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ABSTRACT: Tryptophan is unique among the redox-active
amino acids owing to its weakly acidic indolic proton (pK, ~
16) compared to the —O—H proton of tyrosine (pK, = 10.1)
or the —S—H proton of cysteine (pK, = 8.2). Stopped-flow
and electrochemical measurements have been used to explore
the roles of proton-coupled electron transfer and concerted
electron—proton transfer (EPT) in tryptophan oxidation. The
results of these studies have revealed a role for OH  as a
proton acceptor base in EPT oxidation of N-acetyl-tryptophan
but not for other common bases. The reorganizational barrier
for (N-acetyl-tryptophan)*/* self- -exchange is also estimated.

he amino acids tyrosine, cysteine, and tryptophan play
important roles as electron transfer (ET) carriers and
mediators in biology, with important examples appearing in
photosystem 1II, class I ribonucleotide reductase, and DNA
photolyase.'™® In tyrosine and cysteine oxidation, proton-
coupled electron transfer (PCET) is important in avoiding
charge buildup. Concerted electron—proton transfer (EPT)
pathways are used to avoid high-energy protonated intermedi-
ates that arise from ET.” As an example, E* ~ 1.5 V vs NHE for
tyrosine oxidation to TyrOH™", while E* ~ 1.0 V for TyrOH-
histidine oxidation to TyrO"-"H-histidine, which is important in
photosystem IL>* In proteins, pendant bases or solvent mol-
ecules have been suggested to act as EPT proton acceptors as a
way of avoiding high-energy intermediates such as TyrOH™".
Protein structures with redox-active tyrosine residues typically
include an associated histidine base and, for cysteine oxidation, a
carboxylate base such as aspartate.>*'>!!
EPT is utilized in tyrosine oxidation by M(bpy)33+ (M = Fe,
Ru, Os) with added bases by the multiple-site electron—proton
transfer (MS-EPT) pathway in eq 1."*'* In this pathway EPT

(-2 H*
7 g g, ¢

Os(bpy);**, TyrO-H---OPO,H*

Os(bpy)s>*, TyrO"--H-OPO;H> (1
occurs, but to different e~ and H" acceptors. Related observations
have been made at indium tin oxide (ITO, Sn(IV)-doped In,O3)
electrodes derivatized by surface binding of the ET mediator
[Ru"(bpy) (4,4-(HO),P(O)CH,),bpy),]** (bpy = 2,2'-bipyri-
dine; 4,4'-(HO),P(O)CH,),bpy = 4,4 -bis-methylenephospho-
nato-2,2'-bipyridine)>'* and in oxidation of the related solution
complex cis-Os" (bpy),(py) (OH)** to Os" (bpy),(py)(0)**."?

In contrast to tyrosine (pK, = 10.1) and cysteine (pK, = 8.2),
with readily dissociable protons, tryptophan is a secondary amine
(pK, ~ 16—17), with E(TrpNH""/TrpNH) 121 V
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Figure 1. Structures of tryptophan and N-acetyl-tryptophan at neutral pH
and the Tris base, 2-amino-2-(hydroxymethyl)propane-1,3-diol.

(vs NHE)'6 and pK,(TrpNH™") = 4.3."7 The difference in pK,
values between radical cation and neutral is comparable for the
two (pK,(TryOH™) = —2), as are EPT driving forces for
TrpNH** and TyrOH"*, with ~0.059(ApK,) & 0.7 eV. Mitigat-
ing against EPT oxidation of tryptophan is the fact that EPT
pathways are microscopically more complex than ET, with higher
barriers due to the transferring proton. All things being equal, ET
is expected to be favored over EPT."®

The lack of an easily dissociable proton for tryptophan has
important consequences in biological ET. In peptides, trypto-
phan is often found in solvent-exposed sites without an asso-
ciated base, suggesting that EPT may not play a role. Tryptophan
has been shown to act as an ET carrier in DNA photolyase, class I
ribonucloeotide reductase, and azurin proteins.">>”"?

The role of EPT in tryptophan oxidation remains an open
question. Evidence for buffer base and pH effects in oxidation of a
tryptophan derivative in a Ru(bpy);>*-based molecular assembly
has been observed under certain conditions by Hammarstrom
and co-workers by use of laser flash photolysis.”**'

We report here oxidation of N-acetyl-tryptophan (NAceTrpNH,
Figure 1), as a model for tryptophan in peptides, by the homologous
series of polypyridyl metal complex oxidants M(bpy)s>" (M = Fe,
Ry, Os), analyzed by a combination of stopped-flow spectrophotome-
try and catalytic cyclic voltammetry (CV). An important finding,
consistent with tryptophan as an ET mediator, is a failure to
observe EPT pathways with a variety of acceptor bases. The only
exception is OH, which facilitates tryptophan oxidation by
MS-EPT and not by prior deprotonation of NAceTrpNH
and oxidation of the anion. We also report a detailed kinetic
analysis that provides an independent estimate of E* for the
(TrpNH™/TrpNH) couple and an estimate of the reorganiza-
tion barrier to ET.

Stopped-flow mixing with diode array optical monitoring
(375—775 nm) was applied to the oxidation of NAceTrpNH
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Figure 2. Typical kinetic trace at 480 nm (green) and fit (red) for the
reaction of Os(bpy)s>" (20 uM) with N-acetyl-tryptophan (200 uM) at
T =20°C,pH 7.1,40 mM Tris buffer (10:1 acid/base), I = 0.8 M NaCl).
The inset shows the calculated concentration profiles for Os™ (black)
and Os" (blue) only. The relative error of individual fits averaged 0.55%
(<0.001 au).

Scheme 1
Os(bpy);" + TrpNH u Os(bpy )™+ TrpNH*
Kt
TrpNH™ TrpN* +H*
TrpNH™ + TrpN®™—= TrpNH + TrpN*
TrpN* H010: o oxidation products

by Os(bpy);>", E°/(Os3+/2+) =0.80 V vs NHE. The oxidant was
generated in situ by Cl, oxidation followed by an argon purge.
The kinetics were monitored by the appearance of the Os(bpy);”*
metal-to-ligand charge-transfer absorption band at A, =
480 nm following rapid mixing with solutions containing
NAceTrpNH under various conditions.

Stopped-flow kinetic absorbance—time traces (Figure 2) were
well modeled in SPECFIT/ 32 by the mechanism in Scheme 1. The
key features in the mechanism are (a) a reversible le  redox pre-
equilibrium with the protonated radical cation,”* where E°'-
(TrpNH*"/TrpNH) is 1.21 V vs NHE for tryptophan'® and
~1.1 V for NAceTrpNH,>® (b) proton-transfer equilibration of
the radical cation with the buffer medium to give the neutral radical
at pH 7.1, and (c) reaction of the neutral radical with the
protonated radical cation (pK, = 4.3)'*'” to form TrpNH and
the cationic form as initial products. The assumed stoichiometry of
2:1 Os(IIT)/NAceTrpNH is in good agreement with previous
reports at neutral pH.'®**** The ultimate product(s) were not
investigated, but oxidation products reported earlier for tryptophan
include N-formylkynurenine, oxindolylalanine, and dioxindolyl-
alanine, whose structures are shown in Figure SL.7.'%>%?

For Scheme 1, we have used fixed rate constants for k,, k_»,
and k; based on pulse radiolysis studies for native tryptophan,
where pK, = 4.3 for the radical cation (TrpNH"") and the
disproportionation rate constant k3 = 3.2 x 10° M~ ' s~ 1"
Assuming diffusion-controlled protonation of the free radical, k_, =
1x10°M ‘s, gives k=5 X 10°M 's™ . Based on these values
and the kinetic model in Scheme 1, fits to the stopped-flow kinetic
data were made with two adjustable parameters, the rate constants for
the reversible pre-equilibrium, k; and k_ ;. The resulting fits at pH 7.1
(40 mM Tris) gave ki=(514+02) x10°M 's Lk, =23+
02) x 10°M 's™ !, and Koq = ky/k_; = 2.2 X 10, Similar results

Scheme 2
TrpNH + OH ™ TrpN™ + H,0: KJ/K,,
P
TrpN ™+ Os(bpy )} —— 2O TN+ Os(bpy)i*

TrpN' — - oxidation products

were obtained over the pH range 6.10—9.16 (see Supporting
Information).

AEo' = Eq(NAceTrp ™) — Eo(M™1) = 0.059pK.q  (2)

The fitted value of Ky, eq 2, gives AE® = 0.28 V for oxidation
of NAceTrpNH by Os(bpy);”". Given E* = 0.80 V for the
Os(bpy)s>*/** couple'>" results in E° = 1.08 V vs NHE for the
couple TrpNH""/TrpNH. This agrees well with the electroche-
mically measured value of E* = 1.06 V.**

There was no evidence in either the stopped-flow or CV
measurements (see below) for rate enhancements with added
phosphate (H,PO, /HPO,>") or Tris over extended concen-
tration ranges. For example, addition of pH 7.1 Tris (pK, = 8.1,
0.5—400 mM) had no effect on the rate of oxidation of
NAceTrpNH by Os(bpy)s>* (Table SL2).

The role of OH™ as base was investigated over the pH range
10.00—11.94, [OH ] = 0.10—8.9 mM without added buffer (I =
0.8 M, NaCl, T =20 °C). Under pseudo-first-order conditions, the
rate law was first order in both NAceTrpNH and OH . Plots of
kobs/[NAceTrp] vs [OH ] (Figure SI4) and ku,/[OH ] vs
[NAceTrp] were linear (Figure SL4), consistent with the rate
law in eczl 3. From the slopes of these plots, kog- = (7.5 = 0.9) x
10 M *s™! (Table SL1).

rate = kops [Os(bpy)33+]; kobs = kou- [TrpNH][OH ] (3)

A mechanism involving initial deprotonation of TrpNH (pK, ~
16) followed by oxidation of the anion by Os(bpy)s>* (Scheme 2)
can be ruled out on kinetic grounds. In this case, kops = (K,/
K,k om[TrpNH][OH ], with K,/K,, ~ 10", from which
kyon-) = 8 X 10" M~ ' s™*. This value exceeds the diffusion-
controlled limit under these conditions by a factor of ~5.%

Oxidation of NAceTrpNH by Os(bpy);>* was also investi-
gated by stopped-flow kinetic measurements in OD "~ /D,O with
NAceTrpNH varied from 200 to 500 uM at pH = pD = 11
(in D,O, pD = pH meter reading + 0.4) (Figure SLS). Analysis of
these data gave kop = (5.4 & 0.5) x 10’ M s~ " and a solvent
kinetic isotope effect (KIE) of ki o/kp,0 = 13.8 £ 0.9. This
value is considerably in excess of typical solvent KIEs for outer-
sphere ET reactions, which fall in the range 1.0—2.8.>* There is
precedence for large KIEs in biological oxidations, with kc_ 5/
kc_p values in excess of 80 reported for the oxidation of linoleic
acid by soybean lipoxygenase by Klinman and co-workers.””

As shown in Scheme 3, an alternate mechanism, consistent
with the observed rate law and isotope effect, is MS-EPT with
prior H-bond association between OH™ and NAceTrpNH,
followed by MS-EPT analogous to eq 1. In the MS-EPT step,
ET occurs to Os(bpy);>* in concert with indolic N—H proton
transfer to OH ™. The magnitude of this KIE is considerably
greater than the value of kyy o/kp o = 2.8 observed for oxidation
of tyrosine by Os(bpy)33£ with acetate (CH3CO, ) as the
acceptor base.’® A larger KIE for secondary amine oxidation is
expected qualitatively owing to a less symmetric H-bond in the
ion-pair adduct between the base and NAceTrpNH, resulting in a
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longer proton tunneling distance.*" As noted by Savéant and co-
workers, a concerted reaction is most competitive with stepwise
pathways at the midpoint between pK, values for the oxidized
(TrpNH*""°) and reduced (TrpNH) forms of the couple.'® This
is the case for MS-EPT oxidation with OH ™ as base under our
conditions, with ApK,/2 ~ 10—11.

Stoichiometric oxidation of NAce TrpNH by Os(bpy);>* under
1:1 conditions at pH 10.7 gave excellent fits to second-order, equal
concentration kinetics (Figure SI.3). This is consistent with a
mechanism in which Os(bpy);>* reacts only with NAceTrpNH
without complications from further oxidation of TrpN’ or
TrpNH™. Under identical conditions with a 2:1 ratio of Os-
(IIT):NAceTrpNH, only 1 equiv of Os(bpy);>* was reduced on
the stopped-flow time scale, in agreement with the known one-
electron stoichiometry for oxidation of tryptophan at high pH.'%%°

We also investigated electrochemical oxidation of NAce-
TrpNH in S0 mM Tris buffer (pH 7.1, I = 0.8 M NaCl) by CV
measurements. As for other small organic molecules, TrpNH has
a kinetically slow response at ITO electrodes, with only small
currents in excess of the background observed near the solvent
oxidation limit (Figure 3, inset). In the presence of a suitable
redox mediator, much larger catalytic currents were observed
(Figure 3), with rate information available by simulation of CV
waveforms.'* We investigated the influence of NAceTrpNH on
catalysis of the M(bpj) 377 —(e™) M(bpy);>" wave for the redox
couples M(bpy)33+/ * (M = Fe, Os), M(dmb);*>"/*" (M = Fe,
Ru), and Ru(dmb)z(bpy)3+/ > (dmb = 4,4'-dimethyl-2,2'-
bipyridine), with E® values ranging from 0.8 to 1.13 V vs NHE
(Table 1). All of these couples are electrochemically reversible."*

Analysis of catalytic currents was performed by numerical
simulations with DigiSim (Bioanalytical Systems, Inc.). The
mechanism in Scheme 1 was used to model the waveforms. In
the simulations there were two adjustable parameters: k;, the rate
of heterogeneous ET at the electrode for oxidation of M(bpy) 3",
and k;, the rate constant for oxidation of TrpNH by M(bpy)3>".
The value of k; was varied to obtain the best fit to the waveforms,
with k_; determined by the equilibrium ratio, k;/k_; = K.q =
exp —{(E”(M>**/**) — (E”(TrpNH""°)/0.026}, and E°'-
(TrpNH“/ ®) = 1.06 V. Diffusion coefficients used in the
simulations were either measured or reported previously.'*
Further details about the simulations can be found in the
Supporting Information. The electrochemical model produced
satisfactory fits to the cyclic voltammograms, providing rate
constants for outer-sphere ET, k; (Figure SL.16) and k; = kgK,
(Scheme 4). The results are summarized in Table 1, together
with E® values for the M(bpy)3>*/** couples and AG®' values for
oxidation of NAceTrpNH. For Os(bpy);>* as oxidant, there was
no significant catalytic current, and the rate constant obtained by
stopped-flow measurements is reported in Table 1.

With 0.5—500 mM added Tris buffer (pK, = 8.1, 10:1 acid/
base) and Ru(dmb);>* as the electrocatalyst, there was no sign of

Current (A)
% @

1510°

A " o5 o604
Potential (V vs NHE)

Figure 3. Cyclic voltammograms (300 mV/s) in 50 mM H,PO, /
HPO,>™ (10:1 acid/base) at pH 6.2 (I = 0.8 M, NaCl), T = 25 + 2 °C,
for (a) ITO only (green, inset); (b) ITO + NAceTrp (100 uM, red,
inset); (c) ITO + Ru(dmb);>" (20 uM, black); (d) ITO + NAceTrp
(100 uM) + Ru(dmb);** (20 uM, blue).

Table 1. Rate Constants (kgy) Obtained by Numerical Si-
mulation of Oxidative Sweep Cyclic Voltammograms with
NAceTrpNH (100 4M) + Oxidant (20 M) in 50 mM Tris
(10:1 Acid/Base) at pH 7.1 (I = 0.8 M, NaCl), T = 25 + 2 °C,
with a Scan Rate of 300 mV/s

E° (Vs AG° Vo RTIn(kgr)
metal mediator NHE) (eV) M 1'sh (eV)
Ru(dmb),(bpy)**/** 113 —0.07 23 x 107 0.430
Ru(dmb);>*/** 1.06 0 1.7 x 107 0.423
Fe(bpy);*>*/?* 1.03 0.03 1.1 x 10" 0.410
Fe(dmb),>*/? 0.86 02 44 x 10" 0.269
Os(bpy)s>*/* 0.80 026 5.6 x 10 0.221

“Rate constants for Os(bpy);>*/>" were taken from stopped-flow
experiments from kinetic analysis with SPECFIT/32.

enhanced current response from the added base (Figure S1.13).
Furthermore, ki 0/kp,0 = 1.3 with NAceTrp (100 uM) +
Ru(dmb);** (20 uM) in S0 mM Tris (10:1 acid/base) at pH 7.1
(I=0.8 M, NaCl, T =25 4 2 °C) with a scan rate of 300 mV/s.
This behavior is in dramatic contrast to tyrosine oxidation, with
significant rate enhancements observed under the same condi-
tions."* The absence of significant base or isotope effects is con-
sistent with oxidation by rate-limiting outer-sphere ET (Scheme 4).

In the classical limit, the rate constant for ET, k., = kgpKa
(=k, in Scheme 1), is given by eqs S and 6.

RTInkgr = RTInky + (AGer/2)(1 + AGgr/24)  (5)
ko = verKa(47RTA)/? exp — [1/4RT] (6)

In these equations, vy is the ET barrier crossing frequency, and
AGgr is the free energy change for the ET step, given by
AGgr (eV) = —{E”(M>*/*") — E°(TrpNH""/TrpNH)} —
0.059(pK," — pKa), with Ku and K, the association constants
for the ET reactants (4a) and products (4c), respectively. In eq 6,
ko is the rate constant at AGgr = 0, and 4 is the sum of
intramolecular (4;) and medium (4,) reorganization energies.”*>

Figure 4 shows a plot of RTIn(kgr) vs —AG® (eV), with
AG® (eV) = —{E® (M**/**) — E®(TrpNH"*/TrpNH)}, which
neglects K and K. A fit to eq S (red) is shown through the data
(blue circles) with the parameters ko= 1.7 x 10’ M 's 'and A =
0.6. The value of ko was taken for the Ru(dmb),>"/* couple with

19596 dx.doi.org/10.1021/ja207379n |J. Am. Chem. Soc. 2011, 133, 19594-19597



Journal of the American Chemical Society

COMMUNICATION

Scheme 4
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Figure 4. Variation of RT In(kgr) vs —AG® (eV) for outer-sphere ET
between N-acetyl-tryptophan and the oxidants M(bpy);>*, from Table 1.

E°" = 1.06 V vs NHE, where AG® = 0. Based on 1 = 0.39 €V for
M(bpy)33+/ 2 self-exchange and the relationship 4 = (Arypnmr +
AiM(bpy),J>)/2, assuming  the pre—e)gponenﬁal factor in eq 6 is
VerKa ~ 10" gives Arpnm & 08 eV

Our results are consistent with a role for the TrpNH"™/
TrpNH couple as an ET entryway and mediator in biological
ET with no evidence for EPT pathways except for OH ™ as
acceptor base. Tryptophan benefits from a relatively small
reorganization barrier, enabling it to facilitate ET. Given its
relatively high pK,, EPT pathways are relatively noncompetitive
with ET, with the exception of OH ™, which is the most powerful
proton acceptor base available in water as solvent.
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