when the data were compared
to peptide A (panel C, solid line). Fits to the data showed
that the pK of His14 in the Tyrox form of peptide E
(Arg16Ile) decreased from 9.0 to 7.9 (Table 1). How-
ever, removal of the Arg-Tyr hydrogen bond had no sig-
nificant effect on the pK of His14 in the Tyrred form of the
peptide (Table 1). Table 1 also shows that the pK val-
ues for Asp 3 were not significantly altered.

Figure 4, panel D presents electrochemical titration
data of peptide F (Arg12Ile) (dotted line), in which the
putative �-cation interaction between Arg12 and Tyr5
was eliminated. The data exhibited inflection points
similar to those observed in peptide A (solid line). In
peptide F (Arg12Ile) (dotted line), a significant �50 mV
change in midpoint potential was observed at all pH val-
ues, when the data were compared to peptide A (solid
line). Substitution at Arg12 increased the pK (1.3 pH

Figure 5. EPR spectra of tyrosyl radicals in �
hairpin peptides at pH 5.0 (red) and 11.0
(black). The radicals were generated by UV
photolysis at 108 K. The panels show spec-
tra acquired from (A) tyrosine, (B) peptide
A, (C) peptide C (H14Cha), (D) peptide D
(H14Val; R12A), (E) peptide E (R16I), and (F)
peptide F (R12I). To compare spectral line
width, the spectra were normalized for any
amplitude differences. See Methods for
spectral conditions.
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unit) of His 14 in the Tyrred form of the peptide (Table 1)
but caused no significant change in the pK of His14 in
the oxidized form of the peptide. The pK of Asp3 in-
creased in the Tyrred (1.7 pH unit) forms of peptide F
but not significantly in the Tyrox form (Table 1).

Figure 4, panel B presents electrochemical titration
data of peptide D (Arg12Ala; His14Val)) (dotted line),
which contains a double substitution at His14 and
Arg12. Inflection points due to His14 were not observed,
as expected from comparison to the single His variant,
peptide C (His14Cha) (panel A, dotted line). In addition,
a �50 mV increase in potential was observed at low
pH, and a possibly significant increase in potential was
also observed at high pH. This result is expected from
comparison to results obtained on peptide C (His14Cha)
(panel A, dotted line) and peptide F (R12I) (panel D, dot-
ted line). In peptide D, the pK of Asp increased 1.5 pH
units in the Tyrox form of the peptide and 2.4 pH units in
the Tyrred form of the peptide (Table 1).

Electron Paramagnetic Resonance (EPR)
Spectroscopy. A tyrosyl radical can be generated in ty-
rosine solutions and in the � hairpin peptides by UV
photolysis (48, 49). The resulting neutral radical has
electron spin density on the 1=, 3=, and 5= carbon at-
oms of the aromatic ring and on the phenolic oxygen
(19, 50). Changes in the electron spin density distribu-
tion and in the conformation at the C�-C1= dihedral angle
can be detected as changes in EPR line shape (19, 50).

Figure 5, panel A presents the EPR spectrum of the ty-
rosyl radical in tyrosine solution at pH 5.0 (panel A,
red) and 11.0 (panel A, black), respectively. As ex-
pected, tyrosine solutions exhibited an EPR spectrum
with a g value of 2.0042, an overall splitting of �20 G,
and partially resolved hyperfine splittings (50). EPR
spectra obtained from peptide A, C, D, and F were indis-
tinguishable at pH 5.0 (Supplementary Figure S4B, C,
and E). This result suggests that the immediate struc-
ture around the tyrosyl radical is similar in all four pep-
tides. Peptide E showed a small change in EPR line
shape at pH 5.0, when compared to the signal ob-
served in peptide A (Supplementary Figure S4D). Small
changes in EPR line shape, when peptide A and E are
compared, are most likely due to slightly different tyrosyl
radical conformations in the two peptides (18, 50). In ty-
rosine solutions (panel A) and peptide A (panel B), pep-
tide C (panel C), peptide D (panel D), and peptide F
(panel F), the EPR spectrum of the tyrosyl radical exhib-
ited no significant pH-induced changes. However, in
peptide E, in which the hydrogen bond between Arg16
and Tyr5 was eliminated, a pH-induced change in EPR
line shape was observed (panel E), again most likely
due to a different conformation at the C�-C1= bond. In
agreement with the results of optical titration on this
peptide (Supplementary Figure S2), this result suggests
two alternate sets of noncovalent interactions with Tyr 5
in this peptide.

TABLE 1. Parameters used to fit the electrochemical titration data on peptides

Sample E* (V)a S (V/pH)a Tyrox Aspox a Hisox a Tyrred Aspred a Hisred a �2 a

Tyrosineb 1.35 � 0.01 0.067 � 0.002 0.0 9.8 � 0.1 2.91 	 10�3

Peptide Ac 2.5 � 0.2 0.6 � 0.1 0.0 5.8 � 0.6 9.0 � 0.1 9.3 � 0.1 2.8 � 0.9 6.0 � 0.6 1.78 	 10�3

Peptide Cd (H14Cha) 1.33 � 0.04 0.07 � 0.01 0.0 5.6 � 1.2 9.6 � 0.1 4.6 � 1.0 5.68 	 10�3

Peptide Dd(R12A; H14 V) 1.6 � 0.3 0.12 � 0.07 0.0 7.3 � 0.8 9.4 � 0.3 5.2 � 0.5 5.95 	 10�3

Peptide Ec(R16I) 2.5 � 0.3 0.4 � 0.1 0.0 5.6 � 0.2 7.9 � 0.1 8.3 � 0.1 3.4 � 0.2 5.9 � 0.2 2.22 	 10�3

Peptide Fc(R12I) 2.1 � 0.1 0.24 � 0.01 0.0 6.8 � 0.6 9.0 � 0.1 9.6 � 0.1 4.5 � 0.3 7.3 � 0.5 6.36 	 10�3

aParameters were derived by performing a least-squares fit using Igor Pro software. The �2 values were used to evaluate the fits. The pK
values reported for Tyrred and Tyrox were determined from the optical titration data (Tyrred) (Supplementary Figure S2) and from the litera-
ture (Tyrox) (24). bThe data were fit to the Nernst equation: Em 
 E* � S log[[10�pKox � 10�pH]/[10�pKred � 10�pH]], which describes the influ-
ence of one ionizable group on the midpoint potential of tyrosine (18, 58). cThe data were fit to the modified Nernst equation: Em 
 E*
� S log[[([10�pH]3) � ([10�pH]2 · [10�pKox1]) � ([10�pH] · [10�pKox1] · [10�pKox2]) � ([10�pKox1] · [10�pKox2] · [10�pKox3])]/[([10�pH]3) �
([10�pH]2 · [10�pKred1]) � ([10�pH] · [10�pKred1] · [10�pKred2]) � ([10�pKred1] · [10�pKred2] · [10�pKred3])]] which describes the influence of
three ionizable groups on the midpoint potential of tyrosine (18, 58). dThe data were fit to the modified Nernst equation: Em 
 E*
� S log[[([10�pH]2) � ([10�pH] · [10�pKox1]) � ([10�pKox1] · [10�pKox2])]/[([10�pH]2) � ([10�pH] · [10�pKred1]) � ([10�pKred1] · [10�pKred2])]],
which describes the influence of two ionizable groups on the midpoint potential of tyrosine (18, 58).
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Summary of Structural Characterization of � Hairpin
Peptides. We designed four 18-amino-acid polypep-
tides, in which we investigated the effect of noncova-
lent interactions on tyrosine redox properties. CD was
used to verify that the peptides form � hairpins in aque-
ous solution. The NMR structure of peptide A confirmed
that this peptide adopts a twisted � hairpin conforma-
tion at pH 5.0 (18), and its CD spectrum exhibited a well-
defined minimum at 197 nm. The CD data of peptides
C�F also exhibited minima at 197 nm, demonstrating
that these peptides fold to form twisted � hairpins.
While � sheets in proteins commonly exhibit a CD mini-
mum at 210 nm, atypical CD spectra have been de-
scribed for monomeric � hairpins previously (51−53).

Thermal denaturation experiments supported the
conclusion that peptides C�F fold to form � hairpins in
solution. As expected, peptide A exhibited reversible
thermal denaturation between 20 and 80 °C at pH 5.0.
This result is unlikely to occur in an unordered or ran-
dom coil peptide. Moreover, the 20 and 80 °C CD spec-
tra of peptides A, C (His14Cha), D (Arg12Ala; His14Val),
E (Arg16Ile), and F (Arg12Ile) exhibited an isodichroic
point at 207 nm. An isodichroic point is indicative of a
two-state folding transition (54).

Taken together, the CD data supported the conclu-
sion that peptides A, C (His14Cha), D (Arg12Ala;
His14Val), and E (Arg16Ile) formed stable � hairpin
structures at pH 5.0 and at pH 11.0. Peptide F (Arg16Ile)
also formed a stable � hairpin at pH 5.0. At pH 11.0,
peptide F formed a stable hairpin after heating and cool-
ing, indicating that this peptide folds at pH 11 under
some conditions (see Supporting Information).

The EPR spectra of tyrosyl radicals in the peptides pro-
vided information concerning the structure of Tyr5 in the
oxidized form of the peptide. These data indicated that
the immediate environment and conformation of the ty-
rosyl radical are similar in most of the peptides. There-
fore, the functional differences observed are not likely
due to unintended structural changes, other than the
mutation. In peptide E, a small pH induced change in
EPR line shape was observed. The change in the tyrosyl
radical spectrum was consistent with a small pH-
induced alteration in single bond C��C1= conformation
in the peptide E tyrosyl radical.

Substitutions at Arg16 Increase Tyrosine Midpoint
Potential and Alter PCET Mechanism. The NMR struc-
ture of peptide A showed that Arg16 and Tyr5 form a hy-
drogen bond in which Tyr5 is hydrogen-bonded as the

proton acceptor (18). Elimination of the hydrogen bond
between Arg16 and Tyr5 caused a 50 mV increase in po-
tential at all examined pH values. The observed in-
crease in potential can be rationalized because oxida-
tion of tyrosine has been shown to result in the
migration of electron density to the phenolic oxygen of
the radical (18). The effect on midpoint potential in pep-
tide E (Arg16Ile) is consistent with stabilization of elec-
tron density on the tyrosyl radical phenolic oxygen
through the Arg16-Tyr5 hydrogen bond in peptide A
(18).

Substitution at Arg16 altered the pK of His14 in the
oxidized state of peptide E (Arg16Ile) but not in the re-
duced form. The decrease in His pK is consistent with re-
moval of a hydrogen bond between Arg16 and the ty-
rosyl radical at Tyr 5. In the absence of positively
charged Arg16, there will be a decrease in negative
charge on the Tyr5 phenolic oxygen. This may, in turn,
decrease the stability of positive charge on the cross-
strand imidazole side chain. This result implies that the
hydrogen bond to Arg16 is preserved when the tyrosyl
radical is formed in peptide A. However, the differential
effect on the His14 pK suggests that the strength of the
Tyr5�Arg16 hydrogen bond is altered by tyrosine
oxidation.

Substitutions at Arg12 Increase Tyrosine Midpoint
Potential and Alter PCET Mechanism. The NMR struc-
ture of peptide A suggested that Arg12 and Tyr5 have a
�-cation interaction (18). In our electrochemical titra-
tions, elimination of the putative electrostatic interac-
tion between Arg12 and Tyr5 (peptide F, (Arg12Ile)) gave
a 50 mV increase in potential at all examined pH val-
ues. The observed increase in potential can be rational-
ized as destabilization of electron density on the tyrosyl
radical phenolic oxygen by removal of the interaction
with the positive charge. These data suggest that
�-cation interactions with redox-active tyrosines can sig-
nificantly alter tyrosine midpoint potential in enzymes.

Peptide F (Arg12Ile) exhibited a significant increase
in Asp pK in the Tyrred peptide. Peptide D (Arg12Ala;
His14Val), which contains substitutions at both His14
and Arg12, showed increases in Asp3 pK in both the
Tyrox and Tyrred form of the peptide. These alterations in
Asp3 pK values may be due to small changes in the
Arg16/Asp3 salt bridge distance in these peptides, rela-
tive to peptide A.

In peptide F (Arg12Ile), the derived pK of histidine in
the Tyrred form increased, but there was no significant ef-
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fect on the His pK in the Tyrox form. The effect on the
His14 pK in the Tyrred form is consistent with removal of
the histidine’s interaction with the positive charge on
Arg12, which will favor the protonated histidine side
chain over a broader pH range. The differential effect in
the oxidized and reduced forms of the peptide suggests
that there is a change in His14�Arg12 distance in the
oxidized form of the peptide, with a resulting decrease
in the impact of the �-cation interaction on the tyrosyl
radical. This result demonstrates that a �-cation interac-
tion with tyrosine can alter the mechanism of PCET reac-
tions in enzymes.

Comparison with PSII Tyrosyl Radicals. PSII con-
tains two redox-active tyrosines, TyrZ (Figure 1, panel
B) and TyrD (Figure 1, panel C). The midpoint potential of
TyrZ (28) is �200 mV higher than the potential of TyrD
(31). Both tyrosines are predicted to hydrogen bond to
histidine (37). Therefore, the detailed placement of
other amino acids and metal ions in the protein environ-
ment must account for the observed potential differ-
ence. Figure 1, panels B and C show that the placement
of arginine residues may contribute to functional differ-
ences between the two redox-active tyrosines. For TyrZ
(panel B), Arg357 in the CP43 subunit is 7.6 Å away. For
TyrD (panel C), Arg180 in the D2 polypeptide is 7.0 Å
away, a second arginine, Arg272 in the CP47 subunit,
is located 7.8 Å away, and a third arginine, Arg294 in the
D2 polypeptide is located at 6.5 Å. Near TyrZ, Arg357
has a possible interaction with Asp170D1, a metal li-
gand, and, near TyrD, Arg180 has a salt bridge interac-
tion with Asp333 in the D2 polypeptide.

Therefore, the PSII structure (37) suggests that
Arg294 in the D2 polypeptide and Arg272 in the CP47
subunit may have �-cation interactions with the TyrD ty-
rosyl radical (panel C). While the distance between
TyrD and Arg272 is 7.8 Å, in other proteins, �-cation in-
teractions occur over distances as long as 10 Å with
most �-cation pairs separated by 6 Å or less (55). From
previous studies, a �-cation interaction would be ex-
pected to contribute �13 mV (6) to the decrease in po-
tential observed when TyrD and TyrZ are compared.
However, our results show a larger contribution of �50
mV is also possible. Therefore, �-cation interactions
could make a substantial contribution to the midpoint
potential difference observed for the PSII tyrosyl
radicals.

Substitutions at His14 Change the Mechanism of
the PCET Reactions. Peptides in which substitutions
were made at His14 eliminated inflection points, attrib-
uted to imidazole protonation, in the electrochemical ti-
tration data. On the other hand, alterations at Arg12
and Arg16 did not eliminate the inflection points. This
observation is consistent with our previous conclusion
that oxidation of Tyr5 in peptide A is thermodynamically
coupled with PCET to the histidine (18). Because the
pK of His14 increased with tyrosine oxidation, proton-
ation of histidine will occur between pH 6 and 9 when
the tyrosine is oxidized. This oxidation-induced proton-
ation of His 14 is an example of a PCET reaction, in
which the electron goes to one acceptor (solvent) and
the proton goes to a second acceptor, the imidazole
ring.

Our electrochemical data showed that the effect of
histidine protonation was to decrease the potential of
the tyrosine at low pH values. This has been previously
attributed to electrostatic stabilization of electron den-
sity on the phenolic oxygen (18) in the tyrosyl radical.
Because Tyr5 and His14 are not hydrogen-bonded, the
PCET reaction likely occurs through a network of wa-
ter molecules between Tyr5 and His14. Previous nano-
second transient absorption spectroscopy on tyrosine-
containing ruthenium and rhenium complexes has
shown that proton transfer can occur to solvent water
(41). Previous electrochemical studies have focused
on the PCET reactions for phenol and have also shown
that water can act as a proton acceptor (42).

The mechanism of PCET in peptide A has not as yet
been elucidated. Formation of a tyrosyl cation radical,
by sequential electron and proton transfer reactions, is
predicted to be unfavorable (39−42). Therefore, PCET to
histidine in peptide A may involve coupled, simulta-
neous motion of a proton and electron (CPET). A CPET
mechanism has been inferred for tyrosine/phenol
model compounds under some conditions (39−42), for
TyrZ at low pH (35), and for TyrD at high pH (34). Future
experiments will address this point.

Conclusions. Our studies of � hairpin peptides pro-
vide a model for PCET reactions in proteins. In � hair-
pin peptide A, proton transfer occurs to a cross strand
histidine when tyrosine is oxidized. The tyrosine and his-
tidine are not directly hydrogen-bonded, but PCET can
occur through bridging solvent. A hydrogen bond to ty-
rosine or a �-cation interaction with tyrosine causes de-
creases in midpoint potential. Hydrogen bonding and
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�-cation interactions also alter the mechanism of the
PCET reactions. Protonation of the histidine, the �-cation

interaction, and the hydrogen bond contribute equally
to the alteration in midpoint potential.

METHODS
Peptide Synthesis. Peptide A (IMDRYRVRNGDRIHIRLR), pep-

tide B (IMDRYRVRNGDRIVIRLR), peptide C (His14Cha) (IM-
DRYRVRNGDRI[Cha]IRLR), peptide D (His14Val; Arg12Ala) (IM-
DRYRVRNGDAIVIRLR), peptide E (Arg16Ile) (IMDRYRVRNGDRIHI-
ILR), and peptide F (Arg12Ile) (IMDRYRVRNGDIIHIRLR) were syn-
thesized by Sigma Genosys. The peptides were purified to 95%
homogeneity by the manufacturer. Mass spectrometry was used
to verify the sequence, and the purity was determined by analy-
sis of the reverse phase HPLC chromatogram.

Circular Dichroism (CD). A JASCO J-810 CD spectropolarimeter
equipped with a thermostatted cell holder was employed. CD
samples were prepared to concentrations between 0.1 and
0.2 mM in 5 mM acetate buffer at pH 5.0 or 5 mM borate buffer
at pH 11.0. Solutions were filtered using Acrodisc 25 mm sy-
ringe filters with a 0.45 �m HT Tuffryn membrane prior to data
collection. The spectra were collected between 186 and 250 nm
in 1 mm quartz cells at a scan speed of 50 nm/min (56, 57).
Four to twelve scans were averaged to generate each spectrum,
and three to five spectra on different samples were collected and
averaged. A baseline was recorded using 5 mM acetate-NaOH,
pH 5.0 buffer or 5 mM borate-NaOH, pH 11 buffer, and the base-
line was subtracted manually. Spectral conditions were as fol-
lows: sensitivity, 100 mdeg; data pitch, 1 nm; scanning mode,
continuous; scan speed, 50 nm/min; response time, 1 s; band-
width, 1 nm.

Electrochemistry. Square wave voltammetry measurements
were performed on a computer-controlled CH instruments, Inc.
workstation (18). The experiments were conducted in a three-
electrode cell, equipped with a 3 mm glassy carbon working
electrode from Bioanalytical Systems, Inc., a platinum counter
electrode, and a reference electrode (Ag/AgCl in 1 M KCl, E 

0.22 V (NHE)). The peptide sample concentrations were
0.05 mM in 0.2 M KCl and 10 mM sodium acetate-NaOH (pH
4.5�5.5), 10 mM sodium phosphate-NaOH (pH 6.0�7.5),
10 mM boric acid-NaOH (pH 8.0�9.5) or 10 mM CAPS-NaOH
(pH 10.0�11.5). For tyrosine samples, acetate, phosphate, bo-
rate and CAPS were also used as the buffer. The sample was
purged with nitrogen gas before data collection for 5 min. The
data was collected in the presence of N2 gas. The number of tri-
als was two for tyrosine, two for peptides A and C, six for pep-
tide D, and three for peptides E and F.

Oxidation was initiated with a holding time of 2 s at 0.1 V
and then scanned up to 1.1 V. Data were collected in incre-
ments of �E 
 0.004 V. The square wave frequency, f, was 5
Hz, and the amplitude, A, of the applied pulse was 0.025 V (scan
rate 
 
 fA 
 125 mV/s). The data were fit to a baseline manu-
ally, and the centroid was used to derive the peak potential.

Electron Paramagnetic Resonance (EPR) Spectroscopy. EPR
spectra were collected on a Bruker EMX spectrometer equipped
with a standard TE cavity. Spectra were recorded at 108 K using
a Wilmad flow-through liquid nitrogen Dewar (48, 49). The
samples were prepared to a concentration of 1 mM at pH 5.0
and pH 11.0 in 5 mM sodium phosphate-NaOH, pH 5.0 buffer
or 5 mM boric acid-NaOH, pH 11.0 buffer. The tyrosyl radical was
generated by 266 nm photolysis (48, 49). Baseline correction
of the spectra was performed using Igor Pro software. The
samples were flashed in the EPR cavity with fifty laser flashes
with a pulse energy of 50�60 mJ. Spectral conditions were as
follows: microwave frequency, 9.2 GHz; microwave power,

200 �W; modulation amplitude, 3 G; modulation frequency,
100 kHz; scan time, 168 s; number of scans, 4; time constant,
655 ms. Data were obtained for two different samples and were
averaged. At pH 5.0, the g values for the radicals were indistin-
guishable: 2.0042 for tyrosine solution, 2.0037 for peptide A,
2.0041 for peptide C (His14Cha), 2.0043 for peptide D
(Arg12Ala; His14Val), 2.0037 for peptide E (Arg16Ile), and
2.0043 for peptide F (Arg12Ile). At pH 11.0, the g values for
the radicals were also indistinguishable: 2.0042 for tyrosine so-
lution, 2.0042 for peptide A, 2.0041 for peptide C (His14Cha),
2.0043 for peptide D (Arg12Ala; His14Val), 2.0043 for peptide
E (Arg16Ile), and 2.0044 for peptide F (Arg12Ile).
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