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SUMMARY

Biomimetic peptides are autonomously folding secondary structural units
designed to serve as models for examining processes that occur in proteins. Although de
novo biomimetic peptides are not simply abbreviated versions of proteins already found
in nature, designing biomimetic peptides does require an understanding of how native
proteins are formed and stabilized. The discovery of autonomously folding fragments of
ribonuclease A and tendamistat pioneered the use of biomimetic peptides for determining
how the polypeptide sequence stabilizes formation of alpha helices and beta hairpins in
aqueous and organic solutions. A set of rules for constructing stable alpha helices have
now been established. There is no exact set of rules for designing beta hairpins; however,
some factors that must be considered are the identity of the residues in the turn and non-
covalent interactions between amino acid side chains. For example, glycine, proline,
aspargine, and aspartic acid are favored in turns. Non-covalent interactions that stabilize
hairpin formation include salt bridges, pi-stacked aromatic interactions, cation-pi
interactions, and hydrophobic interactions. The optimal strand length for beta hairpins
depends on the numbers of stabilizing non-covalent interactions and high hairpin
propensity amino acids in the specific peptide being designed. Until now, de novo
hairpins have not previously been used to examine biological processes aside from
protein folding. This thesis uses de novo designed biomimetic peptides as tractable
models to examine how non-covalent interactions control the redox properties of tyrosine

in enzymes.
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Photosystem Il provides an example of how non-covalent interactions may alter
the redox properties of tyrosine. Photosystem Il contains two redox active tyrosine
residues, Tyr 161 in the D1 polypeptide and Tyr 160 in the D2 polypeptide. Both Tyr 161
and Tyr 160 contain hydrogen bonds to nearby histidines, yet the two tyrosines are
functionally distinct. Tyr 161 mediates electron transfer between the primary donor,
Peso’. Tyr 160 is involved in assembly of the manganese cluster. Moreover, Tyr 160 and
Tyr 161 have different midpoint potentials and their tyrosyl radicals have different
lifetimes. The 2.9 A crystal structure of photosystem 11 reveals that a pi-cation interaction
between Tyr 160 and neighboring arginine residue (Arg 272CP47) may contribute to the
difference in redox properties of Tyr 160 and Tyr 161.

We have incorporated tyrosine into five de novo designed biomimetic beta hairpin
peptides: peptide A, peptide C, peptide D, peptide E, and peptide F. The amino acid
content of the peptides was systematically altered to determine how non-covalent
interactions with amino acids modulate the redox properties of tyrosine in enzymes. In
peptide A, tyrosine is involved in an aromatic interaction with histidine, a hydrogen bond
with arginine, and a pi-cation interaction with a second arginine. These non-covalent
interactions were varied by single or double amino acid substitution in peptides C
through F, and the concomitant alterations in the redox properties of tyrosine were
analyzed by EPR spectroscopy, electrochemical titration, and optical titration.

Electrochemical titration of peptide A revealed that oxidation of tyrosine is
coupled with protonation of histidine. Substitution of histidine by cyclohexylalanine
(peptide C) or by valine (peptide D) eliminated this PCET reaction. Electrochemical

titration of peptide A also showed that the aromatic interaction between tyrosine and
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histidine is associated with a 50 mV decrease in the redox potential of tyrosine. However,
removal of the hydrogen bond with arginine (peptide F) or the pi-cation interaction
(peptide E) reversed this decrease in redox potential.

Optical titrations were used to predict the pK of tyrosine in peptides A through F.
The pKs of tyrosine in peptides A, C, D, and F were indistinguishable. Removal of the
Tyr 5-Arg 16 hydrogen bond (Peptide E) decreased the pK of tyrosine from 9.3 to 8.3 and
caused small changes in the EPR spectrum of peptide E at pH 5.0.

These data demonstrate that the proton transfer to histidine, the hydrogen bond to
arginine, and the pi-cation interaction create a peptide environment that lowers the
midpoint potential of tyrosine. Moreover, these interactions contribute equally to control
the midpoint potential. The data also show that hydrogen bonding is not the sole
determinant of the midpoint potential of tyrosine. Finally, the data suggest that the Tyr
160D2-Arg 272CP47 pi-cation interaction contributes to the differences in redox

properties between Tyr 160 and Tyr 161 of photosystem II.
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CHAPTER 1

INTRODUCTION

1.1 Hierarchy of Protein Formation

In nature, proteins perform functions ranging from enzymatic catalysis to creating
channels by which charged particles enter or exit cells. Often, the function of a protein
can be determined by examining its structure. The structure of native proteins consists of
a hierarchical organization of primary, secondary, tertiary, and quaternary structure.™?
Figure 1.1 shows an example of the four levels involved in native protein formation.
Primary structure is the amino acid sequence of the protein’s polypeptide chains.” The
amide linkages that join amino acids in the primary structure are called peptide bonds;
they create the polypeptide backbone.? Secondary structure forms when the backbone
C=0 and N-H groups hydrogen bond with one another, giving rise to specific folding
patterns, such as helices, pleated sheets, and turns.? In helices, the backbone is twisted so
that hydrogen bonding occurs between C=0 and N-H groups within a single polypeptide
strand, while pleated sheets form when two or more polypeptide strands hydrogen bond.?
Amino acid side chain interactions help stabilize secondary structures as they form.?
Interaction of different secondary structural elements leads to the formation of tertiary
structure.? If the protein contains multiple polypeptide chains, those chains can associate

via non-covalent interactions to give the quaternary structure of the protein.



1.2 Secondary Structures in Proteins

The two most common forms of secondary structural motifs found in native
proteins are alpha helices and beta sheets.? The torsion angles, psi (¥) and phi (®), of the
polypeptide backbone specify alpha helix and beta sheet conformations.? Psi is the
dihedral angle affected by rotation around C,-NH bond. Phi is the dihedral angle affected
by rotation about the C,-C’O bond. In alpha helices, ¥ is -47° and ®@ is -57°.* In addition
to characteristic psi and phi angles, alpha helices also contain 3.6 residues per turn and
have a distance (pitch) of 5.4 angstroms between turns.” The backbone hydrogen
bonding pattern of alpha helices is such that the C=0 group of the nth amino acid residue
points toward the N-H group of the n+4 residue.? The amino acid side chains point
outward from the helical axis. In beta sheets, psi and phi vary depending on whether the
strands in the sheet are parallel or anti-parallel. Anti-parallel beta sheets have ¥ and ®
angles of 135° and -139°, respectively.! Parallel beta sheets have ¥ and ® angles of 113°
and -119°, respectively.! The hydrogen bonding pattern in beta sheets is called a two-
residue repeat. As a result of this pattern, the beta sheet has a hydrogen bonded face and a
non-hydrogen bonded face. The side chains of the component amino acids extend
outward from the backbone toward the hydrogen bonded or non-hydrogen bonded face in

an alternating pattern.



1.3 Considerations for Designing Beta Hairpins
1.3.1 Turn Sequence

Beta hairpins consist of two anti-parallel beta strands connected by a short loop
sequence.® Beta turns are composed of up to four residues (i through i+4, with the loop
region corresponding to residues i+1 and i+2) and are classified by their ¥ and @
dihedral angles (Figure 1.2 and 1.3).% Table 1.1 shows dihedral angles for nine possible
beta turn conformations. Beta hairpins are named as hairpins X:Y, where X is the number
of residues in the loop and Y is the number of residues in the turn that do not occur in the
strand.>* For example, a beta hairpin with a loop containing three residues and one
hydrogen bond closing the loop would have five residues in the turn that are not
considered to be a part of the strand. This beta hairpin would be classified as a hairpin 3:5
(Figure 1.4A). The smallest beta turn that can lead to beta hairpin formation contains a
two-residue loop closed by two hydrogen bonds, to give four total residues in the turn.**

This type of beta hairpin is called a hairpin 2:2 (Figure 1.4B).**



Table 1.1 Phi and psi dihedral angles of residues i+1 and i+2 in beta turns

Tum Type D;1q Win | Wiz
I -60 -30 90 0
r 60 30 9 0
1} -60 120 20 0
1 60 -120 -80 0
v -61 10 -53 17
Vlal -60 120 90 0
Via2 -120 120 -60 0
Vib -135 135 -75 160
Vil -60 -30 -120 120




Statistical analysis of beta hairpins in native proteins by Sibanda and Thornton
revealed that beta hairpins usually contain type I’ and type II’ turns.® The high occurrence
of type I’ and type II’ turns in beta hairpins was attributed to the compatibility between
the natural right handed twists of the turns and the natural twist of beta sheets formed by
anti-parallel strands.® This explanation was confirmed experimentally by Haque and
Gelman by examining the NMR spectra of 16-mer peptides containing p-Pro or -Pro at
the i+1 turn position and p-Ala or _-Ala at the i+2 turn position.’

The turn sequence defines the overall conformation of the beta hairpin. Figure 1.5
shows the peptide sequences examined by De Alba using NMR spectroscopy.® Residues
15-23 of native tedamistat forms a -hairpin 2:2 with a type | Trp-Arg turn. Substitution
of Ser 12, Trp 18, Arg 19, and Tyr 20 with Asn 17, Pro 18, Asp 19 and Gly 20 leads to
formation of a B-hairpin 3:5. Moreover, in native tendamistat, Tyr 15, GIn 16, and Ser 17
are facing GIn 22, Ser 21, and Tyr 20, respectively. In the mutant peptide, Tyr 15, Gin 16,
and Asn 17 are facing Ala 23, GIn 22, and Ser 21, respectively. In other designed
peptides examined by De Alba °, single amino acid substitutions also altered the B-
hairpin strand register.

Two-residue loop sequences are most attractive for designing beta hairpins. Two
strategies for constructing beta hairpins involve incorporation of either a p-Pro-Gly turn®
or an -Asn-Gly turn, as observed by NMR spectroscopy.* In Figure 1.6, the vertical
axis shows the change in C,H chemical shift values for each amino acid when the
designed peptides are compared with the random coil peptides. A change in the C,H
chemical shift value of 0.1 ppm or greater for consecutive amino acids suggests beta

sheet formation. In peptides containing the p-Pro-Gly turn or the _-Asn-Gly turn, the C,H



signals shift downfield by 0.1 ppm or more, as expected for polypeptide sequences that
adopt beta sheets in solution. The C,H downfield shifts of the p-Pro-Gly peptide were
larger than those yielded by the | -Asn-Gly peptide, indicating that the p-Pro-Gly turn is a
stronger beta hairpin promoter than the  -Asn-Gly turn in the peptides examined. No
clear trend was observed in the chemical shift index for the peptide containing an -Pro-
Gly turn. Therefore, these results, reported by Stanger and Gelman also indicate that the
conformation of the amino acids in the turn sequence affects beta hairpin formation.
Although Stanger and Gelman reported that the p-Pro-Gly turn promoted a more stable
beta hairpin in their peptides, the | -Asn-Gly loop sequence is found more often in type I’
turns in crystalline proteins than the p-Pro-Gly loop sequence.*? Several other studies
have successfully designed folded beta hairpins using the _-Asn-Gly turn.****™ In fact,
the efficacy of the _-Asn-Gly turn was proven in an experiment comparing a 16-mer beta
hairpin (KKYTVSINGKKITVSI) with its truncated 11-mer counterpart (SINGKKITVSI)
(Figure 1.7)."® Figure 1.8 shows the two-dimensional (NOESY) NMR spectrum of
SINGKKITVSI. NOESY NMR spectroscopy is useful for analyzing long distance
interactions between protons in peptides and proteins. In Figure 1.8 the signals located
symmetrically off of the diagonal line are called cross-peaks and show the proton
chemical shifts resulting from the through-space interactions of amino acid side chains.
Two-dimensional NMR cross-peaks between S6 and K11, 17 and K10, and 17 and N8
showed that the 11-mer still adopted a beta hairpin conformation in solution, despite not
having any of the stabilizing hydrophobic interactions that were present in the 16-mer

(Figure 1.8).



1.3.2 Side Chain-Side Chain Interactions

The amino acid side chains in beta hairpins can have through space, long-distance
non-covalent interactions with one another. Once beta turn nucleation occurs, these side-
chain interactions help stabilize the beta hairpin conformation. Griffiths-Jones and co-
workers demonstrated this point by performing a pH titration and mutation studies on the
16-residue beta hairpin peptide, KKYTVSINGKKITVSI.' In their work, changing the
pH of the peptide solution from 5.5 to 2.2 decreased the value of ASCyn (ASCqyp is defined
as the difference in the proton chemical shift values for a given amino acid in a random
coil sequence and in a beta sheet) for all 16 residues in the peptide (Figure 1.9).
Apparently, lowering the pH led to protonation of the C-terminal carboxylate group and
subsequent removal of a salt bridge between the Cyco0- of 116 and the Conps ™ of K1,
causing destabilization of the hairpin structure. In the same peptide, Y3A and V5A
mutations were used to test the effects of removing hydrophobic interactions from the
sequence. No beta hairpin structure could be detected via NMR spectroscopy of the
mutated peptides.

The energetic contributions of different types of side-chain interactions have been
reported. Waters and Tatko compared the contribution of a pi-stacked aromatic
interaction with the contributions of a hydrophobic interaction, and a mixed
aromatic/hydrophobic interaction in designed peptides Ac-RX;VOVNGKGIX,Q-NH,.'®
X1 and X2 are Phe and Phe, Phe and Cha, Cha and Phe, or Cha and Cha. Phe denotes
phenylalanine and Cha denotes cyclohexylalanine. Sequences containing the Phe-Phe
aromatic interaction or the Cha-Cha hydrophobic interaction had similar AH® values of

about -4 kcal/mol relative to random coil peptides. Sequences containing the mixed



aromatic/hydrophobic interactions (Phe-Cha or Cha-Phe) were less stable, with AH®
values of -2.3 kcal/mol and -3.2 kcal/mol. Therefore, it was concluded that attractive
interactions between pi-stacked aromatic residues or hydrophobic residues promote beta
hairpin formation.'® However, pi-stacked aromatic interactions impart specificity on the
polypeptide sequence. These results were later corroborated by Kiehna and Waters in
different peptides (FRTVFVPGOFITQF, ERTVFVPGOFITQK, and
ARTVFVPGOFITQA) for which AG® was calculated to be -0.2 to -0.3 kcal/mol (0.8-1.3
kd/mol)."

Ciani and co-workers used 16-mer hairpins containing zero, one, or two side
chain salt bridges to quantify the energetic contribution of salt bridges to beta hairpin
formation.'® Their work showed that the presence of one salt bridge stabilizes the beta
hairpin by about 1.2-1.3 kJ/mol. Two salt bridges stabilize the hairpin by 3.6 kJ/mol. The
fact that the actual energetic contribution of two salt bridges is greater than the sum of the
energetic contributions of the individual salt bridges indicates that the two salt bridges
cooperatively stabilize the beta hairpin. Ramirez-Alvarado also showed that inclusion of
a Lys-Glu salt bridge in the designed hairpin BH8 led to a more stable hairpin structure

than when Lys and Glu were substituted with Ala residues.'*

1.3.3 Beta sheet forming tendencies of the amino acids

The beta sheet forming tendencies of the 20 naturally occurring amino acids was
determined by Smith, Withka, and Regan by measuring T, and AAG of model proteins
derived from the B1 domain of staphylococcal IgG binding protein G.* B1 contains four

anti-parallel beta strands that are diagonally crossed by a single alpha helix. In native B1,



Thr 53 is solvent-exposed and its side chain extends from the face of the sheet that is
opposite the helix. Therefore, Thr 53 was substituted with each of the 20 amino acids.
Thr 53 is in close contact with lle 6 and Thr 44; thus, lle 6 and Thr 44 were mutated to
Ala to limit interactions between guest amino acids at position 53 and neighboring side
chains of the host protein. Their results showed that substitution of Val, lle, Thr, Phe,
Tyr, or Trp at position 53 yielded model proteins with the highest melting temperatures
(Tm) and the lowest AAG values. Substitution of Ala, Asp, Gly, or Pro yielded model
proteins with the lowest Ty, values and highest AAG values. So, Val, Ile, Thr, Phe, Tyr,
and Trp are the best beta sheet forming amino acids, while Ala, Asp, Gly, and Pro are the
worst beta sheet forming amino acids. Table 1.2 shows that Smith’s calculations correlate
well with results reported in a similar study performed by Kim and Berg ?° and with

statistical surveys performed by Chou and Fasman.?*#



Table 1.2 Summary of beta Sheet propensity data®

R(;lli‘:lsl:e Ty (°C) AAG (kcal/mol) Py AAG (gim & Berg)
(kcal/mol)

Tyr 69.22 -1.63 131 -0.50
Thr 68.67 -1.36 133 0.48
Ile 67.78 -1.25 1.57 .56
Phe 67.68 -1.08 123 0.55
Trp 65.73 -1.04 124 -0.48
Val 65.47 -0.94 1.64 -0.53
Ser 64.80 -0.87 094 -0.39
Met 6426 090 1.01 0.46
Cys 63.99 0.78 1.07 0.47
Leun 6247 045 1.17 -0.48
Arg 61.41 -0.40 094 -0.44
Asn 61.88 0.52 0.66 038
His 60.96 037 0.83 .46
Gln 60.90 038 1.00 -0.40
Lys 60.65 -0.35 073 041
Glu 58.81 -0.23 0.51 041
Ala 57.05 0 0.79 0.35
Asp 5091 0.85 0.66 041
Gly 4595 121 0.87 0

Pro <10 ND 0.62 023

10



1.4 PSI11 and the Need for Model Peptides to Exam the Redox Properties of Tyrosine

In green plants and cyanobacteria, photosystem Il (PSII) uses energy derived from
sunlight to catalyze the oxidation of water and the reduction of plastoquinone. Tyrosine
161 of the D1 polypeptide in PSII facilitates this process by oxidizing the manganese
cluster and reducing the primary donor P680". A second tyrosine residue, Tyr 160 of the
D2 polypeptide is not required for catalytic activity®®, but may be required for assembly
of the manganese cluster.”*?* In addition to performing different functions, Tyr161D1
and Tyr160D2 also have different redox properties.?>*! Tyr161D1 has a midpoint
potential of 1 V?® and a lifetime on the microsecond to millisecond timescale.?®#"%°
Tyr160D2 has a midpoint potential of 760 mV? and a lifetime on the minutes to hours
timescale.**® Although efforts have been made to determine how the redox properties of
tyrosine and its derivative compounds are regulated, the origin of the differences between
Tyrl61D1 and Tyr160D2 is still unclear.

One explanation for the differences between Try161D1 and Tyr160D2 is that
their redox properties are controlled by interactions with nearby amino acids. The 2.9 A
crystal structure shows that Tyr161D1 hydrogen bonds with His190D1 and is 5.08 A
from a salt bridge formed by Asp170D1 and Arg357CP43.% In the D2 polypeptide,
Tyrl60D2 also forms a hydrogen bond with a histidine residue (His189D2) and is 6.95 A
from an Arg180D2-Asp333D2 salt bridge.®* However, the D2 polypeptide contains two
additional arginine residues, Arg294D2 and Arg272CP47.%2 Arg272CP47 is 7.81 A from
Tyr160D2 and is positioned for a pi-cation interaction with this redox active tyrosine.*
This putative pi-cation interaction may be responsible for the differences in redox

properties observed when Tyr160D2 and Tyr161D1 are compared. Pi-cation interactions

11



are expected to contribute ~13 mV to the decrease in midpoint potential observed for
Tyr160D2.%

In the studies presented here, we examine how the protein sequence controls the
redox properties of tyrosine by incorporating a single tyrosine residue into small
biomimetic beta hairpins. The beta hairpins were designed using the concepts discussed
in section 1.3. These beta hairpins serve as tractable models in which the non-covalent
interactions with tyrosine are systematically altered so that the subsequent effect on the
proton affinity of tyrosine, and the midpoint potential and spin density distribution of the
tyrosyl radical can be determined. The necessity of such biomimetic beta hairpins is
understood by considering the complexity of photosystem I1. Photosystem 11 is a 356 kD
enzyme.*? PSII consists of 13 intrinsic protein subunits, 3 extrinsic protein subunits, 2
antenna proteins (CP43 and CP47), and 2 reaction center proteins (D1 and D2). In
addition to these 20 protein subunits, PS 1l also contains 35 chlorophyll molecules, 25
lipids, 12 carotenoids, 1oxygen evolving complex, 1 heme b, 1 heme c, 1 non-heme iron,
3 plastoquinones, and 2 pheophytins.*

In order to unambiguously determine how interactions with vicinal amino acids
influence the redox properties of tyrosine, the interactions of interest must be isolated
from all other protein components and enzymatic cofactors. This has been accomplished
for the hydrogen bonding interaction by synthesizing phenol derivatives that contain
pendant bases.>* However, in that study, the bases were covalently attached to the phenol
compound so that any alteration in the midpoint potential might also be attributed to an
inductive effect. In another study, the effect of the pi-cation interaction on the midpoint

potential was predicted using helical maquettes.® But in that study theoretical evidence

12



for pi-cation induced alterations in the midpoint potential of tyrosine was presented with
no supporting experimental evidence. The beta hairpins used in the studies presented
here provide a system in which the influence of hydrogen bonding, pi-cation interactions,
and aromatic interactions on the midpoint potential can be examined without the
restriction of a covalent attachment. Moreover, these studies present experimental

evidence that such interactions lower the midpoint potential of tyrosine.
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1.5 Figures

4]
RE R7

Primary Sequence

‘m

—

Helix Stramd Beturn
Secondary Structure

g,

-

Pehairpin a-hairpin pet—f motif
Supersecondary Structure

Tertiary Structure Quaternary Structure

Figure 1.1 Hierarchical organization of protein structure. This figure was
reproduced with permission from Venkatraman et al (1999).%°
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Figure 1.2 Structural elements of a beta hairpin. The beta hairpin consists of two -
strands connected by a four-residue -turn. Elements that contribute the beta hairpin
structure are (A) the strand length (B) side-chain interactions (C) backbone hydrogen
bonding (D) the sequence and conformation of the turn (E) the identity of the residues in
the loop. This figure was reproduced with permission from Stotz and Topp (2004). *
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Figure 1.3 Schematic of a B-turn. The arrows in the structure indicate ® and ¥ dihedral
angles at the i+1 position. The table shows ® and ¥ values for the i+1 and i+2 positions
in type I, type I, type I, and type II’ beta turns. This figure was reproduced with

permission from Stotz and Topp (2004). 3
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A. Hairpin 2:2

Figure 1.4 Comparison of a hairpin 2:2 and a hairpin 3:5. This figure was adapted
with permission from De Alba et al.**
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A. Tendamistat, Hairpin 2:2, Type I Turn

YIS Q16 Su7

Tk

W18

A3 Q22 S21 Y20

B. Mutant, Hairpin 3:5, Type I+ G1 Bulge Turn

Y15 Qlé NI7

Figure 1.5 Effect of mutations in the turn sequence on the beta hairpin conformation of
tendamistat residues 15-23. In native tendamistat (A), the turn is composed of S17, W18,
R19, and Y20. In the mutant (B), S17, W18, R19, and Y20 are replaced with N17, P19,
D19, and G20. This figure was adapted with permission from De Alba et al (1997).2
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Figure 1.6 Comparison of C.y chemical shift values for RYVEVXGOKILQ. X = p-Pro,
L-Arg, or _-Pro. Reproduced with permission from Stanger and Gellman (2008).*°
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Figure 1.7 Conformation of KKYTVSINGKKITVSI (A.) and SINGKKITVSI (B.). In
the truncated hairpin, hydrophobic interactions between Y3 and V14, T4 and T13, and
V5 and 112 have been removed. This figure was adapted with permission from Griffiths-
Jones et al (1998) **
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Figure 1.8 Two-dimensional (NOESY) NMR spectrum of SINGKKITVSI. Signals along
the diagonal are the chemical shift values of protons in the composite amino acids from
the one-dimensional spectrum. The symmetric off-diagonal signals arise from through-
space interactions between protons on the composite amino acids. The alpha proton
region is shown in A. The amide proton region is shown in B. This figure was
reproduced with permission from Griffiths-Jones et al (1998)."
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Figure 1.9 Effect of pH on the conformation of beta hairpin KKYTVSINGG’KKITVSI.
The NMR C,H chemical shift index is shown in A. Decreasing the pH from 5.5 to 2.2
reduces the beta sheet population of the peptide. The proposed effects of decreasing the
pH from 5.5 to 2.2 on the beta hairpin structure are shown in B. Lowering the pH disrupts
a terminal salt bridge between and may lead to (i) fraying of the hairpin at the C- and N-
termini or (ii) co-operative unfolding of the entire hairpin. This figure was reproduced
with permission from Griffiths-Jones et al (1999).'*
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Figure 1.10. Structure and complexity of photosystem II.

» Mass = 356 kD
» 20 protein subunits
* 13 intrinsic proteins
« 3 extrinsic proteins
» Antenna proteins
(CP43 and CP47)
» Reaction center
proteins (D1 and D2)
« 35 chlorophylls
« 25 lipids
+ 12 carotenoids
1 0OEC
*1heme b
*1heme c
* 1 non-heme Fe
+ 3 plastoquinones
» 2 pheophytins
The bullets give details

concerning the mass and number of protein subunits and cofactors in photosystem Il. The
structure was obtained with permission from Guskov et al.*?
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D1 polypeptide of PSII D2 polypeptide of PSII

Tyr161D1 His190D1

His189D2

/ Arg294D2

S

Tyr160D2

His332D1

Aspl170D1

3.39

Arg357CP43

Arg272CP47

Figure 1.11. Environment of the redox active tyrosines (Tyr161D1 and Tyr160D2) in the
D1 and D2 polypeptides of PSII (PDB ID 3BZ1%*). The solid lines indicate distances
between tyrosine and neighboring amino acids, and the dotted lines represent hydrogen
bonds. The RasMol molecular visualization tool was used to depict histidine (violet),
arginine (cyan), and aspartic acid (yellow) residues within 10.0 A of the tyrosine (green).
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CHAPTER 2
PROTON COUPLED ELECTRON TRANSFER IN A BIOMIMETIC
PEPTIDE AS A MODEL FOR ENZYME

REGULATORY MECHANISMS
Reproduced with permission from “Proton Coupled Electron Transfer in a Biomimetic
Peptide as a Model for Enzyme Regulatory Mechanisms.” Sibert, R.; Josowicz, M.;
Porcelli, F.; Veglia, G.; Range, K.; Barry, B. A., Journal of the American Chemical

Society,2007, 129; 4393-4400. Copyright 2007 American Chemical Society
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2.1 Abstract

Proton-coupled electron-transfer reactions are central to enzymatic mechanism in
many proteins. In several enzymes, essential electron-transfer reactions involve oxidation
and reduction of tyrosine side chains. For these redox-active tyrosines, proton transfer
couples with electron transfer, because the phenolic pK of the tyrosine is altered by
changes in the tyrosine redox state. To develop an experimentally tractable peptide
system in which the effect of proton and electron coupling can be investigated, we have
designed a novel amino acid sequence that contains one tyrosine residue. The tyrosine
can be oxidized by ultraviolet photolysis or electrochemical methods and has a potential
cross-strand interaction with a histidine residue. NMR spectroscopy shows that the
peptide forms a S-hairpin with several interstrand dipolar contacts between the histidine
and tyrosine side chains. The effect of the cross-strand interaction was probed by electron
paramagnetic resonance and electrochemistry. The data are consistent with an increase in
histidine pK when the tyrosine is oxidized; the effect of this thermodynamic coupling is
to increase tyrosyl radical yield at low pH. The coupling mechanism is attributed to an
interstrand Tyr-His interaction, which stabilizes the tyrosyl radical. A similar interaction
between histidine and tyrosine in enzymes provides a regulatory mechanism for

enzymatic electron-transfer reactions.
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2.2 Introduction

Redox-active tyrosine residues mediate long-distance electron transfer reactions
in several enzymes.' For example, in photosystem 1l (PSIl), Tyr 161 of the D1
polypeptide (TyrZ) participates in water oxidation by reducing the primary donor Pggy"
and by oxidizing the manganese cluster.? Tyr 160 in the D2 polypeptide (TyrD) is also
redox-active but is not required for water oxidation {reviewed in ref 3}. In addition to
TyrZ in PSII, tyrosyl radicals are essential for catalytic activity of prostaglandin H
synthase,”* ribonucleotide reductase (RNR),> and galactose oxidase.® Elucidation of the
environmental factors, which influence the structure and function of the radical, will
provide insights into the control of the activity in these enzymes. EPR studies of
isotopically labeled tyrosinate have revealed that tyrosine oxidation occurs from the
aromatic ring, generating a neutral radical with spin density located on the 1’, 3', and
5’ carbon atoms and on the phenolic oxygen.”® Additionally, rotation around the C,'-C,
bond alters the EPR line shape.”® In dipeptides, pentapeptides, and PSII, evidence for
spin density delocalization to the amide group has been obtained {see ref 9 and
references therein}. Oxidation of a protonated tyrosine at neutral pH values is coupled
with the deprotonation of the phenolic oxygen.'® This coupling of electron and proton
transfer is due to a dramatic decrease in the pK of the phenolic oxygen in the radical
state.’® Therefore, changes in the pK of the proton-accepting group can alter the free
energy of the oxidation/reduction reaction.* In direct coupling reactions, the proton and
electron movement may be simultaneous, sequential, or nonsynchronous.*?

According to Marcus theory, one of the factors influencing the electron-transfer

rate is the oxidation potential of the redox-active cofactor.”®* Previous work has reported
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a shift in tyrosine redox potential in designed helical proteins that contain tyrosine

residues.**®

In one study, the observed increase was attributed to the non-polar
environment and to shielding of the aromatic side chain from potential proton
acceptors.** More specific intermolecular interactions with hydrogen bonded and charged

1.2 The effect of non-covalent

groups are also expected to shift the midpoint potentia
interactions on the potential of redox-active cofactors, such as hemes, iron sulfur clusters,
and other metal centers, has been systematically explored in peptide models or maquettes
{for examples, see refs 16-24}. Also, peptide bond formation may change the midpoint
potential of a redox active amino acid residue, if spin density delocalization occurs to the
peptide bond.® To develop a peptide system in which the effect of specific

intermolecular and covalent interactions on tyrosyl radical can be probed, we designed an
18 amino acid sequence (Figure 2.1A, Peptide A), which we predicted would fold into a
[S-hairpin polypeptide {for previous examples of designed S-hairpin peptides, see refs
25,26}. This peptide exhibits an interstrand proton-coupled electron-transfer reaction
between a histidine and the redox-active tyrosine. Our data suggest that thermodynamic

coupling between electron and proton transfer decreases the midpoint potential of the

redox-active tyrosine at low pH values.

2.3 Materials and Methods
2.3.1 Samples. Peptide A, IMDRYRVRNGDRIHIRLR, and peptide C,
IMDRYRVRNGDRI[Cha]IRLR, in which a cyclohexylalanine (Cha) is substituted for a

histidine, were synthesized by Sigma Genosys (The Woodlands, Texas). The peptides
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were purified to 95% homogeneity by the manufacturer. Mass spectrometry was used to
verify the sequence, and the purity was determined by analysis of the reversed phase
HPLC chromatogram.

2.3.2 NMR Spectroscopy. The NMR samples had a concentration of 1mM in 90%
'H,0/10% “H,0 and were buffered with 10 mM sodium phosphate, pH 5.0. NMR spectra
were recorded using a Varian Unity spectrometer operating at 600 MHz at a temperature
of 25 °C. An inverse detection triple-resonance probe was used. Resonance assignments
were performed using two-dimensional *H/*H TOCSY (75 ms mixing times) and *H/*H
ROESY (100, 200, 350 ms mixing time) experiments.?” Water suppression was achieved
using the WATERGATE technique.”® Spectra were collected with 256 complex data
points in the t; dimension and 1024 in the t, dimension. TOCSY spectra were acquired
using a DIPSI-2 pulse sequence.?®* The spectral widths were 8 kHz on both the t; and t,
dimensions. The DQF-COSY spectrum®**? was acquired on the 800 MHz Varian Unity
spectrometer using 512 complex data points in the t; dimension and 2048 in the t;
dimension. The DQF-COSY data were apodized with a 90° shifted sine bell in both
dimensions prior to zero filling to 2048 _ 4096 data matrices to obtain the maximum
digital resolution for coupling constant measurements. Proton chemical shifts were
referenced to internal 3-(trimethylsilyl) propionic acid (TSPA). NMR spectra were
processed using NMRPipe® and analyzed using SPARKY.3* 2D spectra were processed
with a sine bell window function shifted by 90°. The data were zero filled to twice their
size before Fourier transformation. In the ROESY spectrum obtained with a mixing time
of 300 ms, ROE cross-peaks were integrated and used for the structure calculations. The

ROE volumes were calibrated using the average ROE volume from resolved aromatic
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vicinal protons of Tyr 5. The ROE volumes were classified as strong, medium, and weak,
corresponding to distance restraints of 1.9-2.7 A, 1.9-3.3 A, and 1.9-5.0 A, respectively.*
Structure calculations were performed using XPLOR-NIH,*®**" starting from extended
structures and using random simulated annealing calculations.®® An initial high-
temperature phase consisting of 6000 restrained molecular dynamics steps of 0.5 fs each
was performed at a temperature of 1000 K. During this stage, all of the force constants
were kept fixed. Subsequently, a molecular dynamics cooling phase comprised of 3000
steps of 0.5 fs each was employed, with the temperature decreasing from 1000 to 100 K
during this interval. To refine the generated conformers, a second simulated annealing
was carried out starting at 2000 K, including the full van der Waals potential. The
temperature was decreased from 2000 to 0 K. During the high-temperature steps, the
dihedral angles were constrained using a harmonic potential with a force constant of 200
kcal/mol. A final minimization of 500 steps was performed using the Conjugated
Gradients Method. A total of 147 ROEs (78 inter- and 69 intra-residue) was used in the
calculations. All the ROEs were unambiguously assigned, and since stereo-specific
assignments could not be made pseudo atoms were employed using the center of mass
approach. The backbones of all the structures generated give an identical fold with
RMSDs on the average backbones within 0.5 A. A total of 50 structures were generated
by the simulated annealing protocol. 20 structures were then accepted for further analysis.
The conformers generated were accepted on the basis of the lowest ROE violations. The
analysis was carried out using the “accept.inp” routine included in the XPLOR software
package. The 20 structures showed no violations of ROE constraints higher than 0.5 A,

bond angles higher than 5°, and bond lengths higher than 0.05 A. The covalent geometry
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of the conformers generated was analyzed using PROCHECK_NMR.*  For one-
dimensional NMR studies at pH 11, samples were prepared to a concentration of 4 mM in
90% 'H,0:10% H,0 at pH 11 using 10 mM borate buffer. The pH was adjusted with
NaOH. The spectra were collected on a 500 MHz Bruker spectrometer at 25°C, using 128
scans and 64 K data points. Water suppression was achieved using the WATERGATE
technique. The data were processed using Mestre-C v.23 and IgorPro software.

2.3.3 FT-IR Spectroscopy. Solutions of 50 mM peptide A, buffered with 10 mM borate-
NaOH, pH 11, were used. Absorbance spectra (Figure 2.7) were collected at room
temperature on a Magna 550 spectrometer (Nicolet, Madison, W1), equipped with a MCT
detector. The detector was cooled at least 30 minutes prior to data collection. The sample
holder was a Hansen cryostat (RG Hansen & Associates, Santa Barbara, CA). The
spectrometer was purged with nitrogen gas throughout data acquisition in order to
minimize water vapor. Spectral were as follows: resolution, 4 cm-1; mirror velocity, 1.57
cm/s; apodization function, Happ-Genzel; levels of zero filling, one. Data were collected
for 200 sec and on two different samples. Buffer contributions were subtracted
interactively, and the resulting spectrum reflects hydrogen bonding to the amide bonds of
peptide A.

2.3.4 UV Spectroscopy and pK Determination. pH titrations were conducted to measure
the pK of the tyrosine in peptide A and in tyrosine solutions. Changes in tyrosine
protonation were monitored by measuring the absorbance at 270 (TyrOH) nm and
dividing by the sum of the absorbance at 270 (TyrOH) and 295 (TyrO-) nm.** A Hitachi
U-3000 UV-visible spectrophotometer and 1 cm path length cuvettes were employed.

The tyrosine or peptide concentration was 50 uM, and 10 mM MES-NaOH (pH 4.0-5.5),

34



10 mM HEPES-NaOH (pH 6.0-8.0), 10 mM boric acid-NaOH (8.5-10.5), or 10 mM
CAPS-NaOH (pH 11.0-11.5) were employed as buffers. Experiments were performed on
two different samples and then averaged. Experiments performed with a different choice
of buffering agent gave the same result.

2.3.5 EPR Spectroscopy. The tyrosine or peptide A concentration was 1.0 mM, and either
10 mM sodium phosphate-NaOH (pH 5) or 10 mM boric acid-NaOH (pH 11) was used
as a buffer. EPR spectra were collected on a Bruker EMX spectrometer (Billerica, MA).
Spectra were recorded at 103 K through the use of a Wilmad (Buena, NJ) flowthrough
dewar. The radical was generated with a 266 nm photolysis pulse using methods
previously described.® After baseline correction, spectra were integrated twice using Igor
Pro software (Wavemetrics, Lake Oswego, OR). Experiments were performed on two
different samples and averaged.

2.3.6 Electrochemistry. Tyrosine (0.01 mM), peptide A (0.05-0.1 mM), and peptide C
(0.1 mM) samples were prepared in buffered solutions that contained 0.2 M KCI and 10
mM sodium acetate-NaOH (pH 4.0-5.5), 10 mM sodium phosphate (pH 6.0-7.8), 10 mM
boric acid-NaOH (8.0-9.5), or 10 mM CAPS-NaOH (pH 10.0-11.8). Square wave
voltammetry measurements were performed on a computer controlled CH Instruments,
Inc. (Austin, TX) electrochemical workstation. The experiments were conducted in a
three-electrode cell, equipped with a 3 mm diameter glassy carbon working electrode
from Bioanalytical Systems, Inc. (West Lafayette, IN), a platinum foil counter electrode,
and a reference electrode, Ag/AgCl in 1 M KCI, E = 0.22 V (NHE). In order to eliminate
junction potential between the reference electrode and the test solution an electrolytic

junction filled with 1 M KNO3 was used. The sample was purged with nitrogen gas
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during data collection. 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 increments of AE = 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 v = f * A = 125 mV/s). The parameters were optimized in relation to the
maximum value of peak current and peak width (half peak potential). The data were fit to
a baseline manually, and the centroid was used to derive

the peak potential. Experiments were performed on two to four samples and averaged,
and experiments conducted with different buffers gave similar results. A standard,
hexaamine ruthenium(l11) chloride (Strem Chemicals, Newburyport, MA) at 2.5 mM in 1
N KCI, was run on each day of data acquisition. The averaged value for this standard was
-0.18+ 0.01 V. Experiments performed with a different choice of buffering agent gave the
same result. The pH dependence of the peak potential was analyzed using Igor Pro
software. The data for tyrosine and peptide C were fit with the following equation: Ey, =
E* - 0.06 log[{10PX™ + 10PH}/{10PX"® + 10P"}], which describes the influence of a
single ionizable group on the midpoint potential of a single electron-transfer reaction.****
In this equation, E* is the extrapolated midpoint potential at pH 0, and pKox and pKpeq are
the pK values of the tyrosine side chain in the oxidized (tyrosyl radical) and reduced
forms, respectively. In trial fits, E* and pK.q were estimated from the data and then
varied so as to minimize the chi-square value. In the resulting best fit to both the tyrosine
and the peptide C data, pKqx was equal to 0 (see ref 10) and pKq was equal to 10.0 (see
optical titration data, Figure 2.3). E* was equal to 1.33 V for tyrosine and 1.28 V for
peptide C. For peptide C, equations including the protonation of more than one titratable

group gave a less reliable fit to the data, as assessed by the chi-square value.
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For peptide A, data, describing the pH dependence of the peak potential, were fit with the
following equation, E, ) E* - 0.06 log [[({10P"}® + {10P™}? * {10PK}) + ({10PH} *
{lO-pKoxl} * {1O-pKox2}) + ({10-pKoxl} * (10-pKox2) * {1O-pKox3})] /[({10-pH}3 + {1O-pH}2 *
{107°y) + ({2077} * {107y > {107 + ({207} * (10PN * {10
PKred31)]], which describes the influence of three titratable groups on the midpoint
potential of a one-electrontransfer reaction.”>*" Initial values of the pK values were
estimated from observed inflection points in the data, and the initial value of E* was
estimated by extrapolation. E* and the pK values were then varied to optimize the chi-
square value. In the final fit, the three values of pKyx were equal to 0 (pKox1, assigned to
tyrosine), 8.0 (pKoxz, assigned to histidine), and 4.5 (pKoxs, assigned to aspartic acid). The
three values of pKrq were equal to 10.0 (pKieq1, assigned to tyrosine), 7.0 (pKred2,
assigned to histidine), and 4.0 (pKeq3, assigned to aspartic acid). In the final fit, E* was
equal to 1.09 V. Inclusion of only one or two titratable groups in the equation gave a less
reliable fit to the data, as assessed by the chi-squared value.

2.3.7 Calculations. Electronic structure calculations were performed on gas-phase models
of tyrosine and a tyrosyl radical with the Kohn-Sham density-functional theory (DFT)

using the hybrid exchange functional of Becke**?

and the Lee, Yang, and Parr
correlation functional44 (B3LYP). All electronic structure calculations were performed
with the GAUSSIANO3 suite of programs.®® The singlet tyrosine was modeled by an
anionic tyrosine (with a proton on the phenolic oxygen) in the A conformation, as
previously defined.*® The tyrosyl radical was modeled by an anionic tyrosyl (with a

deprotonated phenolic oxygen) in the A conformation.“® The molecules are anionic due to

the negative charge on the carboxylate group. These gas-phase model structures have
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been quite successful in previous studies of tyrosine and tyrosyl vibrational spectra.*®

Geometries were obtained using the 6-31++G(d,p) basis set,*’ as in ref 46. Integrals
involving the exchange-correlation potential used the default numerical integration mesh
with a maximum of 75 radial shells and 302 angular quadrature points per shell pruned to
approximately 7000 points per atom.*® Geometry optimizations were done in redundant
internal coordinates with the default convergence criteria.*® Maps of the electrostatic
potential were created from B3LYP/6-311++G(3df,2p) single-point calculations.*’ The
electrostatic potential was mapped onto an isodensity contour at 0.001 au using the

gOpenMol suite of programs.*

2.4 Results and Discussion

Peptide A, IMDRYRVRNGDRIHIRLR (Figure 2.1A), was designed with an amino acid
composition that promotes A-sheet formation,>* an Asn-Gly type I’ turn sequence,® two
salt bridges,>® and a Tyr-His aromatic interaction.>* As a control, another peptide (peptide
C) was synthesized in which His 14 was replaced with cyclohexylalanine (Cha). NMR
spectroscopy was used to determine the structure of peptide A at pH 5.0. Representative
data and a complete list of all observed ROE values are presented in Figures 2.2 and 2.3.
As predicted, the peptide forms a well-ordered g-hairpin (Figure 2.1B). The chemical
shift index of H, reported in Figure 2.3B displays only positive deviations from the
random coil values. Excluding the terminal residues, an average of 10 ROEs per residues
were detected, resulting in a well-ordered backbone structure with an ~0.5 A RMSD
(Figure 2.3C). A plot summarizing the backbone ROEs and Jin.+r is reported in Figure

2.3A. The average minimized structure (Figure 2.1C) obtained from the simulated
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annealing calculations shows that the two aromatic residues Tyr 5 and His 14 are co-
facially aligned. The interstrand ROEs between these residues are highlighted in Figure
2.2, showing that the distances between the protons of His 14 and Tyr 5 are less than 5 A.
This offset, stacked orientation is typical of z- interactions in proteins.”® Tyr 5 is also
located within ~5 A of Arg 16 and Asp 3. The average, minimized structure suggests that
Arg 16 forms a salt bridge with the cross-strand Asp 3 (Figure 2.1C) and that Arg 16
forms a hydrogen bond to the Tyr 5 phenolic oxygen through the arginine e-NH group
(Figure 2.1C).

The effect of these intermolecular interactions on the pK of the tyrosine side chain
in peptide A was investigated. This experiment was performed by monitoring the
deprotonation of the tyrosine side chain through optical spectroscopy. There was no
significant shift of the pK when tyrosine solutions were compared to peptide A (Figure
2.4). This can be rationalized by reference to the averaged and minimized peptide NMR
structure (Figure 2.1C), which shows that the arginine, which is hydrogen bonded to the
tyrosine, is also involved in a salt bridge with aspartate. The effect of this arginine-
aspartate interaction is to neutralize the charge on the arginine side chain.

Tyrosine can be oxidized photochemically by 266 nm UV photolysis, and the
resulting neutral radical can be detected and quantitated by EPR spectroscopy (Figure
2.5). Microwave power saturation curves for tyrosine and peptide A samples were
measured at both pH 5 and pH 11. These experiments showed that the P/, values for the
tyrosyl radical in the tyrosine and peptide samples were significantly altered, when the
two samples are compared. For peptide A, the values were 1.8 mW at pH 11 and 1.6 mW

at pH 5.0. For tyrosine, the values were 0.5 mW at pH 11 and 0.7 mW at pH 5.
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Accordingly, EPR experiments were conducted at 0.2 mW, at which no significant
saturation or power broadening would be expected in either sample. The difference in
P12, when the tyrosine and peptide A samples are compared, provides support for the
conclusion that the peptide tyrosyl radical is involved in an interstrand, non-covalent
interaction at both pH values and is not in an exclusively aqueous environment.

Under non-saturating microwave power conditions at 0.2 mW, the EPR spectra
recorded in tyrosine (Figure 2.5B and D) and peptide A (Figure 2.5A and C) samples
showed small differences in line shape, which mainly corresponded to broadening of the
peptide A EPR line shape. Observed differences in the EPR signals (Figure 2.5) are
consistent with a difference in the distribution of side chain conformers in the peptide or
with a redistribution of spin density, which could be caused by hydrogen bonding
between the arginine side chain and the tyrosyl radical.”® The origin of this effect is
interesting and can be pursued by eventual isotopic labeling of the tyrosyl radical in
peptide A and by EPR simulations. A contribution to the EPR spectrum from an oxidized
histidine side chain is unlikely due to the reported redox potentials of histidine and
tyrosine.*®?’

The EPR spectra were doubly integrated in order to quantitate the amount of
signal. The 266 nm optical properties of the samples at 103 K were similar. The results
show that, at pH 11, the yield of the neutral radical was indistinguishable in peptide A
and tyrosine (Figure 2.5A and B, Table 2.1). However, there was a significant increase in
radical yield in the peptide at pH 5.0, relative to tyrosine were solutions (Figure 2.5C and
D, Table 2.1). These EPR results could be consistent with a change in the redox potential

of the tyrosine side chain at low pH, if there is no difference in non-radiative decay rate.
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Table 2.1. Electrochemical and EPR studies of peptide A and tyrosine samples

Voltammetry EPR
Sample pH Peak Potential (V)  Radical Yield"
Peptide A 50 0.97£0.01 97 +12
Tyrosine 5.0 1.02+0.01 65+9
Peptide A 11.0 0.69+£0.01 119+ 15
Tyrosine 11.0 0.70+0.01 112 + 10

®Peak potential versus NHE.

PRelative yield derived by double integration of the tyrosyl radical EPR spectrum under
non-saturating conditions.

Upon photo-ionization of tyrosine at room temperature, the solvated electron can be
detected optically, so the eventual electron acceptor in both samples is likely to be
solvent {reviewed in ref 1}. The issue of the non-radiative decay rate can be pursued in
future experiments.

At pH 11, the one-dimensional NMR spectrum shows no collapse of the H,
region, indicating that the peptide is folded (Figure 2.6). At pH 11, complete structural
determination for peptide A was not attempted because of rapid exchange of the amide
protons. However, the one-dimensional spectrum shows chemical shift dispersion in the
H, region. Chemical shift dispersion is characteristic of folded proteins.? FT-IR
measurements at a concentration of 50 mM also provide evidence for g-strand content at
pH 11 (Figure 2.7).

To test the idea that there is a change in tyrosine redox potential in peptide A,
square wave Vvoltammetry was employed {see refs 14,57}. Representative
voltammograms for tyrosine and peptide A are presented in Figure 2.8. The tyrosine

oxidation reaction has been shown to be irreversible in voltammetric experiments, but in
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previous work, the observed peak potentials can be corrected to give redox potentials.>
In our experiments, there was no significant (<2%) effect of scan rate and concentration
on the measured potentials for peptide A,** suggesting that any correction factor is
negligible. In previous work on a tyrosine-containing designed peptide, the correction
was reported as 0.02 V.!* Because we are not deriving any thermodynamic quantities in
our analysis of the electrochemical data, we report the uncorrected peak potentials. For
tyrosine, data had to be recorded at a low concentration to avoid increased data scatter
due to a putative sample-electrode interaction.

The potential for tyrosine at pH 7 was in good agreement with results in ref 57
after correction for NHE (+0.22V), when the same concentration was used.’® In Figure
2.9, the peak potential of tyrosine was determined as a function of pH at pH values
between 4 and 12. For tyrosine solutions, the results (Figure 2.9, open triangles) show
that, as expected, the potential increases linearly with decreasing pH under the pK (10.0)
of the tyrosine phenolic oxygen. The observed, absolute value of the slope between pH 4
and 10 is 63 mV/pH unit. This slope is in reasonable agreement with the expected slope
(59 mV/pH unit) for an electron-transfer process in which both a proton and an electron
are transferred at 25 °C.>" The data were fit (Figure 2.9, open triangles, dashed line) with
a modified Nernst equation, in which it is assumed that a single proton-transfer reaction,
in this case, the protonation of the tyrosine side chain, influences the potential.*®*
However, the pH dependence of the peak potential (Figure 2.9, squares) for tyrosine-
containing peptide A reveals a more complex reaction process. Peptide A data were fit
best with a model in which three ionizable groups, attributed to aspartic acid, histidine,

and tyrosine, influence the potential (solid line). In particular, two pK values of 7.0 and
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8.0 are evident as inflection points (Figure 2.9, arrows) in the data.** These pK values are
attributed to the cross-strand histidine (His 14), which has dipolar contacts with the
tyrosine side chain (Tyr 5) (Figure 1B and C). This conclusion is supported by studies of
peptide C, a peptide A variant in which cyclohexylalanine is substituted for His 14 and in
which these turning points are not observed (Figure 2.9, circles, dot-dashed line). From
the slope change at each inflection point, the value of 7.0 is assigned to the pK of His 14
in the reduced state and the value of 8.0 is assigned to the pK of His 14 in the oxidized
state {see ref 41 and references therein}. In peptide A (solid line), pK values of 0
(oxidized state) and 10 (reduced state) were attributed to Tyr 5, and pK values of 4.5
(oxidized state) and 4.0 (reduced state) were attributed to Asp 3. A pK of 7.0 is typical of
the histidine side chain in proteins. As observed in Figure 2.9 and the associated fit, when
the tyrosine side chain in peptide A is oxidized, the pK of the histidine increases by ~1
pH unit. Therefore, in the pH range from 7.0 to 8.0, the histidine side chain protonates
when the tyrosine side chain is oxidized, and the oxidation reaction between pH 7.0 and
8.0 results in the net transfer of a proton from the tyrosine to the histidine. In the ranges
from pH 8.0-10.0 and 4.5-6.9 (Figure 2.9), the absolute values of linear slopes derived
from the data are 51 £ 9 mV/pH unit and 53 £ 3 mV/pH unit, respectively. As stated
above, these values are consistent with the expected one proton-one electron reaction.
The change in slope (to 27 £ 6 mV/pH unit) in the pH range between 7.0 and 8.0 may be
due to the close overlap of the histidine pK values. As observed in Table 2.1, the
consequence of this proton-coupled electron-transfer reaction is to favor tyrosyl radical
formation at low pH. If one considers thermodynamic linkage of the oxidation and

reduction reactions, the expected alteration in midpoint potential for a one unit pK change
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is a decrease of 59 mV at 25 °C {NFAEmM = RT In(Kox/Kreq)}.** When tyrosine and
peptide A are compared, a 0.050 V decrease in peak potential in peptide A is observed at
pH 5 (Table 2.1). Moreover, the cyclohexylalanine variant shows a confirmatory increase
in peak potential at low pH, when compared to peptide A (Figure 2.9, circles). Taken
together, these data suggest that histidine protonation and tyrosine oxidation are

thermodynamically linked in peptide A.

2.5 Summary

Our results show that peptide bond formation and proton transfer involving
histidine can alter the redox potential of tyrosine, even when the histidine and tyrosine
are not directly hydrogen bonded. To understand the basis of this interaction, electrostatic
maps were calculated*® for tyrosine (Figure 2.10A) and for the tyrosyl radical (Figure
2.10B). As observed in Figure 2.10, oxidation of tyrosine is associated with an increase in
negative charge on the phenolic oxygen, which may stabilize the positive charge on the
histidine side chain. In turn, the protonated imidazole group will stabilize the tyrosyl
radical, relative to tyrosine. Thus, our results suggest a novel method by which the

protein environment can alter tyrosyl radical function and control electron-transfer rates.
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2.7 Figures
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Figure 2.1. Structures of peptide A, IMDRYRVRNGDRIHIRLR. A.The primary
sequence, predicted hydrogen bonds, and predicted cross-strand interactions with tyrosine
(green) are shown. B. The overlap of the 20 lowest energy structures, as derived from 2-
D NMR spectroscopy at pH 5.0, is presented. Only five amino acid side chains (see part
A, green) are shown. C. Interactions with the tyrosine, Y5, in the averaged, minimized
NMR structure are shown. Hydrogen atoms are omitted, and hydrogen bonds are shown
as dotted lines.
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Figure 2.2. Portions of the *H/*H ROESY spectrum acquired at 600 MHz showing the
inter-strand contacts between Y5 and H14 in peptide A. Dipolar correlations between [3-
protons (top panel) and between a- and B-protons (bottom panel) of Y5 and H14. See
Materials and Methods for experimental conditions.
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Figure 2.3. Summary of the NMR data: A. short- and long-range ROEs, B. the H,
chemical shift index, and C.the root-mean-square deviations of the backbone atoms (C,,
NH, C¢) for the conformational ensemble calculated using simulated annealing
procedures. See Materials and Methods for more information.
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Fraction Tyrosine

Figure 2.4. Optical titration of the peptide A (A) and tyrosine solutions (m). Fraction
tyrosine is defined as [Tyr]/{[Tyr] + [TyrO]}. See Materials and Methods for
experimental condtions.
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Figure 2.5. EPR spectra of tyrosyl radical, generated by UV photolysis, in peptide A at
pH 11 A. and pH 5 C. For comparison, spectra generated from tyrosinate at pH 11 B. and
from tyrosine at pH 5 D. are also shown. Spectral conditions were as follows: microwave
frequency, 9.21 GHz; power, 200 pW; modulation amplitude, 3 G; modulation
frequency, 100 kHz; time constant, 655.36 ms; conversion time, 163.84 ms; number of
scans, 4; temperature, 103 K. See Materials and Methods for experimental conditions.
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Figure 2.6. One-dimensional NMR spectrum of Peptide A at pH 11. The Cy, region of
the spectrum is shown. The chemical shift dispersion of the 1-D NMR spectrum suggests
that peptide A folds at pH 11.
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Figure 2.7. FT-IR spectrum of peptide A at pH 11. Observation of two bands at 1622
and 1668 cm™ is consistent with significant beta sheet content in the peptide at this pH.
See Materials and Methods for experimental conditions.

52



A. Peptide A, pH 5 B. Peptide A, pH 11
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C. Tyrosine, pH 5 D. Tyrosine, pH 11
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Potential (V), vs Ag/AgCI
Figure 2.8. Square wave voltammetry of tyrosine and peptide A solutions. The anodic
current versus applied potential are plotted for tyrosine at pH 5 C. and pH 11 D. and for

peptide A at pH 5 A.and pH 11 B. For the assignment of peak potentials, see Table 2.1.
See Materials and Methods for experimental conditions.
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Potential (V) vs NHE

Figure 2.9. Effect of pH on the peak potential of the anodic waves, as assessed by square
wave voltammetry, for peptide A (m), peptide C (@), and tyrosine solutions (A). In some
cases, the error bars are smaller than the symbols used to represent the points. Data were
fit with equations describing a model in which oxidation is coupled to protonation of one
(peptide C, dot-dashed line and tyrosine, dashed line) or three (peptide A, solid line)
ionizable groups.®®*! See the Materials and Methods section for details concerning the
fits. As expected, the tyrosine and peptide C data (A and e, respectively) were fit well
with a model in which protonation of the tyrosine phenolic oxygen (pK= 0, oxidized state
and 10, reduced state) influences the potential (dashed and dot-dashed lines). Peptide A
data were fit best with a model in which three ionizable groups influence the potential
(solid line). In peptide A (solid line), pK values of 0 (oxidized state) and 10 (reduced
state) were attributed to tyr, pK values of 8.0 (oxidized state) and 7.0 (reduced state) were
attributed to his, and pK values of 4.5 (oxidized state) and 4.0 (reduced state) were
attributed to an aspartic acid. The arrows show inflection points assigned to histidine in
peptide A.

54



Figure 2.10. Electrostatic maps of tyrosine A. and the tyrosyl radical B. in their anionic
forms. The molecules are anionic due to the negative charge on the carboxylate group.
The colors correspond to the value of the electrostatic potential in atomic units; red colors

are more positive, and blue colors are more negative.
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3.1 Abstract

Tyrosine side chains are involved in proton coupled electron transfer reactions
(PCET) in many complex proteins, including photosystem Il (PSII) and ribonucleotide
reductase. In particular, PSII contains two redox active tyrosines, which have different
protein environments, midpoint potentials, and roles in catalysis. Designed biomimetic
peptides provide a tractable system, which can be used to investigate how the protein
matrix controls these PCET reactions. In a previous report, PCET reactions were shown
to occur between a tyrosine (Tyr 5) and a cross-strand histidine (His 14) in a designed, 18
amino acid beta hairpin peptide. In this peptide, the single tyrosine is hydrogen bonded
to an arginine residue, Arg 16, and a second arginine, Arg 12, has a pi-cation interaction
with the tyrosine. The effect of these interactions was to lower the midpoint potential of
Tyr 5 at low pH values and to cause redox changes in the pK of His14. In this report,
four additional peptides are used to characterize the effect of hydrogen bonding and
electrostatic interactions on these PCET reactions. Circular dichroism shows that all the
sequences form stable beta hairpin peptides, and electron paramagnetic resonance
spectroscopy shows that the structural environment of the tyrosyl radical is not
significantly altered by most substitutions. Optical titration of the peptides reveals that
the pK of tyrosine is not significantly altered by removal of His14 or Argl2. However,
substitution at the hydrogen bonding Argl6 decreases the pK of Tyr5 from 9.3+0.1 to
8.3+0.1. Electrochemical titration measurements confirm that histidine substitutions
eliminate PCET reactions. Removal of Arg 16 or Arg 12 has no effect on PCET, but
increases the midpoint potential for tyrosine oxidation by approximately 50 mV at all

tested pH values. The effects of arginine substitution are consistent with the change in
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midpoint potential, which is observed for the PSII redox-active tyrosine residues. Taken
together, the results show that a pi cation interaction, hydrogen bond, and PCET between
tyrosine and histidine alter the functional properties of redox active tyrosine residues. In
particular, these interactions can contribute equally to the control of midpoint potential

and, thereby, reaction rate.
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3.2 Introduction

Beta hairpins are common secondary structural motifs found in proteins. Since
the discovery of the first autonomously folding beta hairpin® monomeric hairpins have
proven to be useful systems in which to quantify the non-covalent interactions involved
in protein folding.>*® Specifically, NMR studies on model peptides have revealed that

aromatic interactions'’*%%*

, cation-pi interactions>*®, and salt bridges®® play significant
roles in stabilizing the hairpin structure. Simultaneous incorporation of salt bridges into
beta hairpins have been shown to stabilize the hairpin structure by 3.6 ki/mol.® Individual
salt bridges contribute 1.2-1.3 kd/mol to hairpin stability.® Aromatic interactions provide
0.2-0.3 kcal/mol (0.8-1.3 kJ/mol) of stabilization to beta hairpins.®®  Elucidation of
structural elements, which facilitate beta hairpin formation, has enabled de novo design
of biomimetic peptides.?” These peptides can then serve as simple and functional models
of more complex native proteins.

Here, we employ de novo designed beta hairpins to investigate how the protein
environment controls tyrosine oxidation in enzymes. A similar approach has been used
previously to explore the effect of non-covalent interactions on the redox potential of
hemes, iron sulfur clusters, and other metal centers in peptide models.?*** Our previous
work used a beta hairpin peptide to study electron transfer reactions involving a redox
active tyrosine (Figure 3.1A).%

Redox active tyrosines are found in several enzymes, including photosystem 113

40-44 45-48 46,47,49

% ribonucleotide reductase, prostaglandin synthase™ ™, and galactose oxidase.
In electron transfer in these proteins, the tyrosine side chain is transiently oxidized to

form a neutral tyrosyl radical, Tyre. Because the pK of the phenolic oxygen is
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dramatically altered by oxidation®®, redox active tyrosines can participate in proton
coupled electron transfer (PCET) reactions in proteins.>

Photosystem 1l (PSII) contains two redox-active tyrosine residues, Tyr 161D1
(TyrZ) and Tyr 160D2 (TyrD).***® Tyr 161D1 (Tyr Z) is located in the D1 polypeptide
of PSII (Figure 3.1B). This redox active tyrosine participates in water oxidation by
reducing Peso” and oxidizing the manganese cluster.>*’ Tyr 160D2 (TyrD) (Figure 3.1C)
is located in the D2 polypeptide of PSII and is not required for oxygen evolution.>>>%°%>°
Tyr 160D2 (TyrD) redox reactions may be involved in the assembly of the manganese
cluster.®®® Tyr 161D1 (TyrZ) and Tyr 160D2 (TyrD) have midpoint potentials that differ
by ~200 mV.>"®  The radicals have dramatically different decay times. Tyr 161Dle
(TyrZe) has a ps to ms lifetime®*®*, while Tyr 160D2e (TyrDe) has a lifetime on the
order of minutes to hours.®® The protein environmental interactions, which give rise to
these energetic and kinetic differences, are still not understood.

X-ray crystal structures of PSII have been reported.®”"® The 2.9 A crystal
structure of cyanobacterial photosystem 11 shows that the environments of Tyr 161D1
(TyrZ) and Tyr 160D2 (TyrD) differ in the detailed placement of histidine, arginine, and
aspartic acid side chains (Figure 3.1B and 3.1C) near the redox active tyrosine. Tyr
161D1 (TyrZ) is predicted to hydrogen bond with His 190D1 and is 5.08 A from an Asp
170D1-Arg 357CP43 salt bridge. Tyr 161D1 (TyrZ) also may interact electrostatically
with a second histidine and aspartic acid residue (Figure 1B). Tyr 160D2 (TyrD) is
predicted to form a hydrogen bond with His 189D2 and is 6.95 A from an Asp 333D2-
Arg 180D2 salt bridge. In addition, Tyr 160D2 (TyrD) has a potential pi-cation

interaction with a second arginine, Arg 272 of the CP47 subunit at 7.81 A, and an
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electrostatic interaction with a third arginine, Arg 294D2 at 6.48 A, which are not found
in the environment of Tyr 161D1 (TyrZ). Although pi-cation interactions typically occur
between amino acids separated by 6 A or less, some pi-cation interactions occur over
distances up to 10 A

The electron transfer rate in proteins is responsive to changes in distance and
midpoint potential.”*"® A number of redox active tyrosine model systems have been used
to examine how function is controlled by the responsive protein matrix. Studies involving
phenol derivatives with pendant bases have shown that hydrogen bonding alters the
reduction potential of tyrosine.”” Tyrosine and tryptophan residues have been linked to
ruthenium photosensitizers, which resulted in model complexes for proton-coupled
electron transfer from amino acids.” In designed helical proteins, the redox potential of
tyrosine was found to be modulated by placement in a non-polar environment and by
shielding from proton acceptors.”®®°

In a recent study, we describped a beta hairpin  peptide,
IMDRYRVRNGDRIHRILR (peptide A), in which PCET reactions between Tyr5 and
His14 modified the midpoint potential of the single tyrosine residue.*> In peptide A,
Tyr5 is hydrogen bonded to an arginine residue, Argl6, and a second arginine, Argl2,
has a possible pi-cation interaction with the tyrosine. Here, we report results obtained
from studies of four additional beta hairpin peptides, in which substitutions were made at
His14, Argl2, and Argl6. The results show that hydrogen bonding, pi-cation, and PCET
interactions alter the midpoint potential of redox active tyrosines. In addition, hydrogen
bonding and pi-cation interactions with tyrosine alter the pH range over which PCET

reactions occur.
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3.3 Materials and Methods

3.3.1 Peptide synthesis. Peptide A (IMDRYRVRNGDRIHIRLR), peptide B
(IMDRYRVRNGDVIRIRLR), peptide C (His14Cha) (IMDRYRVRNGDRI[Cha]IRLR),
peptide D (Hisl4Val; Argl2Ala) (IMDRYRVRNGDAIVIRLR), peptide E (Argl6lle)
(IMDRYRVRNGDRIHIILR), and peptide F (Argl2lle) (IMDRYRVRNGDIIHIRLR)
were synthesized by Sigma Genosys (The Woodlands, TX). The peptides were purified to
95% homogeneity by the manufacturer. Mass spectrometry was used to verify the
sequence, and the purity was determined by analysis of the reverse phase HPLC
chromatogram. The peptides were used without further purification.

3.3.2 Circular dichroism. A JASCO J-810 CD spectropolarimeter equipped with
a thermostated cell holder was employed. CD samples were prepared to concentrations
between 0.1 mM and 0.2 mM in 5 mM acetate buffer at pH 5.0 or 5 mM borate buffer at
pH 11.0, and were filtered using Acrodisc® 25 mm syringe filters with 0.45 pm HT
Tuffryn membrane prior to data collection. The spectra were collected between 186 nm
and 250 nm in 1 mm quartz cells at a scan speed of 50 nm/min.2* Four to twelve scans
were averaged to generate each spectrum, and three to five spectra were collected and
averaged for each peptide. A baseline was recorded using 5 mM acetate buffer or 5 mM
borate buffer, and the baseline was subtracted manually. Spectral conditions were as
follows: sensitivity, 100 mdeg; data pitch, 1 nm; scanning mode, continuous; scan speed,
50 nm/min; response time, 1 sec; bandwidth, 1 nm.

3.3.4 pK determination. A Hitachi U-3000 spectrophotometer equipped with 1 cm

path length cuvettes was employed. The samples were prepared to a concentration of 50
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MM and buffered using 10 mM MES-NaOH (pH 5.5), 10 mM HEPES-NaOH (pH 6.0-
8.0), 10mM boric acid-NaOH (pH 8.5-9.5) or 10 mM CAPS-NaOH (pH 10.0-11.5). The
solutions were filtered using Acrodisc® 25 mm syringe filters with 0.45 um HT Tuffryn
membrane. Backgrounds were recorded at each pH using the appropriate buffer. The
optical spectrum was recorded between 200 nm and 350 nm, as a function of pH.
Spectral conditions were as follows: slit width, 2.0 nm; scan speed, 120 nm/min.
Deprotonation of tyrosine was monitored by measuring the change in absorbance at 295
nm, at which TyrO™ contributes.*® The 295 nm absorption was corrected for baseline
instabilities by subtracting out the absorbance at 330 nm. Data were obtained for two to
six different samples and were averaged. Extinction coefficients were calculated for
tyrosinate by substituting the pathlength of the cuvettes, the measured absorbance of each
sample at pH 11.0, and the sample concentration into Beer’s law.

3.3.5 Electrochemistry. Square wave voltammetry measurements were performed
on a computer-controlled CH instruments, Inc. (Austin, TX) workstation. The
experiments were conducted in a three-electrode cell, equipped with a 3 mm glassy
carbon working electrode from Bioanalytical Systems, Inc. (West Lafayette, IN), a
platinum counter electrode, and a reference electrode (Ag/AgCl in 1 M KCI, E =0.22 V
(NHE)). The sample concentrations were 0.05 mM in 0.2 M KCI 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 (pH 10.0-11.5). The sample was purged with
nitrogen gas during data collection. 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 increments of AE = 0.004 V.

The square wave frequency, f, was 5 Hz, and the amplitude, A, of the applied pulse was
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0.025 V (scan rate v = f*A = 125 mV/s). The data were fit to a baseline manually, and the
centroid was used to derive the peak potential. Three trials were performed and averaged
for each peptide.

3.3.6 EPR Spectroscopy. EPR spectra were collected on a Bruker EMX
spectrometer equipped with a standard TE cavity (Billerica, MA).*"# Spectra were
recorded at 108 K using a Wilmad (Buena, NJ) flow-through liquid nitrogen dewar. 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 radical was generated with a 266 nm photolysis pulse.*** Baseline correction of the
spectra was performed using Igor Pro software (Wavemetrics, Lake Oswego, OR). 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 uW; 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, 2.0042 for
tyrosine solution, 2.0037 for peptide A, 2.0041 for peptide C (His14Cha), 2.0043 for
peptide D (Argl2Ala; Hisl4Val), 2.0037 for peptide E (Argl6lle), and 2.0043 for peptide
F (Argl2lle). At pH 11.0, the g values for the radicals were, 2.0042 for tyrosine solution,
2.0042 for peptide A, 2.0041 for peptide C (His14Cha), 2.0043 for peptide D (Argl2Ala;
Hisl4Val), 2.0043 for peptide E (Argl6lle), and 2.0044 for peptide F (Argl12lle). These

values are indistinguishable.
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3.4 Results

3.4.1 Peptide design. Figure 3.2 shows the amino acid sequence and predicted
cross-strand interactions for peptides A through F. The ProtParam tool was used to
compute the physico-chemical properties of the peptides.®® Sequences were predicted to
be stable and soluble in water. The peptides were designed with a net charge of +1 or +2
to ensure solubility and a pl of greater or equal to 11. Each peptide contains a single
tyrosine residue, at least one salt bridge,®® a type I’ Asn-Gly turn,®® and several amino
acids with high propensities for forming beta sheets.’*'* Peptide A, peptide E (Arg16lle),
and peptide F (Arg12lle) also contain an aromatic interaction'”?** between Tyr 5 and
His 14.

In the NMR structure of peptide A%, Tyr 5 accepts a hydrogen bond from the &-
NH of Arg 16. The structure also showed a pi-stacked aromatic interaction between Tyr5
and His14 and a possible pi-cation interaction between Tyr5 and Arg 12, which are 7.81
A apart. In peptides C and D, His 14 is replaced by cyclohexylalanine and valine,
respectively. This replacement is expected to disrupt PCET. In peptide D, Arg 12 is
substituted with Ala. In peptides E and F, Arg 16 and Arg 12 are substituted with lle to
assess the role of the hydrogen bond and pi-cation interaction.

3.4.2 Peptides A-F form beta hairpin structures. Circular dichroism (CD)
spectropolarimetry was used to verify that peptides C, D, E, and F form beta hairpins in
aqueous solution. The CD spectrum of RNase A (Figure 3.3), which contains beta sheet®
was used as a control. At 20°C, the RNase A spectrum exhibits a minimum at 210 nm,

which shifts to 200 nm when the temperature is increased to 80°C. The minimum shifts

69



back to 210 nm upon cooling RNase A back to 20°C. These results are in agreement with
results in the literature.®

Figure 4 presents the CD spectra of peptide A (Figure 3.4A), peptide B (R12V;
H14R) (Figure 3.4B), peptide C (His14Cha) (Figure 3.4C), peptide D (Hisl4Val;
Argl2Ala) (Figure 3.4D), peptide E (Argl6lle) (Figure 3.4E), and peptide F (Argl2lle)
(Figure 3.4F). These experiments were conducted at pH 5.0, and thermal denaturation
experiments were performed on each peptide. Peptide A (Figure 3.4A) served as a folded
control, because previous NMR experiments have shown that the peptide is folded at this
pH.*> NMR spectra of peptide B (Figure 3.4B) indicate that it is a random coil; therefore,
peptide B served as an unfolded control.

At 20°C, the CD spectrum of peptide A (Figure 3.4A) exhibits a minimum at 197
nm. At 80°C, the amplitude of the minimum decreases by 7 mdeg and its location shifts
slightly to 200 nm. Additionally, a second broad minimum appears at 221 nm when
peptide A is heated. The original amplitude and location of the CD minimum of peptide
A is regained by cooling the sample back to 20°C. The spectra of peptide A also contain
an isodichroic point at 207 nm. Thus, peptide A experiences reversible thermal
denaturation at pH 5.0. Therefore, the CD data indicate that, as expected, peptide A forms
a beta hairpin at pH 5.0.

The CD spectrum of peptide B (Figure 3.4B) displays a shallow minimum at 200
nm at 20°C. At 80°C, the spectrum exhibits minima at 201 nm and 221 nm. Unlike
peptide A, the amplitude of the minimum at 200 nm at 20°C is only 2 mdeg larger than
the amplitude of the 201 nm minimum at 80°C. These results suggest that, as expected,

peptide B does not form a beta hairpin at pH 5.0.
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At pH 5.0 and 20°C, the CD spectra of peptide C (His14Cha) (Figure 3.4C),
peptide D (Hisl4Val; Argl2Ala) (Figure 3.4D), peptide E (Argl6lle) (Figure 3.4E), and
peptide F (Argl2lle) (Figure 3.4F) all display 197 nm minima, which shift to 200 nm
upon heating, like peptide A. Also, like peptide A, the spectra of peptides C through F
each contain a broad minimum at 221 nm at 80°C, and undergo reversible thermal
denaturation between 20°C and 80°C. Thus, the data support the conclusion that peptides
C through F form beta hairpin structures at pH 5.0.

CD spectra were also collected for the peptides A, C (His14Cha), D (Argl2Ala;
Hisl4Val), E (Argl6lle), and F (Argl2lle) at pH 11.0 (Figure 3.5). Peptides A (Figure
3.5A), peptide C (His14Cha) (Figure 3.5B), and peptide D (Argl2Ala; His14Val) (Figure
3.5C) display reversible thermal denaturation between 20°C and 80°C. These data support
the conclusion that peptides A, C (His14Cha), and D (Argl2Ala; Hisl4Val) are stably
folded at pH 11.0.

At pH 11.0 and 20°C, peptide E (Argl6lle) displayed a shallow minimum at 199
nm. (Figure 3.5D). Increasing the temperature to 80°C decreased the amplitude of the
minimum and shifted the minimum to 201 nm. Cooling peptide E (Argl6lle) back to
20°C (post-melt) shifted the minimum back to 199 nm. The spectrum collected at 80°C
has an isodichroic point with the 20°C pre-melt spectrum at 203 nm. This isodichroic
point shifts to 208 nm when compared with the 20°C post-melt spectrum. These data
support the conclusion that peptide E (Argl6lle) forms a stable beta hairpin structure at
pH 11.0.

At 20°C, peptide F (Arg12lle) displayed a shallow minimum at 198 nm at pH 11.0

(Figure 3.5E). Increasing the temperature to 80°C increased the amplitude of the
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minimum and shifted it to 201 nm. Cooling peptide F (Argl2lle) back to 20°C (post-
melt) shifted the minimum back to 198 nm. However the amplitude of the 20°C post-
melt minimum is larger than the amplitude of the 20°C pre-melt minimum. These data
support the interpretation that peptide F can adopt a beta hairpin structure at pH 11.0
under some conditions.

3.4.3 pK determination. Optical titration curves were used to assess the effect of
substitutions on the pK of Tyr 5 in peptides A, C (His14Cha), D (Argl2Ala; Hisl4Val),
E (Argl6lle), and F (Argl2lle) (Figures 3.6 and Figure 3.7). Tyrosinate and tyrosine are
distinguishable in the UV region by the deprotonation-induced red shift of the 270 nm
absorption band (Figure 3.6). The deprotonation can be monitored at 295 nm in a
titration experiment (Figures 3.6 and 3.7). Table 3.1 gives tyrosinate wavelength maxima
and extinction coefficients for the peptides (Table 3.1). To determine the pK of tyrosine
in solution and in peptides, we performed a least square fit of the optical titration curves
to the Henderson-Hasselbach equation. The data for tyrosine in solution, peptide A, and
peptide D (Argl2Ala; Hisl4Val) were fit between pH 4.0 and pH 10.5. Because the
concentration of tyrosinate was independent of pH between pH 4.0 and pH 8.0 for these
samples, the lowest pH used for peptides C (His14Cha), E (Argl6lle), and F (Argl2lle)
was pH 5.5 in order to conserve the samples. The data for peptide C (His14Cha) and
peptide F (Argl12lle) were fit between pH 5.5 and 10.5. The data for peptide E (Argl6lle)
was fit between pH 5.5 and pH 10.0. In the titration curve for peptide F (Argl12lle), the
concentration of tyrosinate decreases sharply as the pH increases above pH 10.5. This
may be explained by hydrolysis of the peptide above pH 10.5. Therefore, for tyrosine in

solution and for peptides A, C (His14Cha), D (Argl2Ala, Hisl4Val), and F (Argl2lle),
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data collected beyond pH 10.5 were not included. For peptide E (Argl6lle), we included
data up to pH 11.0 to show its unique second equivalence point, which is present between
pH 10.0 and pH 11.0. The circular dichroism spectra for peptide E (Argl6lle) at pH 11.0

(Figure 3.5D) indicate an intact beta hairpin at pH 11.0.

Table 3.1.  Extinction coefficients, wavelength maxima, and pK values for tyrosinate in
solution and in beta hairpin peptides’

£Tyr0 295
sample’ Ao (M) (L molfem ) pKo Chi?
Tyrosine 291.6 1664 98+0.1 1.11x10%
Peptide A 295.8 1300 9.3+0.1 1.22 x 10"
Peptide C 203.6 2146 94401 1.81 x 10
(H14Cha)
Peptide D 203.6 1400 9.4+0.1 5.04 x 10
(R12A:H14V)
Peptide E 293.0 3776 8.3+0.1 3.99 x10™%
(R161)
Peptide F 293.0 2011 9.6+ 0.1 8.45 x 10
(R121)

pK values were derived from a least squares fit to the data in Figure 3.7, using the
Henderson-Hasselbach equation, [Tyr-O7] = [(10°"PX)*(Total Concentration)]/[1+10°"
PK] and Igor Pro software (Wavemetrics, Osewego, OR) The chi® values were used to
evaluate the quality of the fit. The data were fit between pH 5 and 11, except for peptide
E, which was fit between pH 5 an 10.

#Sequence variations are shown in parentheses.
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As a control, the pK of tyrosine in solution was determined and found to be 9.8 +
0.1 (Table 3.1), which is close to the value of 10.17 + 0.02 reported in the literature.®*®#’
The pK of Tyr 5 in peptide A is 9.3 £ 0.1. The pK values of tyrosine in peptides C
(His14Cha), D (Argl2Ala; Hisl4Val), and F (Argl12lle) are 9.4 £ 0.1, 9.4 £ 0.3, and 9.6
+ 0.1, respectively. These data support our previous conclusion that Hisl4 does not
influence the dissociation constant of Tyr 5.2 They also show that Argl2 does not
influence the dissociation constant of Tyr 5. However, the titration curve for peptide E
(Argl6lle), in which the hydrogen bond to Arg 16 is eliminated, (Figure 3.7E) appears to
contain two equivalence points. Fitting the low pH transition gave a pK of 8.3 = 0.1 for
the first equivalence point. These data support the conclusion that the hydrogen bond to
Arg 16 does alter the proton affinity of the phenolic oxygen. The presence of two pK
values in peptide E (Argl6lle) suggests that high pH values alter non-covalent
interactions with Tyr 5.

3.4.5 Electrochemical titrations. To analyze the effects of non-covalent
interactions on tyrosine oxidation, we performed electrochemical titrations of peptides C
through F using square wave voltammetry. The potential for tyrosyl radical formation
was plotted versus pH for each sample (Figure 3.8). The side chains of aspartic acid,
tyrosine, and histidine have pK values within the pH range of the electrochemical
titration. The electrochemical data from the peptides (Figure 3.8) were fit with a Nernst

1*2 and chi? values

equation in which one or more ionizable groups influence the potentia
were used to evaluate the quality of the least square fits (Table 3.2). As an example of
this procedure, Figure 3.9 and Table 3.3 show the results of fitting peptide F (Argl12lle)

data with one, two, or three ionizable groups. The chi? value decreases with the inclusion
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of more inflection points (Table 3.3). The quality of the fit (Figure 3.9, solid line)
improves with the inclusion of three ionizable groups, which are present in the peptide.
While the fit illustrated in Figure 3.9C adequately represent the data, the simulation
cannot be regarded as a unique fit.

The data for peptide A were fit with the Nernst equation in which three ionizable
groups, Asp 3, Tyr 5, and His 14, influence the potential (Figure 3.8, solid lines). In
fitting the data from each peptide, the pKq of Tyr was fixed at either 9.8 (tyrosine in
solution), 9.4 (peptide A, peptide C (His14Cha), and peptide D (Argl2Ala; Hisl4Val)),
8.3 (peptide E (Argl6lle)), or 9.6 (peptide F (Argl2lle)), depending on the pK derived
for the corresponding sample by optical titration experiments (Table 3.1). The pKyx of
Tyr was fixed at 0.3**° The fit to the peptide A data (Figure 3.8, solid lines) predicts
inflection points at pH 3.1, 5.6, 6.0, and pH 8.9 (Table 3.3). The inflection points at pH
3.1 and 5.6 are attributed to Asp 3 in the Tyr™ and Tyr™ forms of the peptide,
respectively (Table 3.3).  This result is consistent with a tyrosine-oxidation induced
electrostatic perturbation of this amino acid. The inflection points at pH 6.0 and 8.9 are
attributed to redox-induced changes in the proton affinity of His 14 in the Tyr" and Tyr®

forms of the peptide, respectively.*
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Table 3.2. Parameters used to fit the electrochemical titration data (Figure 3.8)"

S
Sample E°  (VIpH) Tyr™ Asp™ His™ Tyr*® Asp™ His™ Chi?
V)

Tyrosine® 1.35  0.07 0.0 . - 9.8 - - 2.25x 10
Peptide A° 1.69  0.20 0.0 5.6 8.9 9.4 3.1 60  215x10?
Peptide C° 1.29  0.06 00 58 - 9.4 4.8 - 5.28 x 107
(H14Cha)

Peptide D° 1.31  0.06 0.0 6.3 - 9.4 5.2 - 6.57 x 10°

(R12A;H14V)

Peptide E° 205 024 0.0 5.2 7.3 8.3 35 58  2.96x10°
(R161)

Peptide > 191 019 00 67 89 96 46 71  459x10°
(R121)

"Parameters were derived by performing a least squares fit of the data to the Nernst
equation using Igor Pro software. The chi? values were used to evaluate the fits. The pK
values reported for Tyreg and Tyrox were determined from the optical titration data
(Tyrrq) (Figure 3.7 and Table 3.1) and from the literature (Tyroy). %

*The data were fit to the Nernst equation: E,, = E* - S log[{10™* + 10P"}/{107<"* + 10"
PM1], which describes the influence of one ionizable group on the midpoint potential of
tyrosine.

®The data were fit to the modified Nernst equation: E, = E* - S log[[({107™}® + {10P"}?
* {1o-pKOX1}) + ({10-pH} * {1o-pKOX1} *{10-pKOX2}) + ({10-pKOX1} * (10-pKOX2) * {10-
pK0X3})]/[({10-pH}3 + {10-pH}2 * {1O-pKredl}) + ({1o-pH} * {lo-pKredl} * {1O-pKred2}) + ({10-
prredly " (10PKred2) x £10PKB]] which describes the influence of three ionizable
groups on the midpoint potential of tyrosine.

“The data were fit to the modified Nernst equation: En, = E* - S log[[({10P"}9)+({10P"}
* {107 H{10PO} * {10POCHII{I0P {107 * {107 H({10P T +
{10PX"%1)1], which describes the influence of two ionizable groups on the midpoint
potential of tyrosine.

99K values of ionizable groups associated with oxidized tyrosine.

oK values ionizable groups associated with singlet reduced tyrosine.
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Table 3.3. Parameters used to evaluate fits to the electrochemical data, recorded on
peptide F (Arg12lle) (Figure 3.9)

# of
lonizable S
Groups E"(V) (V/pH)  Tyr™  Asp™  His®™  Tyr™ Asp™  His™ Chi?
One® 1.35 0.07 0.0 - - 9.6 - - 1.10 x 10-2
Two” 1.69 0.20 0.0 - 7.6 9.6 - 56  6.15x10°

Three* 1.29 0.06 0.0 6.7 8.9 9.6 4.6 7.1 459 x 10°

"Parameters were derived by performing a least squares fit of the data to the Nernst
Equation using Igor software. The chi® values were used to evaluate the fits. The pK
values reported for Tyreq and Tyrox were determined from the optical titration data)
(Tyreq) (Figure 3.7 and Table 3.1) and from the literature (Tyroy).23%

*The data were fit to the Nernst equation: En, = E* - S log[{10™* + 10P"}/{10X® + 10"
PM1], which describes the influence of one ionizable group on the midpoint potential of
tyrosine.

"The data were fit to the modified Nernst equation: E,, = E* - S Iog[[(glo P2y ({107
* {10P I +({10PY * {10710} +({10™"} * {L0PTEHY ({107 *
{10PKe421)]], which describes the influence of two |on|zable groups on the midpoint
potential of tyrosine.

“The data were fit to the modified Nernst equation: En, = E* - S log[[({10™™} + {10P"}?
* {10 pKOXl}) + ({10 pH} * {10 pKOXl} *{10 pKOXZ}) + ({10 pKOXl} * (10 pKOXZ) * {10
pKox3})]/[({1O pH} + {10 pH}2 * {10 pKredl}) + ({10 pH} {10 pKredl} {10 pKredZ}) + ({10
prredly " (10PKred2) x £10PKBN]] which describes the influence of three ionizable
groups on the midpoint potential of tyrosine.

oK values of ionizable groups associated with oxidized tyrosine.

’pK values ionizable groups associated with singlet reduced tyrosine.
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Previously, we predicted pK values of Tyr 5, Asp 3, and His 14 by fitting the data
to linear segments between pH 4.0 and 4.5, pH 4.5 and 7.0, pH 7.0 and 8.0, pH 8.0 and
10.0, and pH 10.0 and pH 11.8.% Using that method, the pKs were predicted from the
intersections of the linear segments, yielding pKox values of 0, 4.5, and 8.0 for Tyr 5, Asp
3, and His 14, respectively and pKeq values of 10.0, 4.0, and 7.0 for Tyr 5, Asp 3, and
His 14, respectively.* These results were also consistent with oxidation-induced changes
in the pK values of Asp 3 and His 14.%

Figure 3.8 presents electrochemical data, acquired from peptide C (His14Cha)
(Figure 3.8A), peptide D (Argl2Ala; His1l4Val) (Figure 3.8B), peptide E (Figure 3.8C),
and peptide F (Figure 3.8D). Fits to the data are shown superimposed as the dotted line
(Table 3.2). For comparison, electrochemical data derived from peptide A are also
shown in each Figure 3.8 panel, with a fit superimposed as a solid line (Table 3.2). As
expected, substitution at His 14 in peptide C (His14Cha) (Figure 3.8A) and peptide D
(Argl2Ala; His14Val) (Figure 3.8B) eliminates the His 14 inflection points at pH 6.0 and
8.9 (Table 3.2), which are observed in peptide A. Also as expected, the His 14 inflection
points are still present in the titration curves for peptide E (Argl6lle) and peptide F
(Argl2lle), although the range over which the inflection points occur is altered (this
alteration is discussed below). This result is consistent with our previous work® , which
showed that the PCET reactions in peptide A involve His 14 as the proton acceptor.
Moreover, removal of His 14 in peptides C (His14Cha) and D (Argl2Ala; Hisl4Val)
increases the redox potential at low pH values.

Peptide C (His14Cha) (Figure 3.8A) contains a single amino acid substitution at

His 14. Peptide D (Argl2Ala; Hisl4Val) (Figure 3.8B) contains two amino acid
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substitutions, one at His 14 and one at Arg 12. In addition to eliminating the PCET
reaction, these substitutions in peptide C (His1l4Cha) and peptide D (Argl2Ala;
His14Val) also alter the pK values of Asp 3. The single substitution at His 14 in peptide
C (Figure 3.8A) increases the pK of Asp 3 in the Tyr™ form (pK change=1.7) (Table
3.2). These two alterations increase the pK of Asp 3 in the Tyr® (pK change=0.7) and
Tyr"™ (pK change=2.1) forms of the peptide (Table 3.2).

Figure 3.8C presents electrochemical titration data acquired from peptide E
(Argl6lle), in which the hydrogen bond between Arg 16 and Tyr 5 is eliminated. In
peptide E (Argl6lle) (dotted line), a ~50 mV change in midpoint potential is observed at
all pH values, when the data are compared to peptide A (solid line). Fits to the data show
that the pK of His 14 in the Tyr® form of peptide E (Arg16lle) decreases from 8.9 to 7.3
due to the substitution at Arg 16 (Table 3.2). The fits also show that removal of the Arg-

ed form of the

Tyr hydrogen bond lowers the pK of His 14 by only 0.2 pK units in the Tyr
peptide (Table 3.2). These modifications are consistent with a decrease in the strength of
the Tyr 5-His 14 interaction, perhaps due to a change in the distance between Tyr 5 and

'®d forms

His 14. Table 3.2 also shows that the pK values for Asp 3 in the Tyr® and Tyr
are not significantly altered (pK change is less than 0.5) by substitution at Arg 16. In
peptide A, Asp 3 accepts a hydrogen bond from Arg 16. Insensitivity of the Asp 3 pK to
Arg 16 substitution in peptide E indicates that Asp 3 accepts a hydrogen bond from Tyr 5
when Arg 16 is removed.

Figure 3.8D presents electrochemical titration data of peptide F (Arg12lle) (dotted

line), in which the putative pi-cation interaction between Arg 12 and Tyr 5 has been

eliminated. The data show inflection points similar to those observed in peptide A (solid
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line). In peptide F (Argl2lle) (dotted line), a ~50 mV change in midpoint potential is
observed at all pH values, when the data are compared to peptide A (solid line).

*d forms

Substitution at Arg 12 significantly increases the pK of Asp in the Tyr®™ and Tyr
of the peptide (Table 3.2). This result is consistent with a change in the strength of the
Asp 3-Arg 12 hydrogen bond upon removal of the Tyr 5-Arg 12 pi-cation interaction.
The pK of histidine in the Tyr™ form is also increased, but the pK of His in the Tyr®
form is not affected.

3.4.6 EPR spectroscopy. A tyrosyl radical can be generated in tyrosine solutions
and in the beta hairpin peptides by UV photolysis.®** The resulting neutral radical has
electron spin density on the 1°, 3°, and 5° carbon atoms of the aromatic ring and on the

34,89,90

phenolic oxygen. Changes in the electron spin density distribution and in the

conformation at the CB-C1’ dihedral angle can also be detected as changes in EPR
lineshape.**®

Figures 3.10A and 3.11A presents the EPR spectrum of the tyrosyl radical in
tyrosine solution (black) and peptide A (red spectrum) at pH 5.0 and 11.0, respectively.
As expected, tyrosine solutions exhibit an EPR spectrum with a g value of 2.0042, an
overall splitting of ~20 G, and partially resolved hyperfine splittings.®® Small changes in
EPR lineshape, when peptide A and tyrosine solution are compared, are most likely due
to the different tyrosyl radical conformation in the peptide.**® In tyrosine solution the
EPR spectrum of the tyrosyl radical exhibits small pH-induced changes (Figure 3.12A).
In peptide A, however, no significant alterations in the radical spectrum is observed

between pH 5.0 and pH 11.0 (Figure 3.12B). This result is consistent with the conclusion

that the immediate environment of the tyrosyl radical is not modified by pH changes.
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Peptide C (His14Cha) (Figures 3.10B and 3.11B, black), peptide D (Argl2Ala;
Hisl4Val) (Figures 3.10C and 3.11C, black), and peptide F (Argl2lle) (Figures 3.10E
and 3.11E, black) exhibit tyrosyl radical spectra, which are similar to peptide A (each
panel, red) both at pH 5.0 (Figure 3.10) and at pH 11.0 (Figure 3.11). Again, no
significant changes in EPR lineshape are observed with pH change (Figure 3.12C, D, and
F), suggesting that the structure of the peptide near the tyrosyl radical is pH independent.
This result demonstrates that His 14 and Arg 12 substitutions have no significant
influence on the conformation of the peptide tyrosyl radical or its spin density
distribution at either pH value.

Figure 3.10D (black) and 3.11D (black) present the EPR spectrum of tyrosyl
radical in peptide E (Arg16lle), in which the hydrogen bond between the tyrosyl radical
and Arg 16 is eliminated. This substitution slightly alters the EPR lineshape, compared
to peptide A (red), at pH 5.0 (Figure 3.10D, black), but has no significant impact at pH
11.0 (Figure 3.11D, black). The spectral change can be observed in a comparison of the
EPR data at the two pH values (Figure 3.12E), in which increased amplitude is observed
at g=2 at pH 5.0 (red). This result suggests that tyrosyl radical conformation may be
slightly pH dependent in this peptide®, perhaps because the stabilizing hydrogen bond

has been eliminated, and a new hydrogen bond has been formed.

3.5 Discussion
3.5.1 Structural characterization of beta hairpin peptides. We have designed four
18-mer polypeptides, in which we have investigated the effect of non-covalent

interactions on tyrosine redox properties. Circular dichroism was used to verify that the
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peptides form beta hairpins in aqueous solution at pH 5.0. CD data of peptides C through
F exhibited a minimum at 197 nm at pH 5.0 and 20°C. This is unusual because beta

92-%4 \while random coils

sheets in proteins commonly exhibit a CD minimum at 210 nm
yield a minimum near 200 nm.?? However, it is common for monomeric beta hairpins to
exhibit atypical CD spectral features.”® In fact, circular dichroism of beta hairpins is
known to be complicated by factors including the presence of aromatic amino acids in the
peptide sequence and twisting of the hairpin structure.”*** Indeed, peptides C through F
all contain one or two aromatic amino acids. To determine if twisting of the beta hairpins
may contribute to the CD spectra of peptides C through F, we compared their CD spectra
with the spectrum generated by peptide A. The NMR structure of peptide A confirms that
this peptide adopts a twisted beta hairpin conformation at pH 5.0.% The CD spectrum of
peptide A also exhibits a well defined minimum at 197 nm, suggesting that peptides C
through F form twisted beta hairpins at pH 5.0.

Thermal denaturation experiments were performed to gain additional support for
folding of peptides C through F. As expected, peptides A, all exhibited reversible thermal
denaturation between 20°C and 80°C at pH 5.0. This result is unlikely to occur in un-
ordered or random coil peptides. Moreover, the CD spectra of peptides A, C (His14Cha),
D (Argl12Ala; His14Val), E (Argl6lle), and F (Argl2lle) between 20°C and 80°C each
contained an isodichroic point at 207 nm. An isodichroic point is indicative of a two-state
folding transition.%>
To determine the pH dependence of beta hairpin formation in peptides A through

F, CD spectra were also collected at pH 11.0. Similar to the results at pH 5.0, all of the

peptides displayed a CD minimum at 198 nm or at 199 nm at pH 11.0 and 20°C. Peptides
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A, C (Hisl4Cha), D (Argl2Ala; Hisl4Val), and E (Argl6lle) also exhibited reversible
thermal denaturation with isodichroic points at 203 nm or 208 nm. Conversely, for
peptide F (Argl2lle) the amplitude of the 20°C post-melt spectrum was larger than the
amplitude of the 20°C pre-melt spectrum.

Taken together, the CD data support the conclusion that peptides A, C
(His14Cha), D (Argl2Ala; Hisl4Val) and E (Argl6lle) form stable beta hairpin
structures at pH 5.0 and at pH 11.0. Peptide F (Argl6lle) also forms a stable beta hairpin
at pH 5.0. However, because alterations in the data are observed after thermal
denaturation, we conclude that peptide F (Argl6lle) can form a beta hairpin at pH 11.0
under some conditions. The fact that electrochemical and EPR data from this peptide are
well behaved at pH 11.0 also supports this conclusion. This conclusion may also explain
why the optical data for peptide F (Argl2lle) show a dramatic decrease in the
concentration of tyrosinate at pH 11.0, since the light source may cause temperature-
dependent changes in the conformation of peptide F (Argl2lle).

3.5.2 Substitutions at Hisl4 eliminate PCET reactions. Peptides in which
substitutions are made at His 14 eliminate inflection points in the electrochemical
titration data. This observation is consistent with our previous conclusion that oxidation
of Tyr 5 in peptide A is thermodynamically coupled with PCET to this histidine.®
Because the pK of His 14 increases with tyrosine oxidation, protonation of histidine will
occur between pH 6 and 9 when the tyrosine is oxidized. This oxidation-induced
protonation 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.
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Our electrochemical data show that the effect of histidine protonation is to
decrease the midpoint potential of the tyrosine at low pH values. This has been
previously attributed to electrostatic stabilization of electron density on the phenolic
oxygen® in the tyrosyl radical. Because Tyr 5 and His 14 are not hydrogen bonded, the
PCET reaction likely occurs through a network of water molecules between Tyr 5 and
His 14.

3.5.3 Hydrogen bonding controls the conformation of Tyr 5. The NMR structure
of peptide A shows that Tyr 5 accepts a hydrogen bond from Arg 16.%? The effect of the
Tyr 5-Arg 16 hydrogen bond on the structure of the tyrosyl radical was examined by
comparing the optical titration and EPR data for peptide E (Argl6lle) with the data for
peptides A, C (Hisl4Cha), D (Argl2Ala; Hisl4Val), and F (Argl2lle). Similarities
between the optical titration data and the EPR spectra of peptides A, C (His14Cha), D
(Argl2Ala; Hisl4Vval), and F (Argl2lle) suggest that the Tyr 5-Arg 16 hydrogen bond
persists in these peptides, despite removal of His 14 (peptide C and peptide D) or Arg 12
(peptide D and peptide F). When the Tyr 5-Arg 16 hydrogen bond is eliminated in
peptide E, however, the optical titration curve displays two equivalence points which
indicate pK values of 8.3 and ~10.5 for Tyr 5. Moreover, the EPR spectrum of peptide E
(Argl6lle) is similar to the spectrum of peptide A at pH 11.0, but displays an increase in
amplitude at g=2 at pH 5.0. The similarities between the spectra of peptide E and peptide
A at pH 11.0 are explained by the fact that Tyr 5 accepts a hydrogen bond from Arg 16 in
peptide A and can still accept a hydrogen bond from an arginine residue (Arg 12) in
peptide E (Argl6lle). The increased amplitude of the EPR spectrum at g=2 (pH 5.0) for

peptide E (Argl6lle) is attributed to formation of a new hydrogen bond upon removal of
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Arg 16. In fact, Tyr 5 can donate a hydrogen bond to Asp 3 in peptide E (Argl6lle). The
fit for the electrochemical titration curve of peptide E (Argl6lle) predicted that the pK of
Asp 3 in the Tyr™ and the Tyr™ form of peptide E (Arg16lle) is unperturbed by removal
of Arg 16. Because Asp 3 accepts a hydrogen bond from Arg 16 in peptide A, this result
suggests that Asp 3 still accepts a hydrogen bond from a nearby amino acid in peptide E
(Argl6lle). This nearby amino acid is most likely Tyr 5. Thus, in peptide A, the hydrogen
bond with Arg 16 restricts the conformation of Tyr 5. Removal of the Tyr 5-Arg 16
hydrogen bond releases this restriction so that Tyr 5 can donate a hydrogen bond to Asp 3
at pH 5.0 and accept a hydrogen bond from Argl12 at pH 11.0 via pH dependent rotation
about its Ca-Cj bond.

3.5.4 Substitutions at Arg16 increase tyrosine midpoint potential and alter the pH
range over which PCET reactions occur. Elimination of the hydrogen bond between Arg
16 and Tyr 5 gives a 50 mV increase in potential at all examined pH values. The NMR
structure of peptide A shows that Tyr 5 is hydrogen bonded as the proton acceptor. The
observed increase in potential can be rationalized because oxidation of tyrosine has been
shown to result in the migration of electron density to the phenolic oxygen of the radical.
The effect on midpoint potential in peptide E (Argl16lle) is consistent with stabilization of
electron density on the tyrosyl radical phenolic oxygen through the Arg 16-Tyr 5
hydrogen bond.*? These data suggest that hydrogen bonds to redox active tyrosines can
decrease the tyrosine midpoint potential, as predicted from model compound studies.”’
As previously stated, substitution at Arg 16 does not alter the pK of Asp 3 in the oxidized
or reduced state of peptide E (Argl6lle), probably because in peptide E (Argl6lle) Asp 3

accepts a hydrogen bond from Tyr 5 at low pH values. Therefore, another explanation for
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the increased midpoint potential is that interaction with the negatively charged Asp 3
destabilizes the electron density on the tyrosyl radical. At high pH values the EPR data
suggest that Tyr 5 accepts a hydrogen bond from Asp 12 in peptide E (Argl6lle), yet the
midpoint potential of Tyr 5 is still ~50 mV higher in peptide E (Arg16lle) than in peptide
A. This increased midpoint potential is thus attributed to a decrease in the strength of the
Tyr 5-His 14 aromatic interaction that results from rotation of Tyr 5 about its Ca-Cf
bond. Indeed, the pK of His 14 in the Tyr® form of peptide E (Arg16lle) decreases by 1.6
units compared to peptide A.

3.5.5 Substitutions at Arg12 increase tyrosine midpoint potential and alter the pH
range over which PCET reactions occur. The NMR structure of peptide A suggests that
Argl2 and Tyr 5 have a pi-cation interaction. Elimination of the putative electrostatic
interaction between Argl2 and Tyr 5 (peptide F (Argl2lle)) gave a 50 mV increase in
potential at all examined pH values. The observed increase in potential can be
rationalized as destabilization of electron density on the tyrosyl radical phenolic oxygen
by removal of the pi-cation interaction. These data suggest that pi-cation interactions
with redox active tyrosines can decrease tyrosine midpoint potential in enzymes.

Peptide F (Argl2lle) also exhibited increases in the pK of Asp in both the Tyr®

red red

and Tyr™" forms. The pK of histidine in the Tyr~ form increased, but there was no effect
on His pK in the Tyr™ form. The effect on the His 14 pK in the Tyr" form suggests that
a pi-cation interaction with tyrosine can alter the pH range over which PCET reactions
occur in enzymes. The alterations in Asp 3 pK values may be due to small changes in the
Arg 16/Asp 3 salt bridge distance when a substitution is made at Arg 12. Peptide D

(Argl2Ala; Hisl4Val), which contains two amino acid substitutions, one at His14 and
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one at Arg 12, also showed increases in the pK of Asp 3 in both the Tyr® and Tyr"™
form. These alterations in Asp 3 pK values may also be due to small changes in the Arg
16/Asp 3 salt bridge distance.

3.5.6 Comparison with PSII tyrosyl radicals. PSIl contains two redox active
tyrosines, Tyr 161D1 (TyrZ) (Figure 3.1B) and Tyr 160D2 (Tyr D) (Figure 3.1C). The
midpoint potential of TyrZ>" is ~200 mV higher than the potential of TyrD.>” Both
tyrosines are predicted to hydrogen bond to histidine.t”®®"*"2 Therefore, the detailed
placement of other amino acids in the protein environment must account for the observed
potential difference. Figure 3.1B and C show that the placement of arginine residues may
contribute to functional differences between the two redox active tyrosines. For TyrZ
(Figure 3.1B) Arg 357 in the CP43 subunit is 7.58 A away. For TyrD (Figure 3.1C),
Arg180 in the D2 polypeptide is 6.95 A away, a second arginine, Arg 272 in the CP47
subunit, is located 7.81 A away, and a third arginine, Arg 294 in the D2 polypeptide is
located at 6.48 A. Near TyrZ, Arg 357 has a salt bridge interaction with Asp 170 in the
D1 polypeptide, and, near TyrD, Arg 180 has a salt bridge interaction with Asp 333 in the
D1 polypeptide. However, the arginine from the CP47 subunit (Arg 272), located near
TyrD, may have a pi-cation interaction with the tyrosyl radical. The distance between
TyrD and Arg 272 is 7.81 A. In other proteins, pi-cation interactions occur over distances
as long as 10 A with most pi-cation pairs separated by 6 A or less.”® Such a pi cation
interaction would be expected to contribute ~13 mV*® to the decrease in potential
observed when TyrD and TyrZ are compared, though calculations from one study suggest

that the pi-cation interaction increases the midpoint potential of a tryptophanyl radical
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cation.”” The effect of pi-cation interactions on the midpoint potential of aromatic

radicals may thus be context dependent.

3.6 Summary

Our studies of beta hairpin peptides provide a model for PCET reactions in
proteins. In beta hairpin peptide A, proton transfer occurs to a cross strand histidine
when tyrosine is oxidized. The tyrosine and histidine are not directly hydrogen bonded,
but PCET can occur through bridging solvent. A hydrogen bond to tyrosine or a pi-
cation interaction with tyrosine cause pH-independent decreases in midpoint potential.
Pi-cation and hydrogen bonding interactions also alter the pH range over which PCET
reactions occur. Moreover, hydrogen bonding controls the conformation of tyrosine.
Protonation of the histidine, the pi-cation interaction, and the hydrogen bond contribute

approximately equally to the alteration in midpoint potential.
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3.8 Figures

A Peptide A

B. D1 polypeptide of PS II C. D2 polypeptide of PS II

Tyrl61D1 His190D1

AspIT0D1 gps His33DI

339

Arg272CP47
Argl30D7 )

Arg3STCP43

Figure 3.1. Environment of redox-active tyrosines in peptide A and in PSIl. A. shows
Tyr 5 in peptide A%, B. shows Tyr 161D1 (TyrZ) in PSI1°®, PDB ID 3BZ1 and C. shows
Tyr 160D2 (TyrD) in PSI147, PDB ID 3BZ1. The solid lines indicate distances between
tyrosine and neighboring amino acids, and the dotted lines represent hydrogen bonds. The
RasMol molecular visualization tool was used to depict histidine (violet), arginine (cyan),
and aspartic acid (yellow) residues within 10.0 A of the tyrosine (green).
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Figure 3.2. Predicted structures and cross strand interactions for beta hairpin peptides. In
peptide A, tyrosine and interacting residues are shown in red. Sequence alterations are

shown

through F. The sequence of peptide B

in peptides C

in green

(IMDRYRVRNGDRIVIRLR) is not shown because it is an unfolded control sequence.
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Figure 3.3. Circular dichroism of RNase A at pH 5.0. The spectra were collected at 20°C
(-, pre-melt), 80°C (-), and 20°C (-, post-melt). See Materials and Methods for spectral
conditions.
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Figure 3.4. Circular dichroism of beta hairpin peptides at pH 5.0. The panels show data
acquired from A. peptide A, B. peptide C (His14Cha), C. peptide D (H14V; R12A), D.
peptide E (R161), and E. peptide F (R12l). The spectra were collected at 20°C (-, pre-

melt), 80°C (), and 20°C (-, post-melt). See Materials and Methods for spectral
conditions.
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Figure 3.5. Circular dichroism of beta hairpin peptides at pH 11. The panels show data
acquired from A. peptide A, B. peptide C (H14Cha), C. peptide D (H14V; R12A), D.
peptide E (R161), and E. peptide F (R12l). The spectra were collected at 20°C (-, pre-
melt), 80°C (), and 20°C (-, post-melt). See Materials and Methods for spectral
conditions.
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Figure 3.6. Absorption spectra of tyrosine in solution and beta hairpin peptides at pH 5
(red) and 11 (black). The panels show data acquired from A. tyrosine, B. peptide A, C.
peptide C (H14Cha), D. peptide D (H14V; R12A), E. peptide E (R161), and F. peptide F
(R12l). See Table 3.1 for spectral parameters and Materials and Methods for spectral
conditions.
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Figure 3.7. Optical titration of tyrosine in solution and in beta hairpin peptides,
monitoring tyrosinate absorbance at 295 nm. The panels show data acquired from A.
tyrosine, B. peptide A, C. peptide C (H14Cha), D. peptide D (H14V; R12A), E. peptide
E (R161), and F. peptide F (R121). The error bars represent one standard deviation. See
Table 3.1 for the pK values and the Materials and Methods for spectral conditions.
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Figure 3.8. Electrochemical titrations of beta hairpin peptides. The titration curve of
peptide A is shown in each panel. The panels also show data acquired from A. peptide C
(H14Cha), B. peptide D (H14V; R12A), C. peptide E (R161), and D. peptide F (R12l).
The solid lines show the results of fitting the data to the Nernst equation. The error bars

represent one standard deviation. See Table 3.2 for fit parameters and Materials and

Methods for spectral conditions.
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Figure 3.9. Electrochemical titration of peptide F (R12l). The data are repeated from
Figure 3.8D. The solid lines show the results of fitting to Nernst equations, involving the
influence of A. one, B. two, or C. three ionizable groups. The error bars represent one
standard deviation. See Table 3.3 for fit parameters and Materials and Methods for
spectral conditions.
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Figure 3.10. EPR spectra of tyrosyl radicals in solution and in beta hairpin peptides at
pH 5.0 and 108 K. The radicals were generated by UV photolysis. The spectrum of
peptide A (red) is shown in each panel. The panels also show spectra (black) acquired
from A. tyrosine, B. peptide C (H14Cha), C. peptide D (H14V; R12A), D. peptide E
(R16l), and E. peptide F (R12l). To compare spectral linewidth, the spectra were
normalized for amplitude differences. See Materials and Methods for spectral conditions.
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Figure 3.11. EPR spectra of tyrosyl radicals in solution and in beta hairpin peptides at
pH 11.0 and 108 K. The radicals were generated by UV photolysis. The spectrum of
peptide A (red) is shown in each panel. The panels also show spectra (black) acquired
from A. tyrosine, B. peptide C (H14Cha), C. peptide D (H14V; R12A), D. peptide E
(R161), and E. peptide F (R12l). To compare spectral linewidth, the spectra were
normalized for amplitude differences. See Materials and Methods for spectral conditions.
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Figure 3.12. EPR spectra of tyrosyl radicals in beta hairpin peptides at pH 5.0 (red) and
11.0 (black) and 108 K. The radicals were generated by UV photolysis. The panels show
spectra acquired from A. tyrosine, B. peptide A, C. peptide C (H14Cha), D. peptide D
(H14Vval; R12A), E. peptide E (R161), and F. peptide F (R12l). To compare spectral

linewidth, the spectra were normalized for amplitude differences. See Materials and
Methods for spectral conditions.
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CONCLUSIONS

Tyrosine is a key cofactor involved in electron transfer in photosystem I1 (PSI1),*?
prostaglandin H synthase®, galactose oxidase*, and ribonucleotide reductase.” In
particular, photosystem Il provides an excellent example of how the redox properties of
tyrosine can be altered by the enzymatic environment. PSII contains two redox active
tyrosine residues, Tyr 161D1 (Tyr Z) and Tyr 160D2 (Tyr D), located in the D1 and D2
polypeptides, respectively.®*® Although both tyrosine residues are redox active, Tyr
161D1 (Tyr Z) is responsible for reduction of the primary donor, Pego*,>” while Tyr160D2
(Tyr D) is associated with assembly of the manganese cluster.'! Both Tyr 161D1 (Tyr Z)
and Tyr 160D2 (Tyr D) are hydrogen bonded to histidine residues. Tyr161D1 (Tyr Z)
hydrogen bonds to His 190, while Tyr 160D2 (Tyr D) hydrogen bonds to His 189.5*
However, the radical formed by Tyr 160D2 (Tyr D) has a lower midpoint potential and a
longer lifetime than the radical formed by Tyr 161D1 (Tyr Z).***** The 2.9 A crystal
structure of the D2 polypeptide of PSII shows a potential pi-cation interaction between
Tyr 160D2 (Tyr D) and Arg 272 of the CP47 subunit’ that may explain why the redox
properties of Tyr 160D2 (Tyr D) are different from Tyr 161D1 (Tyr Z).

Being inspired by photosystem 11, we have designed five beta hairpins, peptides
A, C, D, E, and F, which each contain a single tyrosine residue. These beta hairpins were
used as tractable models for studying how the redox properties of tyrosine are controlled
by hydrogen bonding, pi-cation interactions, and proton coupled electron transfer
reactions with neighboring amino acids. The NMR structure of peptide A confirmed that
it forms a beta hairpin at pH 5.0. The NMR structure also showed that tyrosine

participates in a hydrogen bond with arginine, an aromatic interaction with histidine, and
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a possible pi-cation interaction with a second arginine. Circular dichroism
spectropolarimetry confirmed that the peptides A, C, D, E, and F form beta hairpins at pH
5.0 and pH 11.0.

Electrochemical titration was performed on the designed peptides. A least
squares fit to the Nernst equation showed that the pK of His14 increases from 6.2 to 8.9
with oxidation of tyrosine in peptide A. We concluded that this oxidation-induced
increase in the pK of His14 is consistent with a proton coupled electron transfer reaction
between Tyr5 and His14. Replacement of His 14 by cyclohexylalanine (peptide C) or by
valine (peptide D) confirmed this conclusion by eliminating the PCET reaction.

Electrochemical data also showed that protonated histidine decreases the midpoint
potential of tyrosine at low pH values in peptide A. To explain this result, electrostatic
maps of tyrosine and of the tyrosyl radical were calculated. The electrostatic maps
showed oxidation-induced movement of electron density from the aromatic ring to the
phenolic oxygen. Therefore, we concluded that protonated histidine stabilizes electron
density on the phenolic oxygen.

The electrochemical titration curve of peptide E showed that substitution of the
hydrogen bonded arginine increases the midpoint potential of tyrosine by 50 mV at all
examined pH values. Since electrostatic maps of tyrosine and the tyrosyl radical showed
migration of electron density from the aromatic ring to the phenolic oxygen upon
oxidation of tyrosine, we concluded that the Tyr5-Arg16 hydrogen bond stabilizes the
electron density on the phenolic oxygen of tyrosine as the radical is formed.

The electrochemical titration curve of peptide F showed that substitution of Arg

12, which forms a pi-cation interaction with Tyr 5, increases the midpoint potential of
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Tyr 5 at all examined pH values. This result was also attributed to stabilization of
electron density on the phenolic oxygen of tyrosine as the radical is formed.

Taken together, our studies of beta hairpin peptides provide a model for PCET
reactions in proteins. The data also show that a hydrogen bonding or a pi-cation
interaction with tyrosine lowers the midpoint potential of tyrosine by stabilizing electron
density on the phenolic oxygen. As an explanation for differences in the redox properties
of Tyr 161D1 (TyrZ) and Tyr 160D2 (TyrD), the data presented in these studies show
that protonation of histidine, hydrogen bonding, and the pi-cation interaction contribute

equally to the midpoint potential of tyrosine.
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